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Preface

Solar cells are optoelectronic devices that convert the energy of solar radiation directly
into electricity by the photovoltaic (PV) effect. Assemblies of cells electrically
connected together are known as PV modules, or solar panels. The photovoltaic effect
was first recognized in the 19th century but the modern PV cells were developed in
the mid-1950s. The practical application of photovoltaics started to provide energy for
orbiting satellites. Today PV installations may be ground-mounted or built into the
roof or walls of buildings, and are used for electric power in boats, cars, water pumps,
radio stations, and more. The majority of PV modules are used for grid connected
power generation. More than 100 countries use photovoltaics. Solar power is
pollution-free during use. Due to the growing demand for renewable energy sources,
the manufacturing of solar cells and PV arrays has advanced considerably in recent
years.

Solar cells and modules based on crystalline and polycrystalline silicon wafers, the
representatives of the so-called first generation of solar cells, dominate the
photovoltaic today and demonstrate high growth rates in the entire energy sector.
Nevertheless, despite the relatively high annual growth, the contribution of
photovoltaics in the global energy system is small. The reason for this lies in a large
consumption of materials and energy, high labor intensiveness and, as a consequence,
a low productivity and high cost of modules with acceptable PV conversion efficiency
for mass production. Driven by advances in technology and increases in
manufacturing scale, the cost of photovoltaics has declined steadily since the first solar
cells were manufactured. For decades, an intensive search for cheaper production
technology of silicon solar cells is underway. In many laboratories around the world,
extensive research to improve the efficiency of solar cells and modules without
increasing the cost of production are carried out. A large variety of solar cells, which
differ depending on the materials used, PV structure, design and even the principle of
PV conversion are designed to date. Among the radical ways to reduce the cost of
solar modules and to increase drastically the volume of their production is the
transition to thin-film technology and the use of a cheap large-area substrate (glass,
metal foil, plastic).

Amorphous silicon (a-Si) was the first material for commercial thin-film solar cells
with all their attractiveness to reduce consumption of absorbing material, increase in
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area and downturn in price of modules. Quite common in commercial solar cells are
the multi-layer structures based on a-Si. It seemed that the tandem structure, a
representative of the third generation of solar cells, opened the prospect of developing
efficient and low-cost solar cells. Special place in the thin-film photovoltaics is the so-
called micromorph solar cells, which are closely related to the a-Si. However, the use
of a-Si and micromorph solar cells is limited preferably to areas, where low cost is
more important than the efficiency of photoelectric conversion such as consumer
electronics and building-integrated photovoltaics (BIPV).

Unquestionable leaders in thin-film technologies are solar cells on CulnxGal-xSe2
(CIGS) and CdTe, the representatives of the so-called second generation photovoltaics.
For a long time, CIGS have been considered as promising material for high-
performance thin-film solar cells and fabrication of monolithically interconnected
modules intended for cost-effective power generation. As a result of research, aimed to
reducing the cost of CIGS solar modules, several companies developed the commercial
CIGS solar modules and initiated their large-scale production. In the early years of the
21st century, the technology and manufacturing of solar modules based on CdTe,
which could compete with silicon counterparts, was also developed. It should be
emphasized that the growth rates of CdTe module production over the last decade are
the highest in the entire solar energy sector.

Dye-sensitized solar cells (DSSCs) are considered to be extremely promising because
they are made of low-cost materials with simple inexpensive manufacturing
procedures and can be engineered into flexible sheets. Organic solar cells attract the
attention also by the simplicity of technology leading to inexpensive, large-scale
production for the future. This type of cells as well as multi-junction structures based
on a-Si and micromorph silicon can be assigned to the so-called third generation solar
photovoltaics. GaAs based multi-junction devices were originally designed for special
applications such as satellites and space exploration. To date they are the most efficient
solar cells.

Four-volume edition under the joint name of "Solar cells" encompasses virtually all
aspects of photovoltaics. Research and development in the field of thin-film solar cells
based on CIGS, CdTe, amorphous, micro- and polycrystalline silicon are presented in
the first volume with the subtitle "Thin-film technology". The second volume subtitled
«Dye-Sensitized Devices» is devoted to the problems of developing high-efficiency
solar modules using low-cost materials with simple inexpensive manufacturing
processes. The third volume subtitled « Silicon Wafer-Based Technologies» includes
the chapters that present the results of research aimed ultimately to reduce
consumption of materials, energy, labor and hence cost of silicon solar modules on
wafer or ribbon silicon. Chapters that present new scientific ideas and technical
solutions of photovoltaics, new methods of research and testing of solar cells and
modules have been collected in the forth volume subtitled «New Aspects and
Solutions».
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It is hoped that readers will find many interesting and useful material in all four
volumes of «Solar Cells» covering highly topical issues of photovoltaics.

From the above it follows that the first book of this four-volume edition is dedicated to
one of the most promising areas of photovoltaics, which has already reached a large-
scale production of the second-generation thin-film solar modules and has resulted in
building the powerful solar plants in several countries around the world. Thin-film
technologies using direct-gap semiconductors such as CIGS and CdTe offer the lowest
manufacturing costs and are becoming more prevalent in the industry allowing to
improve manufacturability of the production at significantly larger scales than for
wafer or ribbon Si modules. It is only a matter of time before thin films like CIGS and
CdTe would replace wafer-based silicon solar cells as the dominant photovoltaic
technology. Photoelectric efficiency of thin-film solar modules is still far from the
theoretical limit. The scientific and technological problems of increasing this key
parameter of the solar cell are discussed in several chapters of this volume.

The editor addresses special thanks to the contributors for their initiative and high
quality work, and to the technical editors that conveyed the submitted chapters into a
qualitative and pleasant presentation.

Professor, Doctor of Sciences, Leonid A. Kosyachenko
National University of Chernivtsi
Ukraine
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Thin-Film Photovoltaics
as a Mainstream of Solar Power Engineering

Leonid A. Kosyachenko
Chernivtsi National University
Ukraine

1. Introduction

Provision of energy is one of the most pressing problems facing humanity in the 21st
century. Without energy, it is impossible to overcome the critical issues of our time.
Industrial world suggests continuous growth in energy consumption in the future.
According to the U.S. Department of Energy, the world's generating capacity is now close to
18 TW. The main source of energy even in highly developed countries is fossil fuel, i.e. coal,
oil and natural gas. However, resources of fossil fuel are limited, and its production and
consumption irreversibly affect the environmental conditions with the threat of catastrophic
climate change on Earth. Other energy sources, particularly nuclear energy, are also used
that would fully meet in principle the energy needs of mankind. Capacity of existing nuclear
reactors (nearly 450 in the world) is ~ 370 GW. However, increasing their capacity up to ~ 18 TW
or about 50 times (!), is quite problematic (to provide humanity with electric energy, the capacity
of nuclear power should be increased about 10 times). Resources of hydroelectric, geothermal,
wind energy, energy from biofuels are also limited. At the same time, the power of solar
radiation of the Earth's surface exceeds the world's generating capacity by more than 1000
times. It remains only to master this accessible, inexhaustible, gratuitous and nonhazardous
source of energy in an environmentally friendly way.

Solar energy can be converted into heat and electricity. Different ways of converting
sunlight into electricity have found practical application. The power plants, in which water
is heated by sunlight concentrating devices resulting in a high-temperature steam and
operation of an electric generator, are widespread. However, solar cells are much more
attractive due to the direct conversion of solar radiation into electricity. This is the so-called
photovoltaics. Under the conditions of the growing problems of global warming,
photovoltaics is the most likely candidate to replace fossil fuels and nuclear reactors.

2. Silicon solar cells

Over the decades, solar modules (panels) based on single-crystalline (mono-crystalline, c-Si),
polycrystalline (multi-crystalline, me-Si), ribbon (ribbon-5i) and amorphous (a-Si) silicon are
dominant in photovoltaics (Fig. 1).

In recent years, photovoltaics demonstrates high growth rates in the entire energy sector.
According to the European Photovoltaic Industry Association , despite the global financial
and economic crisis, the capacity of installed solar modules in the world grew by 16.6 GW in
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Fig. 1. Distribution of capacity of photovoltaic energy in the world.

2010, and their total capacity reached ~ 40 GW, that is almost 8 times more than in 2005. The
growth rate of the photovoltaic energy for the next 4-5 years is expected to be quite high. In
2014, capacity of installed modules will be about 14 GW and 30 GW according to the
pessimistic and optimistic forecast, respectively. Nevertheless, despite the relatively high
annual growth, the contribution of semiconductor solar cells in the global energy system is
small (less than 0.3%!), and the prospects for desired rapid development of photovoltaics are
not reassuring (Fig. 2). The contribution of Si photovoltaic solar power plants in generation
capacity in the world will reach ~ 1% only in the years 2018-2020, and may exceed 10% in
the years 2045-2050 (EPIA, 2011; EUR 24344 PV, 2010; Jager-Waldau, 2010). Analysts do not
accept the development of the PV scenario shown by the dashed line in Fig. 2. Thus, solving
the energy problems by developing Si photovoltaics seems too lengthy.!

The reason for the slow power growth of traditional silicon solar modules lies in a large
consumption of materials and energy, high labor intensiveness and, as a consequence, a low
productivity and high cost of modules with acceptable photovoltaic conversion efficiency
for mass production (16-17 and 13-15% in the case of single-crystalline and polycrystalline
material, respectively) (Szlufcik et al., 2003; Ferrazza, 2003).2 The problem is fundamental and
lies in the fact that silicon is an indirect semiconductor and therefore the total absorption
needs its significant thickness (up to 0.5 mm and more). As a result, to collect the charge
photogenerated in a thick absorbing layer, considerable diffusion length of minority carriers
(long lifetime and high mobility) and, therefore, high quality material with high carrier
diffusion length of hundreds of micrometers are required.

Estimating the required thickness of the semiconductor in solar cells, one is often guided by
an effective penetration depth of radiation into the material -1, where « is the absorption
coefficient in the region of electronic interband transitions. However, the value of « varies

! In the European Union, these rates are much higher. Now the cumulative power of solar modules is
1.2% and, by 2015 and 2020, will rise to 4-5% and 6-12% of the EU’s electricity demand, respectively.

2 A lot of effort has been undertaken to increase the efficiency of silicon solar cells above 20-24% but
improvements are reached only with the help of cost-intensive processes, which usually cannot be
implemented into industrial products (Koch et al., 2003).
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Fig. 2. Evolution of world cumulative installed PV capacity until 2050: @ historical data,
O, 0, & forecasts (EPIA, 2011; EUR 24344 PV, 2010; Hegedus & Luque, 2011).

rather widely, especially in the indirect semiconductor, and solar radiation is distributed
over the spectrum in a complicated manner (Fig. 3(a)). Therefore, the absorptive capacity
(absorptivity) of the material, used in solar cell, can be described by a certain integral
characteristic, which takes into account the absorption spectrum of the material and the
spectral distribution of solar radiation. For a structure with flat surfaces, the integral
absorption ability of the radiation, which has penetrated into the material (certain part of
radiation is reflected from the front surface), can be represented as

» D, + D, {1 ~ exp[— a +a; dﬂ AL
2 2

A(d) = S , )
2 i

i

where ®; is the spectral power density of solar radiation at the wavelength 4 under
standard solar irradiation AM1.5 shown in Fig. 3(a), A4; is the spacing between neighboring
wavelengths in Table 9845-1 of the International Organization for Standardization (Standard
ISO, 1992), and «; is the absorption coefficient at wavelength 4. The summation in Eq. (1) is
made from A~ 300 nm to 4 = Ay = hc/Eg, since at wavelengths A shorter than 300 nm,
terrestrial radiation of the Sun is virtually absent, and when 4 > A, radiation is not absorbed
in the material with the generation of electron-hole pairs.

Fig. 3(b) shows the dependences of absorptivity of solar radiation A of single-crystalline
silicon on the thickness of the absorber layer d calculated by Eq. (1).

As seen in Fig. 3(b), in crystalline silicon, the total absorption of solar radiation in the
fundamental absorption region (hv > Eg) occurs when d is close to 1 cm (!), and 95% of the
radiation is absorbed at a thickness of about 300 um. More absorption can be achieved by using
the reflection of light from the rear surface of the solar cell, which is usually completely
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Fig. 3. (a) - Power spectral density of the total solar radiation ® under AM1.5 conditions and
the absorption curve a(}) for crystalline silicon. (b) - Dependence of absorptivity of solar
radiation in the hv > E, spectral range on the absorber layer thickness 4 for crystalline silicon.
The dashed line shows the absorptivity of a silicon wafer taking into account 100% reflection
from its rear surface.

covered with metal. If in the ideal case, the reflectivity of light from the rear surface is unity,
the absorption of the plate will be such as if its thickness is twice as much. In this case, 95%
of the radiation is absorbed by the plate of 150 um thickness.

Of course, it has to be rejected to use silicon wafers of thickness a few millimeters, so that
the absorption of solar radiation was complete. Many companies producing silicon modules
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agreed on a compromise thickness of 150-250 um, when about 93% of solar radiation with
photon energy hv > Eg is absorbed or about 94% when the rear surface of the solar cell is
mirror (Szlufcik et al., 2003; Ferrazza, 2003).3 Deficiency of absorption in the material offsets
by the creation of a special profile on surfaces (texturing) and by other ways. Needless to
say, an anti-reflective coating is applied to reduce significantly the reflection from the front
surface because over 30% of the radiation is reflected from a flat silicon surface.

Production of solar modules based on silicon wafers involves a lot of stages (Hegedus &
Luque, 2011). The so-called metallurgical grade (MG) silicon is obtained from quarzite (5iOx)
with charcoal in a high-temperature arc furnace. Then MG silicon is highly purified commonly
by a method developed by the Siemens Company consisting of the fractional distillation of
chlorosilanes. Finally, chlorosilanes are reduced with hydrogen at high temperatures to
produce the so-called semiconductor grade (SG) silicon. By recrystallizing such
polycrystalline silicon, single-crystalline Si ingots are often grown by the Czochralski (Cz) or
the floating-zone (FZ) techniques adapted from the microelectronics industry. This is
followed by cutting (slicing) the ingot into wafers, of course, with considerable waste. It
should be noted that the cost of silicon purification, production of ingots, slicing them into
wafers constitute up to 40-55% of the cost of solar module.

Manufacture of conventional silicon solar cell also includes a number of other operations.
Among them, (i) chemical etching wafers to provide removal of the layer damaged during
slicing and polishing; (ii) high-temperature diffusion to create a p-n junction; (iii) anisotropic
etching to build a surface structure with random pyramids that couples the incoming light
more effectively into the solar cell; (iv) complicated procedure of applying full area and
grid-like ohmic contacts to p- and n-type regions provided a minimum of electrical and
recombination losses (contacts in silicon solar cells are often made by screen-printing metal
paste, which is then annealed at several hundred degrees Celsius to form metal electrodes),
etc. (Mauk, et al., 2003). Once the cells are manufactured they are assembled into modules
either in the cell factories or in module assembly factories that purchase cells from variety
cell factories (Hegedus & Luque, 2011). All that complicates the manufacturing technology
and, hence, reduces the productivity and increases the cost of solar modules.

Summing up, one should again emphasize that single-crystalline Si modules are among the
most efficient but at the same time the most expensive since they require the highest purity
silicon and involve a lot of stages of complicated processes in their manufacture.

For decades, an intensive search for cheaper production technology of silicon solar cells is
underway. Back in the 1980's, a technology of material solidification processes for
production of large silicon ingots (blocks with weights of 250 to 300 kg) of polycrystalline
(multicrystalline) silicon (mc-Si) has been developed (Koch et al., 2003). In addition to
lower cost manufacturing process, an undoubted advantage of mc-5i is the rational use of
the material in the manufacture of solar cells due to the rectangular shape of the ingot. In the
case of a single-crystalline ingot of cylindrical form, the so-called "pseudo-square" wafers with
rounded corners are used, i.e. c-5i modules have some gaps at the four corners of the cells).
Polycrystalline silicon is characterized by defects caused by the presence of random grains of
crystalline Si, a significant concentration of dislocations and other crystal defects
(impurities). These defects reduce the carrier lifetime and mobility, enhance recombination
of carriers and ultimately decrease the solar cells efficiency. Thus, polysilicon-based cells

3 Further thinning of silicon is also constrained by the criteria of mechanical strength of a wafer as well
as the handling and processing techniques (silicon is brittle).
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are less expensive to produce single-crystalline silicon cells but are less efficient. As a result,
cost per unit of generated electric power ("specific" or “relative” cost) for ¢-Si and mc-Si
modules is practically equal (though the performance gap has begun to close in recent
years). The polysilicon-based cells are the most common solar modules on the market being
less expensive than single-crystalline silicon.

A number of methods for growing the so-called ribbon-Si, i.e. a polycrystalline silicon in
the form of thin sheets, is also proposed. The advantages of ribbon silicon are obvious, as it
excludes slicing the ingot into thin wafers, allowing material consumption to reduce
roughly halved. However, the efficiency of ribbon-5i solar cells is not as high as of mc-Si cells
because the need of high quality material with the thickness of the absorber layer of 150-250
um and, hence, with high carrier diffusion lengths of hundreds of micrometers remains
(Hegedus & Luque, 2011). Nevertheless, having a lower efficiency, ribbon-Si cells save on
production costs due to a great reduction in waste because slicing silicon crystal into the
thin wafers results in losses (of about 50%) of expensive pure silicon feedstock (Koch et al.,
2003). Some of the manufacturing technologies of silicon ribbons are introduced into
production, but their contribution to the Si-based solar energy is negligible (Fig. 1). The cost
of ribbon-Si modules, as well as other types of silicon solar modules, remains quite high.
Many companies are developing solar cells that use lenses or/and mirrors to concentrate a
large amount of sunlight onto a small area of photovoltaic material to generate electricity.
This is the so-called concentrated photovoltaics. The main gain that is achieved through the
involvement of concentrators is to save material. This, however, does not too reduce the cost
of the device, because a number of factors lead to higher prices. (i) For the concentration of
radiation, an optical system is necessarily required, which should maintain a solar cell in
focus by the hardware when the sun moves across the sky. (ii) With a significant increase in
the intensity of the radiation, the photocurrent also increases significantly, and the electrical
losses rapidly increase due to voltage drop across the series-connected resistance of the bulk
of the diode structure and contacts. (iii) For the removal of heat generated by irradiation that
decreases the efficiency of photovoltaic conversion, it is necessary to use copper heatsinks.
(iv) The requirements to quality of the solar cell used in the concentrator considerably
increase. (v) Using concentrators, only direct beam of solar radiation is used, which leads to
losing about 15% efficiency of solar module.

Nevertheless, today the efficiency of solar concentrators is higher compared to conventional
modules, and this trend will intensify in the application of more efficient solar devices. In
2009, for example, the power produced in the world using solar energy concentration did
not exceed 20-30 MW, which is ~ 0.1% of silicon power modules (Jager-Waldau, 2010).
According to experts, concentrator market share can be expected to remain quite small
although increasing by 25% to 35% per year (Von Roedern, 2006).

In general, in this protracted situation, experts and managers of some silicon PV companies
have long come to conclusion that there would be limits to growing their wafer (ribbon)
silicon business to beyond 1 GW per year by simply expanding further (Von Roedern, 2006).
All of these companies are researching wafer-Si alternatives including the traditional thin-
film technologies and are already offering such commercial thin-film modules.

Concluding this part of the analysis, one must agree, nevertheless, that wafer and ribbon
silicon technology provides a fairly high rate of development of solar energy. According to
the European Photovoltaic Industry Association (EPIA), the total installed PV capacity in the
world has multiplied by a factor of 27, from 1.5 GW in 2000 to 39.5 GW in 2010 - a yearly
growth rate of 40% (EPIA, 2011).
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Undoubtedly, solar cells of all types on silicon wafers, representatives of the so-called first
generation photovoltaics, will maintain their market position in the future. In hundreds of
companies around the world, one can always invest (with minimal risk) and implement the
silicon technology developed for microelectronics with some minor modifications (in
contrast, manufacturers of thin-film solar modules had to develop their “own”
manufacturing equipment). Monocrystalline and polycrystalline wafers, which are used in
the semiconductor industry, can be made into efficient solar cells with full confidence. It is
also important that silicon is very abundant, clean, nontoxic and very stable. However, due to
limitations in production in large volumes of silicon for solar modules, which are both
highly efficient and cost-effective, often-expressed projections for desirable significant increase in
their contribution to the world energy system in the coming years are highly questionable.

3. Thin-film solar cells

Among the radical ways to reduce the cost of solar modules and to increase drastically the
volume of their production is the transition to thin-film technology, the use of direct-gap
semiconductors deposited on a cheap large-area substrate (glass, metal foil, plastic).

We start with the fact that the direct-gap semiconductor can absorb solar radiation with a
thickness, which is much smaller than the thickness of the silicon wafer. This is illustrated
by the results of calculations in Fig. 4 similar to those performed for the single-crystalline
silicon shown in Fig. 2. Calculations were carried out for direct-gap semiconductors, which
is already used as absorber layers of solar modules: a-5i, CdTe, CulnSe; and CuGaSe,.

As expected, the absorptivity of solar radiation of direct-gap semiconductors in general is
much stronger compared to crystalline silicon but the curves noticeably differ among
themselves (in the references, the absorption curves for a-Si are somewhat different). Almost
complete absorption of solar radiation by amorphous silicon (a-5i) in the 4 < Ay = he/Eg
spectral range is observed at its thickness d > 30-60 pm, and 95% of the radiation is absorbed
at a thickness of 2-6 um (Fig. 4(a)). These data are inconsistent with the popular belief that in
a-Si, as a direct-gap semiconductor, the total absorption of solar radiation occurs at a layer
thickness of several microns. The total absorption of solar radiation in CdTe occurs if the
thickness of the layer exceeds 20-30 pm, and 95% of the radiation is absorbed if the layer is
thinner than ~ 1 pm. Absorptivities of the CulnSe; and CuGaSe; are even higher. Almost
complete absorption of radiation in these materials takes place at a layer thickness of 3-4 um,
and 95% of the radiation is absorbed if the thickness of layer is only 0.4-0.5 um (!).

Thus, the transition from crystalline silicon to direct-gap semiconductors leads to
noncomparable less consumption of photoelectrically active material used in the solar cell.
High absorptivity of a semiconductor has important consequences with respect to other
characteristics of the semiconductors used in solar cells. Since the direct-gap semiconductor
can absorb solar radiation at its thickness much smaller than the thickness of the silicon
wafer (ribbon), the requirements for chemical purity and crystalline perfection of the absorber
layer in the solar cell became much weaker.

In fact, to collect photogenerated charge carriers, it is necessary to have a diffusion length of
minority carriers in excess of the thickness of the absorbing layer. In the case of crystalline Si,
the photogenerated carriers must be collected at a thickness of 1-2 hundred microns and 2
orders of magnitude smaller than in the case of CdTe, CIS or CGS. From this it follows that
in the solar cell based on direct-gap semiconductor, the diffusion length L may be about two
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Fig. 4. Absorption curves (a) and dependence of absorptivity of AM1.5 solar radiation in the
hv 2 E, spectral range on the absorber layer thickness d (b) for amorphous silicon (a-Si),
cadmium telluride (CdTe), copper-indium diselenide (CIS) and copper gallium diselenide
(CGS) (Han et al., 2007; Paulson et al., 2003; Gray et al., 1990; http:/ / refractiveindex.info/a-Si).

orders of magnitude smaller, i.e. the carrier lifetime 7 can be by 4(!) order shorter (L ~ 71/2).
Thus, the manufacture of thin film solar modules based on the direct-gap semiconductors
does not require costly high purification and crystallinity of the material as it is needed in
the production of modules based on crystalline, multicrystalline or ribbon silicon.

Thin-film technology has a number of other significant merits. While Si devices are
manufactured from wafers or ribbons and then processed and assembled to form a modules,
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in thin-film technology many cells are simultaneously made and formed as a module. The
layers of solar cells are deposited sequentially on moving substrates in a continuous highly
automated production line (conveyor system) and, importantly, at temperatures not
exceeding 200-650°C compared with 800-1450°C for the main processes of c-Si. This
minimises handling and facilitates automation leading to the so-called monolithic integration.*
Thin-film solar modules offer the lowest manufacturing costs, and are becoming more
prevalent in the industry because allow to improve manufacturability of the production at
significantly larger scales than for wafer or ribbon Si modules. Therefore, it is generally
recognised that the contribution of thin-film technology in solar energy will be to grow from
year to year faster. Many analysts believe that it is only a matter of time before thin films would
replace silicon wafer-based solar cells as the dominant photovoltaic technology.

Unquestionable leaders in thin film technologies are solar cells on amorphous silicon (a-Si),
copper-indium-gallium diselenide (CulnGai.«Sez) and cadmium telluride (CdTe), whose
market share is expanding every year (Hegedus & Luque, 2011). The rest of the thin-film
technologs are yet too immature to appear in the market but some of them is already
reaching the level of industrial production. Below these technologies will first be briefly
described, and a more detailed analysis of solar modules based on a-Si, CdTe and CIGS are
allocated in separate subsections. Now the most successful non-Si based thin film PV
technologies are representatives of the so-called second generation photovoltaics CulnGaySe; and
CdTe solar cells. Both of them have been manufactured in large scale and are commercialized.
(i) For a long time, intensive researches on own initiative and within different levels of
government programs are carried out on developing thin-film crystalline Si solar cells.
These devices are opposed to solar cells based on silicon wafers or ribbons because are made
by depositing thin silicon layer on a foreign substrate. The thickness of such a layer can vary
from a few tens of nanometers to tens of micrometers. Thin-film solar cells based on
crystalline silicon on glass substrate (CSG) occupy a special place in these studies (Basore,
2006; Widenborg & Aberle, 2007). Such devices have the potential to reduce considerably the
cost of manufacture of photovoltaic modules due to a significant thinning the absorbing
layer and the use of cheap glass substrates. Of course, in a thin layer and a thick wafer of
silicon, processes of collection of photogenerated carriers may substantially differ due to
differences not only of layer thickness but also the structure of the material and its
parameters such as the lifetime of carriers, their mobility and others. Because the mobility
and lifetime of charge carriers in thin-film silicon layers are relatively low, the carrier
diffusion lengths are generally lower than the penetration depths for the long-wavelength
part of the solar spectrum and a narrow p-n junction cannot be employed in the thin-film
silicon case. For this reason, one has to use p-i-n diode structures, where the photo-
generation takes place in the i-layer and transport and collection are drift-assisted (Shah et
al., 2006).

All the same, the thickness of Si layer is of great importance for other reasons. If in a typical
case, the Si thickness is less than ~ 2 pm, an effective optical enhancement technique (light
trapping) is necessary. Indeed, approximately only half of the solar radiation is absorbed in
such layer, even when eliminating the reflection from the front surface of the solar cell (Fig. 3(b)).

4 For example, First Solar manufactures the CdTe-based modules (120 cm x 60 cm, 70-80 W) on high
throughput, automated lines from semiconductor deposition to final assembly and test - all in one
continuous process. The whole flow, from a piece of glass to a completed solar module, takes less than
2.5 hours.
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One effective way to obtain light trapping is to texture the supporting material (glass
substrate) prior to the deposition of the Si film. To implement this idea, in particular, a glass
aluminium-induced texturing (AIT) method was developed (Widenborg & Aberle, 2007).
On the textured surface, silicon is deposited in amorphous form followed by solid-phase
crystallisation and hydrogen passivation. An amorphous silicon is transformed into a
polycrystalline layer after a special annealing at 400-600°C. As a result of the texture, light is
transmitted obliquely into the Si film, significantly enhancing the optical pathlength and
thus increasing the optical absorption. The effect is further enhanced by depositing a high-
quality reflector onto the back surface. Best optical absorption is obtained if the texture and
the back surface reflector are optimised such that the total internal reflection occurs both at
the front and the rear surface of the Si film, enabling multiple passes of the light through the
solar cell. There are other glass texturing methods compatible with producing poly-Si thin-
film solar cells, for example, CSG Solar's glass bead method (Ji & Shi, 2002). Apart from the
light trapping benefits, the textured substrate also reduces reflection losses at the front
surface of the solar cell.

It should be noted again that the development of silicon solar cells on glass substrate is not
limited to the problem of light trapping. Fabrication of these modules is also facing serious
problems of differences in the thermal expansion coefficients of silicon and substrate, the
influence of substrate material on the properties of a silicon thin layer at elevated
temperatures and many others.

Despite the efforts of scientists and engineers for about 30 years, the stabilized efficiency of
typical CSG devices still does not exceed 9-10%. Nevertheless, large-area CSG modules with
such efficiency produce sufficient power to provide installers with a cost-effective alternative
to conventional wafer or ribbon Si based products. Because of a low cost of production even
with reduced efficiency, large-area CSG modules are attractive for some applications and are
in production in factories having a capacity of tens of MW per year (Basore, 2006).

(ii) Dye-sensitized-solar-cells (DSSCs), invented by M. Grétzel and coworkers in 1991, are
considered to be extremely promising because they are made of low-cost materials with
simple inexpensive manufacturing procedures and can be engineered into flexible sheets
(O’'Regan & Gritzel, 1991; Gritzel, 2003; Chiba et al., 2006).

DSSCs are emerged as a truly new class of energy conversion devices. Mechanism of
conversion of solar energy into electricity in these devices is quite peculiar. Unlike a
traditional solar cell design, dye molecules in DSSC absorb sunlight, just as it occurs in
nature (like the chlorophyll in green leaves). A porous layer of nanocrystalline oxide
semiconductor (very often TiO2) provides charge collection and charge separation, which
occurs at the surfaces between the dye, semiconductor and electrolyte. In other words, the
natural light harvest in photosynthesis is imitated in DSSC. DSSCs are representatives of the
third generation solar technology. The dyes used in early solar cells were sensitive only in the
short-wavelength region of the solar spectrum (UV and blue). Current DSSCs have much
wider spectral response including the long-wavelength range of red and infrared radiation.
It is necessary to note that DSSCs can work even in low-light conditions, i.e. under cloudy
skies and non-direct sunlight collecting energy from the lights in the house.

The major disadvantage of the DSSC design is the use of the liquid electrolyte, which can
freeze at low temperatures. Higher temperatures cause the liquid to expand, which causes
problems sealing of the cell. DSSCs with liquid electrolyte can have the less long-term
stability due to the volatility of the electrolyte contained organic solvent. Replacing the
liquid electrolyte with a solid has been a field of research.
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It should be noted that DSSCs can degrade when exposed to ultraviolet radiation. However,
it is believed that DSSCs are still at the start of their development stage. Efficiency gain is
possible and has recently started to be implemented. These include, in particular, the use of
quantum dots for conversion of higher-energy photons into electricity, solid-state
electrolytes for better temperature stability, and more.

Although the light-to-electricity conversion efficiency is less than in the best thin film cells,
the DSSC price should be low enough to compete with fossil fuel electrical generation. This
is a popular technology with some commercial impact forecast especially for some
applications where mechanical flexibility is important. As already noted, energy conversion
efficiencies achieved are low, however, it has improved quickly in the last few years. For
some laboratory dye-sensitized-solar-cells, the conversion efficiency of 10.6% under standard
AM 1.5 radiation conditions has been reached (Grétzel, 2004).

(iii) Organic solar cells attract the attention also by the simplicity of technology, leading to
inexpensive, large-scale production. In such devices, the organic substances (polymers) are
used as thin films of thickness ~ 100 nm. Unlike solar cells based on inorganic materials, the
photogenerated electrons and holes in organic solar cells are separated not by an electric
field of p-n junction. The first organic solar cells were composed of a single layer of
photoactive material sandwiched between two electrodes of different work functions
(Chamberlain, 1983). However, the separation of the photogenerated charge carriers was so
inefficient that far below 1% power-conversion efficiency could be achieved. This was due to
the fact that photon absorption in organic materials results in the production of a mobile
excited state (exciton) rather than free electron-hole pairs in inorganic solar cells, and the
exciton diffusion length in organic materials is only 5-15 nm (Haugeneder et al., 1999). Too
short exciton diffusion length and low mobility of excitons are factors limiting the efficiency
of organic solar cell, which is low in comparison with devices based on inorganic materials.
Over time, two dissimilar organic layers (bilayer) with specific properties began to be used
in the organic solar cell (Tang, 1986). Electron-hole pair, which arose as a result of photon
absorption, diffuses in the form of the exciton and is separated into a free electron and a
hole at the interface between two materials. The effectiveness of ~ 7% reached in National
Renewable Energy Laboratory, USA can be considered as one of best results for such kind of
solar cells (1-2% for modules). However, instabilities against oxidation and reduction,
recrystallization and temperature variations can lead to device degradation and lowering
the performance over time. These problems are an area in which active research is taking
place around the world. Organic photovoltaics have attracted much attention as a promising
new thin-film PV technology for the future.

(iv) Of particular note are solar cells based on III-V group semiconductors such as GaAs
and AlGaAs, GalnAs, GalnP, GaAsP alloys developed in many laboratories. These multi-
junction cells consist of multiple thin films of different materials produced using
metalorganic vapour phase epitaxy. Each type of semiconductor with a characteristic band
gap absorbs radiation over a portion of the spectrum. The semiconductor band gaps are
carefully chosen to generate electricity from as much of the solar energy as possible.
GaAs-based multi-junction devices were originally designed for special applications such as
satellites and space exploration. To date they are the most efficient solar cells (higher than
41% under solar concentration and laboratory conditions), but the issue of large-scale use of
GaAs-based solar cells in order to solve global energy problems is not posed (King, 2008;
Guter at al., 2009).
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Other solar cells have also been suggested, namely quantum dots, hot carrier cells, etc.
However, they are currently studied at the cell-level and have a long way to be utilized in
large-area PV modules.

3.1 Amorphous silicon

Amorphous silicon (a-Si) has been proposed as a material for solar cells in the mid 1970's and
was the first material for commercial thin-film solar cells with all their attractiveness to reduce
consumption of absorbing material, increase in area and downturn in price of modules.

It was discovered that the electrical properties of a-Si deposited from a glow discharge in
silane (SiHy) are considerably different from single-crystalline silicon (Deng & Schiff, 2003).
When put into silane of a small amount of phosphine (PHs) or boron (B;Hs), electrical
conduction of a-Si becomes n-type or p-type, respectively (Spear & Le Comber, 1975).

In 1976 Carlson and Wronski reported the creation of a-Si solar cells with efficiency of 2.4%
using p-i-n structure deposited from a glow discharge in silane rather than evaporating silicon
(Carlson & Wronski, 1976). The maximum efficiency of thin film amorphous silicon solar
cells was estimated to be 14-15%.

a-Si is an allotropic form of silicon, in which there is no far order characteristic of a crystal.
Due to this, some of a-Si atoms have nonsaturated bonding that appears as imperfection of
the material and significantly affects its properties. The concentration of such defects is
reduced by several orders due to the presence of hydrogen, which is always present in large
quantities when obtained from the silane or at the surface treatment by hydrogen. The
hydrogen atoms improve essentially the electronic properties of the plasma-deposited
material. This material has generally been known as amorphous hydrogenated silicon (a-Si:H)
and applied in the majority in practice.

Depending on the gas flow rate and other growth conditions, the optical band gap of a-Si:H
varies, but typically ranges from 1.6 to 1.7 eV. Its absorption coefficient is much higher than
that of mono-crystalline silicon (Fig. 4). As it has been noted, in the case of a-Si:H, the
thickness of 2-6 um (rather than 300 um as in the case of c¢-Si) is sufficient for almost
complete (95%) absorption of solar radiation in the hv > E; spectral range. It is also
important that the technology of a-Si:H is relatively simple and inexpensive compared to the
technologies for growing Si crystals. The low deposition temperature (< 300°C) and the
application of the monolithic technique for a-Si:H module manufacturing were generally
considered as key features to obtain low costs of the devices.

As in the past, the layers of a-Si:H can be deposited on large area (1 m2 or more) usually by
method termed as plasma enhanced chemical vapor deposition (PECVD) on glass coated
with transparent conductive oxide (TCO) or on non-transparent substrates (stainless steel,
polymer) at relatively low temperatures (a-Si:H can be also deposited roll-to-roll
technology). Like the crystalline silicon, a-Si:H can be doped creating p-n junctions, which is
widely used in other field of electronics, particularly in thin-film transistors (TFT).

This opens up the possibility of relatively easy to form the desired configuration of the
active photodiode structure of the solar cell. To date, p-i-n junction is normally used in solar
cells based on a-Si:H. The i-layer thickness is amount to several hundred nanometers, the
thickness of frontal p-film, which is served as a “window” layer, is equal to ~ 20 nm, the
back n-layer can be even thinner. It is believed that almost all electron-hole pairs are
photogenerated in the i-layer, where they are separated by electric field of p-i-n structure.
The output power of a-Si:H solar cell can has a positive temperature coefficient, i.e. at elevated
ambient temperatures the efficiency is higher.
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Fig. 5. Spectral dependence of absorption coefficient a in the crystalline (c-Si) and
amorphous hydrogenated silicon (a-Si: H).

Quite common in commercial solar cells are the multi-layer structures based on amorphous
silicon and silicon germanium alloys, when the p-i-n photodiode structures (subcells) with
different band gap semiconductors are superimposed one layer on another. It seemed that the
spectrum splitting tandem structure, a representative of the third generation of solar cells, opened
the prospect of developing highly efficient and low-cost solar cells (Kuwano et al. 1982).

One of the tandem a-Si:H structures is shown in Fig. 6. This is the so-called superstrate
design, when solar radiation enters through the transparent substrate such as glass or
polymer (the substrate design with flexible stainless steel foil is also widely used). In the
superstrate design, p- , i- and n-layers of a-Si:H are consistently applied on a glass plate
coated with a transparent film (ITO, SnO;). Over them the analogous layers of a-SiGe:H
alloy are deposited in the discharge of silane CHy together with GeHy. The frontal 0.5-pm
thick layers of p-i-n structure absorb photons with energies larger than ~ 1.9 eV and
transmits photons with energies lower than ~ 1.9 eV. The band gap of a-SiGe:H alloy is
lower than that of a-Si, therefore the radiation that has passed through a-Si will be absorbed
in the a-SiGe layers, where additional electron-hole pairs are generated and solar cell
efficiency increases. Even greater effect can be achieved in a triple{junction structure a-
Si/a-5iGe/a-5iGe. One of the record efficiency of such solar cell is 14.6% (13.0% stabilized
efficiencies) (Yang et al,. 1997). At high content of Ge in Sii..Gex alloy, optoelectronic
properties of the material are deteriorated, therefore in multi-junction solar cells, the band
gap of the amorphous Sii..Gex layers cannot be less than 1.2-1.3 eV.

The results presented in Fig. 4, show that 10-15% of solar radiation power in the range
hv> Eg is not absorbed if the thickness of the a-Si layer is 1 pm. Therefore, to improve the
power output, back reflector and substrate texturing can be used in a-Si solar cells.
Apparently, the light trapping occurs for weakly absorbed light. It was shown that using
geometries maximizing enhancement effects, the short circuit current in amorphous
silicon solar cell (< 1 pm thick) increases by several mA/cm? (Deckman et al., 1983).

The use of multi-junction solar cells is successful because there is no need for lattice
matching of materials, as is required for crystalline heterojunctions.
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Fig. 6. Tandem solar cell based on a-Si:H and a-SiGe:H (Deng & Schiff, 2003).

Solar cells based on a-Si:H are much cheaper than those produced on silicon wafers or
ribbons, but their efficiency in operation under illumination becomes lower during the first
few hundred hours and then the degradation process is slowed down considerably (Fig. 7).
The degradation of multiple-junction and single-junction solar cells is usually in the range of
10-12 and 20-40%, respectively (20-30% for commercial devices).

Degradation of a-Si:H solar cells, called the Staebler-Wronski effect, is a fundamental a-Si
property. The same degradation is observed in solar cells from different manufacturers and
with different initial efficiencies (Von Roedern et al., 1995). It has been established that
stabilization of the degradation occurs at levels that depend on the operating conditions, as
well as on the operating history of the modules. After annealing for several minutes at 130-
150°C, the solar cell properties can be restored. The positive effect of annealing can also occur
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Fig. 7. Decline in power output of solar cell based on a-5i:H in the initial period of
irradiation 100mV/sm? (Staebler-Wronski effect) (Deng & Schiff, 2003).
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as a result of seasonal temperature variations therefore the efficiency of a-Si:H modules in the
summer is greater than in winter.

Degradation of a-Si:H solar cells is mostly caused by photostimulated formation of defects
(dangling bonds) that act as recombination centers (Staebler & Wronski, 1977). The effect
can not be explained by a single degradation mechanism. At least two mechanisms have to
be involved: a fast one that can be annealed at typical module operating temperatures, and a
slow one that does not recover measurably when annealing temperatures are limited to
values below 70°C (Von Roedern et al., 1995; Von Roedern & del Cueto, 2000).

It is important from a practical point of view that a-Si:H reaches a “stabilized” state after
extended irradiation. The stabilized a-Si:H arrays show less than 1% degradation per year,
which is about the same rate at which crystalline silicon losses power over time. Therefore,
still 20 years ago, it was recommended that all a-Si solar cells and modules performances
should be reported after stabilization under standard conditions for 1000 hours at 50°C
(Von Roedern & del Cueto, 2000).

Along with amorphous silicon, during the same 30 years, the intensive investigations of the
possibility of using the glow discharge method for producing thin-film crystalline silicon
were also carried out (Faraji et al., 1992; Meier et al., 1994). In 1994, using this method thin-
film p-i-n solar cells based on hydrogenated microcrystalline silicon (pc-Si) have been
prepared at substrate temperatures as low as ~ 200°C (Meier et al., 1994). Compared with
a-Si:H solar cells, an enhanced absorption in the near-infrared (up to 1.1 eV) and an
efficiency of 4.6% were obtained. First light-soaking experiments indicate also no
degradation for such pc-Si:H cells. Years later, other groups started research activities
utilizing this material and naming the microcrystalline silicon as “nanocrystalline” (nc-Si)
or “policrystalline” silicon (poly-Si).

Microcrystalline silicon (jpic-Si, ne-Si,poly-Si) has small grains of crystalline silicon (< 50 nm)
within the amorphous phase. This is in contrast to multi-crystalline silicon, which consists
solely of crystalline silicon grains separated by grain boundaries. Microcrystalline silicon
has a number of useful advantages over a-Si, because it can have a higher electron mobility
due to the presence of the silicon crystallites. It also shows increased absorption in the red
and infrared regions, which makes pc-Si as an important material for use in solar cells.
Another important advantages of pc-Si is that it has improved stability over a-Si, one of the
reasons being because of its lower hydrogen concentration. There is also the advantage over
poly-Si, since the pc-Si can be deposited using conventional low temperature a-Si deposition
techniques, such as plasma enhanced chemical vapor deposition.

Special place in the thin-film photovoltaics is the so-called micromorph solar cells, which
are closely related to the amorphous silicon. The term “micromorph” is used for stacked
tandem thin-film solar cells consisting of an a-Si p-i-n junction as the top component, which
absorbs the “blue” light, and a pc-Si p-i-n junction as the bottom component, which absorbs
the “red” and near-infrared light in the solar spectrum (Fig. 8). This artificial word has first
been mentioned by Meier in the late 1990's (Meier et al., 1995; Meier et al., 1998).

A double-junction or tandem solar cell consisting of a microcrystalline silicon solar cell
(Eg = 1.1 eV) and an amorphous silicon cell (E; = 1.75 eV) corresponds almost to the
theoretically optimal band gap combination. Using pc-Si:H as the narrow band gap cell
instead of a-SiGe cell yields the higher efficiency in the long-wavelength region. At the same
time, the stable pc-Si:H bottom cell contributes to usually a better stability of the entire
micromorph tandem cell under light-soaking. The stabilized efficiency of such double-
junctions solar cells of 11-12% was achieved (Meier et al., 1998).
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It was also suggested that the micromorph solar cells open new perspectives for low-
temperature thin-film crystalline silicon technology and even has the potential to become for
the next third generation of thin-film solar cells (Keppner et al., 1999). However, due to the
effect of the indirect band, the pc-Si component of solar cells requires much thicker i-layers
to absorb the sunlight (1.5 to 2 pm compared to 0.2 pm thickness of a-SiGe:H absorber). At
the same time, the deposition rate for pc-Si:H material is significantly lower compared to
that for a-SiGe, so that a much longer time is needed to deposit a thicker pc-Si layer than
what is needed for an a-SiGe structure. In addition, advanced light enhancement schemes
need to be used because pic-Si has a lower absorption coefficient. Finally, pic-Si solar cell has
a lower open-circuit voltage compared to a-SiGe:H cell.

Nevertheless, one should tell again that micromorph tandem solar cells consisting of a
microcrystalline silicon bottom cell and an amorphous silicon top cell are considered as one
of the promising thin-film silicon solar-cell devices. The promise lies in the hope of
simultaneously achieving high conversion efficiencies at relatively low manufacturing costs.
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Fig. 8. Spectral response of a double-stacked micromorph tandem solar cell (Keppner et al.,
1999).

Concluding the section, one must admit the considerable progress for more than 30 years in
improving the efficiency of a-5i and micromorph solar cells. However, despite the persistent
efforts of researchers and engineers in various laboratories in many countries, under
initiatory researches and government programs, stabilized efficiency of large-area a-Si:H
solar modules lies within 8 to 10%. So far, stabilized efficiencies of about 11-12% can be
obtained with micromorph solar cells. A number of technological methods allow the
efficiency just somewhat to increase using the above alloys of Si-Ge and special multiple-
junction structures including the use of pc-Si:H and others.5 But the cost of such multiple-

5 One of the highest stabilized cell efficiency for a laboratory triplejunction structure is ~13.0% (Deng &
Schiff, 2003).
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junction solar cells always increases markedly. In addition, faster deposition processes
need to be developed that is necessary for low-cost and high-throughput manufacturing.
Thus, in the field of amorphous and micromorph silicon photovoltaics, it is succeeded in
realizing only part of the benefits of thin-film solar cells, and its share in the global solar
energy is quite small (Fig. 1). The use of a-Si:H and micromorph solar cells is limited
preferably to areas where low cost is more important than the efficiency of photoelectric
conversion (such as consumer electronics). Semitransparent modules are also used as
architectural elements or windows and skylights. This is the so-called building-integrated
photovoltaics (BIPV), where large building envelope areas can be covered with the PV
modules available at the lowest prices per square meter. The advantage of BIPV is also that
the initial cost can be offset by reducing the amount spent on building materials. This trend
becomes noticeable segment of the photovoltaic industry.

3.2 Copper-indium-gallium diselenide

CulnSe; (CIS) and CuGaSe; (CGS), compound semiconductors of elements from groups I, III
and VI in the periodic table, are typical representatives of a broad class of substances with
different properties, so-called chalcopyrite.6 CulnSe; and CuGaSe; form Culn,Gai..Se; alloy
(CIGS) in any ratio of components. Importantly, varying the ratio of CulnSe, and CuGaSe,
there is a slight change in the material parameters except the band gap. The possibility of
regulating the band gap semiconductor in the range of 1.0-1.04 eV for CulnSe; to 1.68 eV for
CuGaSe; are doubtless advantages of Culn.Gai.xSez (Birkmire, 2008).” The dependence of the
band gap of Culn.GaiSe; on x is described by the formula (Alonso, 2002):

E,(x) =1.010+0.626x —0.167x(1 - x) . ?)

For a long time, CulnSe; and CulnyGaixSe; have been considered as promising materials for
high-performance thin-film solar cells and fabrication of monolithically interconnected
modules intended for cost-effective power generation (Shafarman & Stolt, 2003).

Parameters of Culn,Gai.xSe; can be fitted as optimal for the photoelectric conversion. The
fundamental absorption edge is well described by expression a ~(hv - Eg)1/2/hv as for a
typical direct band gap semiconductor. When the photon energy hv exceeds the band gap
Eg, the absorption coefficient of material from any content of Ga quickly exceeds values ~
104 cm-! so that the absorptivity of the material turns out to be the largest among all thin
film (Fig. 4). This ensures effective absorption of solar radiation by Culn,Gai-xSe; layer of
micron-level thick - an important factor in reducing the cost of production. Efficiency of
CulnSe; solar cell is within 12-15%, and in the case of Culn,Gai.,Se> a record value of ~
20% is reached among all types of thin-film solar cells (Repins, et al., 2008; Green et al,
2011). Widening the band gap of Culn,Gai.xSe; leads to an increase in open circuit voltage
while reducing the absorptivity of the material and hence decreasing the short circuit
current. Theoretical estimation shows that the maximum efficiency of solar cells should be
observed when E; = 1.4-1.5 eV, when the atomic ratio for Ga in CIGS is ~ 0.7, but
according to the experimental data, this occurs when E; = 1.15 eV that corresponds to
Ga/(Ga+In) = 0.3.

¢ Chalcopyrite (copper pyrite) is a mineral CuFeS, which has a tetragonal crystal structure.
7 Sometimes part of Se atoms substitute for S.
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Structural, electrical and optical properties of Culn,GaiSe; are sensitive to deviations from
the stoichiometric composition, native defects and grain sizes in the film. Because of the
native defects (mainly In vacancies and Cu atoms on In sites), the conductivity of CIGS is
p-type. It can be controlled by varying the Cu/In ratio during growth of the material.
Stoichiometric and copper-enriched material has a p-type conductivity and grain sizes of 1-2 pm,
while the material indium-enriched has n-type conductivity and smaller grains. Culn,Gai-.Sez
within the solar cell contains a large amount of Na (~ 0.1%), which are predominantly found
at the grain boundaries rather than in the bulk of the grains and can improve solar cell
performance. Depending on the pressure of selenium, the type conductivity of material as a
result of annealing can be converted from p-type to n-type - or vice versa. Charge carrier
density can vary widely from 10 cm-3 to 1019 cm-3. In general, the desirable conductivity
and carrier concentration can be relatively easy to obtain without special doping, but only
the manipulating technological conditions of Culn,GaixSe; deposition.

Literature data on the charge carrier mobility in thin-film Culn,Gai-Se; are quite divergent.
The highest hole mobility is fixed as 200 cm?/V-s at 1017 cm-3 hole concentration. It is likely
that the conductivity across grain boundaries in this case plays a significant role. In
Culn,GaiSe> single crystals, mobility of holes lies within the 15-150 ¢cm?/V-s range for
holes and in the 90-900 cm?2/V-s range for electrons (Neumann & Tomlinson, 1990;
Schroeder & Rockett, 1997).

The first photovoltaic structures based on CulnSe, with efficiency of ~ 12% were established
back in 1970's by evaporating n-CdS onto p-CulnSe; single crystal (Wagner et al., 1974; Shay
et al., 1975). Shortly thin-film CdS/CulnSe; solar cells were fabricated with efficiency 4-5%
(Kazmerski et al., 1976), interest to which became stable after the Boeing company had
reached 9.4% efficiency in 1981 (Mickelson & Chen, 1981; Shafarman & Stolt, 2003). Such
solar cells were produced by simultaneous thermal evaporation of Cu, In and Se from
separate sources on heated ceramic substrates coated with thin layer of Mo (thermal multi-
source co-evaporation process). Later the method of simultaneous deposition Cu, In, Ga and Se
become widely used to create Culn,Gai.«Se, layers. Chemical composition of material is
determined by temperatures of sources: 1300-1400° C for Cu, 1000-1100°C for In, 1150-
1250°C for Ga and 300-350°C for Se. The main advantage of this technology is its flexibility;
the main problem is the need for careful control of flow of Cu, In, Ga and Se, without which
it is impossible to have adequate reproducibility characteristics of the film. In this regard,
attractive is the so-called two-step process, that is, the deposition of Cu, In and Ga on
substrates at a low temperature with subsequent a reactive heat-treatment of Cu-In-Ga films
in a hydrogen-selenium (H:Se) atmosphere at temperatures above ~ 630°C (Chu et al., 1984).
Application of Cu, In and Ga can be achieved by various methods at low temperatures,
among them is ion sputtering, electrochemical deposition and other methods that are easier
to implement in mass production. Selenization can be conducted at atmospheric pressure at
relatively low temperatures of 400-500°C. The main problem of this technology is the
complexity of controlling the chemical composition of material as well as high toxicity of
ste.

To date, the co-deposition of copper, indium, gallium and selenium as well as selenization
remain the main methods in the manufacture of CIGS solar cells.

In the first thin-film CulnSe; solar cells, heterojunction was made by deposition of CdS on
CulnSe; thin film, which also served as front transparent electrode (Mickelson & Chen,
1981). Characteristics of solar cell are improved if on CulnSe; (or CulniGai~Sey) first to
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deposit undoped CdS, and then low-resistive CdS doped with In or Ga (pre-inflicted
undoped CdS layer is called the “buffer” layer). Due to a relatively narrow band gap (2.42 eV),
CdS absorbs solar radiation with a wavelengths A < 520 nm, without giving any contribution
to the photovoltaic efficiency. Absorption losses in the CdS layer can be reduced by
increasing the band gap, alloying with ZnS (CdZnS) that results in some increase in the
efficiency of the device. Its further increase is achieved by thinning CdS layer to 50 nm or
even 30 nm followed by deposition of conductive ZnO layer, which is much more
transparent in the whole spectral region (Jordan, 1993; Nakada, T. & Mise, 2001). The best
results are achieved when ZnO is deposited in two steps, first a high-resistance ZnO layer
and then a doped high-conductivity ZnO layer. Often, ZnO films are deposited by
magnetron sputtering from ZnO:AlLOs targets or by reactive sputtering, which requires
special precision control technology regime. For high-efficiency cells the TCO deposition
temperature should be lower than 150°C in order to avoid the detrimental interdiffusion
across CdS/ CIGS interface (Romeo et al., 2004).

Usually, Cu(In,Ga)Se; solar cells are grown in a substrate configuration which provides
favorable process conditions and material compatibility. Structure of a typical solar cell is
shown in Fig. 9. To reduce the reflection losses at the front surface of ZnO, an anti-refection
MgF; coating with thickness of ~ 100 nm is also practised. The substrate configuration of
solar cell requires an additional encapsulation layer and/or glass to protect the cell surface.
In modules with cover glasses, to use any anti-refection coating is not practical.
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Fig. 9. Schematic cross section of a typical Cu(In,Ga)Se; solar module.

CdS layer is made by chemical precipitation from an aqueous alkali salt solution of
cadmium (CdCl,, CdSO4, CdI2, Cd(CH3COO),), ammonia (NH3) and thiourea (Sc(NH>); in
molar ratio, for example, 1.4:1:0.1 (chemical bath deposition). Pseudo-epitaxial deposition of
CdS dense films is carried out by immersing the sample in electrolyte for several minutes at
temperatures from 60 to 80°C or at room temperature followed by heating electrolyte to the
same temperature. The pseudo-epitaxial character of deposition is promoted, firstly, by
small (~ 0.6%) difference of CulnSe; and CdS lattice spacing, which, however, increases with



20 Solar Cells — Thin-Film Technologies

increasing Ga content in CulnxGaySe; (to ~ 2% at x = Ga/(Ga+In) = 0.5), and, secondly, by the
cleansing effect of electrolyte as a surface etchant of Culn,Ga;«Se; (ammonia removes oxides
on the surface). Depending on the conditions of deposition, the film may have hexagonal,
cubic or a mixed structure with crystallite sizes of several tens of nanometers. Typically, film
is somewhat non-stoichiometric composition (with an excess of Cd) and contains impurities
O, H, C, N that can become apparent in a noticeable narrowing of the band gap. It is
believed that the Cd in Cu(InGa)Se, modules can be handled safely, both with respect to
environmental concerns and hazards during manufacturing (Shafarman & Stolt, 2003).

At relatively low temperature of deposition, the mutual penetration (migration) of elements
at the CdS/ Culn,Gai«Se; interface takes place to a depth of 10 nm (Cd replace Cu). It should
be noted that vacuum deposition of CdS, used in solar cells on single crystals Culn,GaiSe»,
is not suitable for thin film structures and does not allow to obtain the dense film of necessary
small thickness and requires too high deposition temperature (150-200°C). Deposition of CdS
by ion sputtering gives better results, but still inferior to chemical vapor deposition.

Metal contacts in the form of narrow strips to the front surface of Cu(In,Ga)Se, device is
made in two steps: first a thin layer of Ni (several tens of nanometers), and then Al layer
with thickness of several microns. Purpose of a thin layer is to prevent the formation of
oxidation layer.

As substrate for Culn,Gai.«Se; solar cells, the window soda-lime-silica glass containing 13-14 %
NaO can be used. The coefficients of linear expansion of this glass and Culn.Gai..Se; are
quite close (9x10-¢ K-1) in contrast to borosilicate glass, for which the coefficient of linear
expansion is about half. Glass is the most commonly used substrate, but significant efforts
have been made to develop flexible solar cells on polyimide and metal foils providing less
weight and flexible solar modules. Highest efficiencies of 12.8% and 17.6% have been
reported on polyimide and metal foils, respectively (Tiwari etal., 1999; Tuttle et al., 2000).
Cu(In,Ga)Se, modules have shown stable performance for prolonged operation in field tests.
As already mentioned, it is believed that the p-n junction is formed between p-Culn,GaixSe>
and n-ZnO, “ideal" material that serves as a "window" of solar cell (ZnO has band gap of 3.2
eV, high electrical conductivity and thermal stability). However, a thin underlayer CdS (~
0.05 nm) affect a strong influence on the characteristics of solar cell by controlling the
density of states at the interface and preventing unwanted diffusion of Cu, In, Se in ZnO.
Somewhat simplified energy diagram of solar cell based on CulnGai.Sezis shown in Fig. 10.
Band discontinuity AE. = 0.3 eV at the CdS/Culn,Gai-,Se; interface causes considerable band
bending near the Culn,Gai-,Se; surface, and, thus, the formation of p-n junction (Schmid et
al., 1993). Diffusion of Cd in Culn,GaiSe; during chemical vapor deposition of CdS also
promotes this resulting in forming p-n homojunction near surface of Culn,Gai_.Sey.

Marginal impact of losses caused by recombination at the CdS/Culn,Gai-.Se; interface is
explained by the creation of p-n junction, despite the fact that no measures are preventable
to level the lattice difference and defects on the surface which is in the air before deposition of
Cds.

As always, the short-circuit current of Culn.GaiSe; solar cell is the integral of the product
of the external quantum efficiency and the spectral density of solar radiation power. QEcy,
which, in turn, is determined primarily by the processes of photoelectric conversion in the
Culn.GaiSe; absorber layer, i.e. by the internal quantum yield of the device QEjn:.

It is believed that the solar cell can neglect recombination losses at the CdS/Cu(In,Ga)Se;
interface and in the space-charge region and then one can write (Fahrenbruch A. & Bube,
1983):
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Fig. 10. Energy diagram of ZnO/CdS/Culn,Ga;_,Se; solar cell.
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where a is the light absorption coefficient, and IV is the space-charge region width.

Besides QEin, external quantum efficiency is also controlled by the above-mentioned
reflection at the front surface of the device, reflection at all other interfaces, the band gap of
Culn,GaixSez and the transmittances of CdS and ZnO window layers.

Fig. 11 shows the measured spectral distribution of quantum efficiency of solar cells based on
Culn.GaiSe; with different composition x = 0, 0.24 and 0.61, and hence with different band
gap of semiconductor Eg =1.02, 1.16 and 1.40 eV, respectively.

Another important characteristic of CulnyGaixSez solar cell, the open-circuit voltage, is
determined by the charge transport mechanism in the heterostructure. Neglecting
recombination at the interface of CdS-Culn,Gai-.Se;, the current-voltage characteristics of
solar cells can be presented in the form

]:]d_]ph:]oexp[%(V_Rs])}'FGV_]ph )

where Jq is the dark current density, Jon is the photocurrent density, n is the ideality factor,
Rs is the series resistance, and G is the shunt conductivity.

The experimental curves are often described by Eq. (4) at n = 1.5 £ 0.3 that leads to the
conclusion that the dominant charge transfer mechanism is recombination in the space charge
region. If recombination level is located near mid-gap, 1 = 2, and in case of shallow level n ~ 1.
In real Culn,Ga1-Sey, the levels in the band gap are distributed quasi-continuously.

If the minority carrier diffusion length is short, the losses caused by recombination at the
rear surface of Culn,Gai_Se» is also excluded. In the best solar cells the electron lifetime is
10-8-10-7 s (Nishitani et al., 1997, Ohnesorge et al., 1998). When describing transport
properties Culn,Gai_Sey, it can to be acceptable that grain boundaries do not play any
noticeable role since the absorber layer has a columnar structure and the measured current
does not cross the grain boundaries. As notes, solar cells have the highest photovoltaic
efficiency if x = Ga/(In + Ga) ~ 0.3, i.e., Eg = 1.15 eV. Under AM1.5 global radiation, the
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Fig. 11. Spectral distribution of quantum efficiency of Culn.Gai-,Se solar cells with x =0,
0.24 and 0.61 (Shafarman & Stolt, 2003).

highest value of short-circuit current density Ji = 35.2 mA /sm? is observed for solar cells with
Eg; = 112 eV (Contreras et al., 1999). If short-circuit current decreases with increasing Ga
content, the open-circuit voltage V.. increases. With increasing temperature V,. markedly
reduces. For E; = 1.16 eV, for example, V. reduces from ~ 0.75 V at 220 K to ~ 0.55 V at 320
K. Introduction of Ga in CulnSe, compound attracts of professionals by the fact that it
reduces the cost of In, which is widely used in LCD monitors, computers, TV screens and
mobile phones. Therefore there is an attempt to reduce the content of In in Culn,Gai_Se,
solar cells up to 5-10%, even slightly losing the photovoltaic conversion efficiency.

The efficiencies of laboratory CulnGai.Se; solar cells and modules of large area are
significantly different. The reason is that the production of modules requires the
introduction of technology different qualitatively from that used in the traditional
semiconductor electronics, and a significant lack of deep scientific basis of applied materials.
As a result of research, aimed to reducing the cost of Culn,Ga;-Se; solar modules (which
were originally more expensive compared to devices on amorphous silicon), Wiirth Solar
(Germany) and Shell Solar Industries (USA) developed the first commercial Culn.Gai-Se>
solar modules and initiated their large-scale production, which began in 2006 in Germany.
In the production of such modules are also engaged other companies in a number of
countries, among them Zentrum fiir Sonnenenergie- und Wasserstoff-Forschung - ZSW
(Germany), Energy Photovoltaics, Inc. and International Solar Electric Technology (USA),
Angstrom Solar Centre (Sweden), Showa Shell and Matsushita (Japan) and others.
Technology for production of solar modules on flexible substrates involving «roll-to-roll»
technology was developed by Global Solar Energy (USA, Germany).

Culn,Ga1xSer-based photovoltaics, along with other thin-film PV devices, continue to attract
an interest first and foremost because of their potential to be manufactured at a lower cost
than Si wafer or ribbon based modules. To reach their potential for large-scale power
generation with higher throughput, yield, and performance of products, there is a need for
continued improvement in the fundamental science, deposition equipment and processes
based on well-developed models. Note also that the scarce supply of In may make it difficult
to implement CIGS technology on a large scale.
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3.3 Cadmium telluride

Cadmium telluride (CdTe) is a semiconductor with the band gap of 1.47-1.48 eV (290-300 K),
optimal for solar cells. As a-Si, CIS and CIGS, CdTe is a direct-gap semiconductor, so that
the thickness of only a few microns is sufficient for almost complete absorption of solar
radiation (97-98%) with photon energy hv > E; (Fig. 4). As the temperature increases the
efficiency of CdTe solar cell is reduced less than with silicon devices, which is important,
given the work of solar modules in high-power irradiation. Compared to other thin-film
materials, technology of CdTe solar modules is simpler and more suitable for large-scale
production.

Solar cells based on CdTe have a rather long history. Back in 1956, Loferski theoretically
grounded the use of InP, GaAs and CdTe in solar cells as semiconductors with a higher
efficiency of photoelectric conversion compared with CdS, Se, AlSb and Si (Loferski, 1956).
However, the efficiency of laboratory samples of solar cells with p-n junctions in
monocrystalline CdTe, was only ~ 2% in 1959, has exceeded 7% only in 20 years and about
10% later (Minilya-Arroyo et al, 1979; Cohen-Solal et al., 1982). The reason for low efficiency of
these devices were great losses caused by surface recombination and technological difficulties
of p-n junction formation with a thin front layer. Therefore, further efforts were aimed at
finding suitable heterostructures, the first of which was p-Cu;Te/n-CdTe junction with
efficiency of about 7%, that was proved too unstable through the diffusion of copper. It was
investigated other materials used as heteropartners of n-type conductivity with wider band
gap compared with CdTe: ITO, InoOs, ZnO performed the function of "window" through
which light is introduced in the photovoltaic active layer of absorbing CdTe.

In 1964, the first heterojunctions obtained by spraying a thin layer of n-CdS on the surface of
p-CdTe single crystal were described (Muller & Zuleeg, 1964). The first thin-film
CdTe/CdS/SnO,/ glass structures that became the prototype of modern solar cells, was
established in Physical-Technical Institute, Tashkent, Uzbekistan in 1969 (Adirovich et al,,
1969). Over the years it became clear that the CdS/CdTe heterostucture has a real prospect
of the introduction into mass production of solar modules, despite the relatively narrow
band gap of CdS as a "window" layer. The crystal of CdTe adopts the wurtzite crystal
structure, but in most deposited CdTe films, hexagonally packed alternating Cd and Te
layers tend to lie in the plane of the substrate, leading to columnar growth of crystallites. At
high temperature, CdTe grows stoichiometrically in thin-film form as natively p-doped
semiconductor; no additional doping has to be introduced. Nevertheless, the cells are
typically “activated” by using the influence of CdCl; at elevated temperatures (~ 400°C) that
improves the crystallinity of the material.

In the early 21st century it has been succeeded to achieve a compromise between the two
main criteria acceptable for manufacturing CdTe solar modules - sufficient photoelectric
conversion efficiency and cheapness of production (Bonnet, 2003). This was possible thanks
to the development of a number of relatively simple and properly controlled method of
applying large area of CdTe and CdS thin layers that is easy to implement in large-scale
production: close-space sublimation, vapor transport deposition, electrodeposition, chemical
bath deposition, sputter deposition, screen printing. Obstruction caused by considerable
differences of crystal lattice parameters of CdTe and CdS (~ 5%), largely overcome by
straightforward thermal treatment of the produced CdTe/CdS structure. It is believed that
this is accompanied by a mutual substitution of S and Te atoms and formation an
intermediate CdTe1..S« layer with reduced density of states at the interface of CdTe and CdS,
which may adversely affect the efficiency of solar cell. Simple methods of production and



24 Solar Cells — Thin-Film Technologies

formation of barrier structures, that do not require complex and expensive equipment, are
an important advantage of the solar cell technology based on CdTe.

When producing solar cells, CdS and CdTe layers are usually applied on a soda-lime glass
superstrate (~ 3 mm thick), covered with a transparent electrically conductive oxide layer
(TCO), e.g., F-doped SnO; (SnO:F) or ITO (In,O3 + SnO») (Fig. 12) (Bonnet, 2003).8 They are
often used in combination with a thin (high-resistivity) SnO, sublayer between the TCO and
the CdS window layer, which prevents possible shunts through pinholes in the CdS and
facilitates the use of a thinner CdS layer for reducing photon absorption losses for
wavelengths shorter than 500 nm (Bonnet, 2002). At the final stage, after deposition of the
back electrodes, solar cells are covered by another glass using the sealing material
(etylenvinil acetate, EVA), which provides durability and stability of the devices within 25-
35 years.

Processes of photoelectric conversion in thin-film CdS/CdTe structure are amenable to
mathematical description. This is of practical importance because it allows to investigate the
dependence of the efficiency of solar cells on the parameters of the materials and the barrier
structure as well as to formulate recommendations for the technology. These parameters are,
primarily, (i) the width of the space-charge region, (ii) the lifetime of minority carriers, (iii)
their diffusion length, (iv) the recombination velocity at the front and back surfaces of the
CdTe absorber layer, (v) its thickness.
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Fig. 12. Cross-section of thin film solar cell CdS/CdTe.

One of the main characteristics of a solar cell is the spectral distribution of quantum efficiency
(spectral response), which is ultimately determined the short-circuit current density of the
CdS/CdTe heterostructure.

It is known that in CdS/CdTe solar cells only the CdTe layer contributes to the light-to-
electric energy conversion, while the CdS “window” layer only absorbs light in the range A
< 500-520 nm thereby reducing the photocurrent. Therefore in numerous papers a band
bending (and hence a depletion layer) in CdS is not depicted on the energy diagram (see, for
example, Birkmire & Eser, 1997; Fritsche et al., 2001; Goetzberger et al, 2003), i.e. the

8 The CdTe solar cells can be produced in both substrate and superstrate configurations, but the latter is
preferable. The substrate can be a low-cost soda-lime glass for growth process temperatures below
550°C, or alkali-free glass for high-temperature processes (550-600°C) (Romeo et al., 2004).
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depletion layer of the CdS/CdTe diode structure is virtually located in the p-CdTe layer (Fig.
13). This is identical to the case of an asymmetric abrupt p-n junction or a Schottky diode, i.e.
the potential energy ¢(x,V) and the space-charge region width W in the CdS/CdTe
heterojunction can be expressed as (Sze, 1981):
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where g, is the electric constant, ¢ is the relative dielectric constant of the semiconductor,
@0 = gV is the barrier height at the semiconductor side (V4 is the built-in potential), V is the
applied voltage, and N.— Ng is the uncompensated acceptor concentration in the CdTe layer.
The internal photoelectric quantum efficiency 7 can be found from the continuity equation
with the boundary conditions. The exact solution of this equation taking into account the
drift and diffusion components as well as surface recombination at the interfaces leads to
rather cumbersome and non-visual expressions (Lavagna et al., 1977). However, in view of
the real CdS/CdTe thin-film structure, the expression for the drift component of the
quantum efficiency can be significantly simplified (Kosyachenko et al., 2009):
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where S is the recombination velocity at the front surface, D, is the electron diffusion
coefficient related to the electron mobility 4, through the Einstein relation: gDn/kT = pn.

For the diffusion component of the photoelectric quantum yield that takes into account
surface recombination at the back surface of the CdTe layer, one can use the exact
expression obtained for the p-layer in a p-n junction solar cell (Sze, 1981)
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where d is the thickness of the CdTe absorber layer, Sy is the recombination velocity at its
back surface.

The total quantum yield of photoelectric conversion in the CdTe absorber layer is the sum of
the two components: 7int = 7drife + 77dit-

Fig. 14 illustrates a comparison of the calculated curve 7e(4) using Egs. (5)-(8) with the
measured spectrum (Kosyachenko et al., 2009). As seen, very good agreement between the
calculated curve and the experimental points has been obtained.
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Fig. 13. The energy band diagram of CdS/CdTe thin-film heterojunction under forward
bias. The electron transitions corresponding to the recombination current I.ec and over-
barrier diffusion current I, are shown.
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Fig. 14. Comparison of the measured (circles) and calculated (solid line) quantum efficiency
spectrum 7jext. The dashed line shows the spectrum of 100 % internal efficiency.

The expressions for quantum efficiency spectra can be used to calculate the short-circuit
current density Ji using AM1.5 solar radiation Tables ISO 9845-1:1992 (Standard ISO, 1992).
If @; is the spectral radiation power density and hv is the photon energy, the spectral density
of the incident photon flux is ®;/hv; and then



Thin-Film Photovoltaics as a Mainstream of Solar Power Engineering 27

Je =g 27, ©)
i Ui

where Al; is the wavelength range between the neighboring values of A; (the photon energy
hw) in the table and the summation is over the spectral range 300 nm < A < A; = hc/Eg.
The calculation results of the drift component of short-circuit current density Jarise using Eqs.
(7) and (9) lead to important practical conclusions (Kosyachenko et al., 2008).
If S = 0, the short-circuit current gradually increases with widening W and approaches a
maximum value Jaqrit = 28.7 mA/cm2 at W > 10 um. Surface recombination decreases Jqritt
only in the case if the electric field in the space-charge region is not strong enough, i.e. when
the uncompensated acceptor concentration N, - Ng is low. As N, - N, increases and
consequently the electric field strength becomes stronger, the influence of surface
recombination becomes weaker, and at N. - Ng = 1016 cm-3 the effect of surface
recombination is virtually eliminated. However in this case, J4it decreases with increasing
Na - Ng because a significant portion of radiation is absorbed outside the space-charge
region. Thus, the dependence of drift component of the short-circuit current on the
uncompensated acceptor concentration N, - Ny is represented by a curve with a maximum
at Na— Nq #1015 cm= (W ~1 um).
The diffusion component of short-circuit current density /4 is determined by the thickness of
the absorber layer d, the electron lifetime 7, and the recombination velocity at the back
surface of the CdTe layer Sp. If, for example, 7, = 10-¢ s and Sp = 0, then the total charge
collection in the neutral part is observed at d = 15-20 um and to reach the total charge
collection in the case Sp = 107 cm/s, the CdTe thickness should be 50 pm or larger
(Kosyachenko et al., 2008). In this regard the question arises why for total charge collection
the thickness of the CdTe absorber layer d should amount to several tens of micrometers.
The matter is that, as already noted, the value of d is commonly considered to be in excess of
the effective penetration depth of the radiation into the CdTe absorber layer in the intrinsic
absorption region of the semiconductor, i.e. in excess of d = 104 cm = 1 pm. With this
reasoning, the absorber layer thickness is usually chosen at a few microns. However, one
does not take into account that the carriers, arisen outside the space-charge region, diffuse
into the neutral part of the CdTe layer penetrating deeper into the material. Having reached
the back surface of the CdTe layer, carriers recombine and do not contribute to the
photocurrent. Considering the spatial distribution of photogenerated electrons in the neutral
region shows that at S, = 7x107 cm/s, typical values of 7, =10-9 s and N,— Ng = 106 cm-3 and
at d = 1-2 um, surface recombination “kills” most of electrons photogenerated in the neutral
part of the CdTe layer (Kosyachenko et al., 2009).
Fig. 15 shows the calculation results of the fotal short-circuit current density Js. (the sum
of the drift and diffusion components) vs. N, - Ng for different electron lifetimes 7.
Calculations have been carried out for the CdTe film thickness d = 5 pm which is often used
in the fabrication of CdTe-based solar cells. As can be seen, at 7, > 10-8 s the short-circuit
current density is 26-27 mA/cm? when N, - Ng > 1016 cm-3 and for shorter electron lifetime,
Jsc peaks at N, - Ng = (1-3)x1015 cm-3.
As N, - Ny is in excess of this concentration, the short-circuit current decreases since the
drift component of the photocurrent reduces. In the range of N, - Nq < (1-3)x10%5 cm-3, the
short-circuit current density also decreases, but due to recombination at the front surface of
the CdTe layer.
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Fig. 15. Total short-circuit current density Js. of a CdTe-based solar cell as a function
of the uncompensated acceptor concentration N, - Nq calculated at the absorber layer
thickness d = 5 um for different electron lifetime z,.

The I-V characteristic determined the open-circuit voltage and fill factor of CdS/CdTe
solar cells is most commonly described by the semi-empirical formulae similar to Eq. (4),
which consists the so-called “ideality” factor and is valid for some cases. Our
measurements show, however, that such “generalization” of the formulae does not cover
the observed variety of the CdS/CdTe solar cell I-V characteristics. The measured voltage
dependences of the forward current are not always exponential and the saturation of the
reverse current is never observed.

On the other hand, our measurements show that the I-V characteristics of CdS/CdTe
heterostructures and their temperature variation are governed by the generation-
recombination Sah-Noyce-Shockley theory (Sah at al., 1957). According to this theory, the
dependence I ~ exp(qV/nkT) at n = 2 takes place only in the case, where the generation-
recombination energy level is located near the middle of the band gap. If the level moves
away from the mid-gap the coefficient 1 becomes close to 1 but only at low forward voltage.
If the forward voltage elevates, the I-V characteristic modifies in the dependence where 1 =~ 2
and at higher voltages the dependence I on V becomes even weaker (Sah et al.,, 1957;
Kosyachenko et al., 2004). Certainly, at higher forward currents, it is also necessary to take
into account the voltage drop across the series resistance R, of the bulk part of the CdTe
layer by replacing the voltage V in the discussed expressions with V - I-R.

The Sah-Noyce-Shockley theory supposes that the generation-recombination rate in the
space-charge region is determined by expression

n(x, Vp(x,V)-n?

U(x,V)= ’
(V) rpo[n(x,V)+n1]+rm[p(x,V)+pl]

(10)
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where n(x, V) and p(x, V) are the carrier concentrations in the conduction and valence bands,
n; is the intrinsic carrier concentration. The n; and p; values in Eq. (10) are determined by the
energy spacing between the top of the valence band and the generation-recombination level
Ey, ie. p1 = Nyexp(- Ei/kT) and n1 = Neexp[- (Eg- Ei)/kT], where N.= 2(mnkT/2nh2)3/2 and
Ny = 2(mpkT/2mh2)3/2 are the effective density of states in the conduction and valence bands,
mn and m,, are the effective masses of electrons and holes, and 7,, and 7z, are the lifetime of
electrons and holes in the depletion region, respectively.

The recombination current under forward bias and the generation current under reverse
bias are found by integration of U(x, V) throughout the entire depletion layer:

w
Jor = qJ U, V)dx . (11)
0

In Eq. (10) the expressions for n(x, V) and p(x, V) in the depletion region have the forms:

1) = Noexp| -2 000, 12
KT
n(xV)= Nuexp{— By~ A _k(;(x’w - qq , (13)

where Ay is the energy spacing between the Fermi level and the top of the valence band in
the bulk of the CdTe layer, ¢(x, V) is the potential energy given by Eq. (5).

Over-barrier (diffusion) carrier flow in the CdS/CdTe heterostructure is restricted by high
barriers for both majority carriers (holes) and minority carriers (electrons) (Fig. 13). That is
why, under low and moderate forward voltages, the dominant charge transport mechanism
is caused by recombination in the space-charge region. However, as gV nears ¢,, the over-
barrier currents due to much stronger dependence on V become comparable and even
higher than the recombination current. Since in CdS/CdTe heterojunction the barrier for holes
is considerably higher than that for electrons, the electron component dominates the over-barrier
current, which can be written as (Sze, 1981):

L, VvV
Jn= qnz—n{eXp[i—TJ - 1} , (14)

where np, = Ncexp[- (Eg - Ap)/kT] is the concentration of electrons in the neutral part of the
p-CdTe layer.

Thus, the dark current density J¢(V) in CdS/CdTe heterostructure is the sum of the
generation-recombination and diffusion components:

Ja(V) =] (V) + Ju(V) - (15)

The results of comparison between theory and experiment are demonstrated in Fig. 16 on
the example of [-V characteristic, which reflects especially pronounced features of the
transport mechanism in CdS/CdTe solar cell (Kosyachenko et al., 2010). As is seen, there is
an extended portion of the curve (0.1 < V < 0.8 V), where the dependence I ~
exp(qV/AkT) holds for n = 1.92 (rather than 2!).
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Fig. 16. Room-temperature I-V characteristic of thin-film CdS/CdTe heterostructure. The
circles and solid lines show the experimental and calculated results, respectively.

At higher voltages, the deviation from the exponential dependence toward lower currents is
observed. However, if the voltage elevates still further (> 1 V), a much steeper increase of
forward current occurs. Analysis shows that all these features are explained in the frame of
mechanism involving the generation-recombination in the space-charge region in a wide range
of moderate voltages completed by the over-barrier diffusion current at higher voltages.

One can see in Fig. 16 that the I-V characteristic calculated in accordance with the above
theory are in good agreement with experiment both for the forward and reverse connections
of the solar cell. Note that the reverse current increases continuously with voltage rather
than saturates, as requires the commonly used semi-empirical formula.

Knowing the dark I-V characteristic, one can find the I-V characteristic under illumination as

JV)=Ja(V) =T (16)

and determine the open-circuit voltage and fill factor. In Eq.(16) Ja(V) and Jn are the dark
current and photocurrent densities, respectively. Of course, it must be specified a definite
value of the density of short circuit current Ji.. Keeping in view the determination of
conditions to maximize the photovoltaic efficiency, we use for this the data shown in Fig. 15,
i.e. set [ # 26 mA/cm2. This is the case for N, - Nq = 1015-1016 cm-3 and a film thickness d = 5
um, which is often used in the fabrication of CdTe-based solar cells.

Fig. 17 shows the open-circuit voltage V. and the efficiency 7 of CdS/CdTe heterostructure
as a function of effective carrier lifetime 7 calculated for various resistivities of the p-CdTe
layer p.

As seen in Fig. 17(a), the open-circuit voltage V. considerably increases with lowering p and
increasing 7 (as p varies, Au also varies affecting the value of the recombination current, and
especially the over-barrier current).
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Fig. 17. Dependences of the open-circuit voltage V.. (a) and efficiency 7 (b) of CdS/CdTe
heterojunction on the carrier lifetime 7 calculated by Eq. (16) using Eqs. (10)-(15) for various
resistivities p of the CdTe layer.

In the most commonly encountered case, as 7=10-10-10-% s, the values of V. = 0.8-0.85 V
(0.75-0.8 V for commercial devices) are far from the maximum possible values of 1.15-1.2'V,
which are reached on the curve for p= 0.1 Q-cm and 7> 10-8s.

As seen in Fig. 17(b), the dependence of the efficiency 7 = Pout/ Pirr on 7 remarkably increases
from 15-16% to 21-27.5% when rand p changes within the indicated limits (Py, is the AM 1.5
solar radiation power 100 mW /cm?). For 7= 10-10-10-9 s, the efficiency lies near 17-19% and the
enhancement of 7 by lowering p of the CdTe layer is 0.5-1.5%. Thus, assuming 7 =10-10-10-%s,
the calculated results turn out to be quite close to the experimental efficiencies of the best
thin-film CdS/CdTe solar cells (16-17%).
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The enhancement of 7 from 16-17% to 27-28% is possible if the carrier lifetime increases to
7 210-¢ s and the resistivity of CdTe reduces to p = 0.1 Q-cm. This also requires an increase
in the short-circuit current density. As follows from the foregoing, the latter is possible for
the thickness of the CdTe absorber layer of 20-30 um and even more. Evidently, this is not
justified for large-scale production of solar modules.

In the early years of 21 century, the technology and manufacturing of solar modules based
on CdTe, which could compete with silicon counterparts was developed. With mass
production, the efficiency of CdTe modules is 10-11% with the prospect of an increase in a
few percents in the coming years (Multi Year Program Plan, 2008). The cost of modules
over the past five years has decreased three times and crossed the threshold $1.0 per
Wp, that is much less than wafer or ribbon based modules on silicon. In 2012-2015, the
cost of CdTe-based solar modules is expected to be below $ 0.7 per Wp.

It should be noted that the growth rates of CdTe module production over the last decade are
the highest in the entire solar energy sector. Over the past 5 years, their annual capacity
increased more than an order of magnitude, greatly surpassing the capacity of the
counterparts based on a-Si and in a few times - based on CIS (CIGS). In Germany, Spain, USA
and other countries, CdTe solar photovoltaic power plants with a capacity of several
megawatts up to several tens of megawatts have been built. Annual production of solar
modules based on CdTe by only one company First Solar, Inc. in 2009-2010 exceeded 1.2 GW).
This company is the largest manufacturer of solar modules in the world, which far exceeded
the capacities of perennial leaders in the manufacture of solar modules and continues to
increase production, despite the economic and financial crisis. Other well known companies
such as AVA Solar and Prime Star Solar (USA), Calyxo GmbH and Antec Solar Energy AG
(Germany), Arendi SRL (Italy) are also involved in the production of CdTe solar modules. In
May 2010 the General Electric company announced plans to introduce production of CdTe
thin-film solar modules based on technology developed at the National Renewable Energy
Laboratory and PrimeStar Solar. These facts remove any doubt on the prospects of solar
energy based on CdTe.

One of the arguments advanced against the use of CdTe in solar energy is based on the fact
that natural resources of Cd and Te are limited.

Indeed, Cd and Te are rare and scattered elements; their content in the earth's crust is ~ 10-
5% and ~ 10-7-10-¢%, respectively. Currently, there are no commercial deposits of Cd and Te
in the world; Cd and Te are extracted as byproducts in the production of mainly zinc and
copper, respectively. The limiting raw factor for development of solar energy through the
production of CdTe is Te. For the world needs, cadmium is annually produced just 150-200
tons. According to the National Renewable Energy Laboratory, the U.S. Department of
Energy and other agencies, annual production of Te as a byproduct of copper production
can be increased to ~ 1.5 tons. For the module production with capacity of 1 GW,
approximately 70 tons of Te are needed at present 10-11% efficiency of modules. Using each
year, for example, 1 thousand tons one can make solar modules with power ~ 15 GW. Thus,
through Te only as a byproduct in the production of Cu, accelerated development of solar
energy based on CdTe can last for several decades. Other currently unused stocks of
tellurium, particularly in South America, China, Mexico and other places of the globe are
also known. With good reason Te was not the focus of geological exploration, however,
studies in recent years show that, for example, underwater crusts throughout the ocean
basins is extremely rich in Te, whose content of Te ~ 109 times higher compared with ocean
water and ~ 104 times higher than in the Earth's crust (Hein et al., 2003). These stocks of
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tellurium in a relatively small depth of ocean (e.g. ~ 400 m) can easily meet the needs of the
whole world's energy. It should also be noted that the additional costs of Cd and Te will not
arise after 25-35 years, when CdTe solar panels expend their resources. The technologies for
recycling the worked-out products, which allows majority of the components (~ 90%) to use
in the production of new solar modules, have been already developed.

Another objection to the proliferation of CdTe solar cells, which opponents argue, is that the
Cd, Te and their compounds are extremely harmful to humans.

Indeed, Cd and Te are toxic heavy metals; Cd is even cancer-causing element. However, the
research of many independent experts of the National Renewable Energy Laboratory and
Brookhaven National Laboratory show that CdTe compound is chemically stable, biologically
inert and does not constitute a threat to human health and the environment both in terms of
production and exploitation of solar modules (Bonnet, 2000; Fthenakis, 2008). Cd emissions to
the atmosphere is possible only if the temperature exceeds ~ 1050°C in case of fire. However,
CdTe in solar module is between two glass plates in a sealed condition. With this design, glass
will melt at temperatures much lower than 1050°C, CdTe will turn in the molten mass that
does not allow the allocation of Cd and Te in the atmosphere. It has been shown that the
release of cadmium to the atmosphere is lower with CdTe-based solar cells than with silicon
photovoltaics. Despite much discussion of the toxicity of CdTe-based solar cells, this is
technology that is reliably delivered on a large scale.

4. Conclusions

Analysis of photovoltaics development leads to the negative conclusion that the desired rate
of increase in the capacity of solar energy based on single-crystalline, polycrystalline and
amorphous silicon can not be provided. Despite a long history, the share of PV currently
amounts to a small fraction of the overall balance of the world power sector, and even
according to the most optimistic forecasts, will not dominate in 2050. Resources of
hydroelectric and wind energy are limited, the expansion of nuclear power is highly
problematic from a security standpoint. This means that a significant fraction of the energy
will be generated by natural gas, oil, coal, oil shale, biomass, which can lead to irreversible
changes in climate on Earth. The main reason for the slow development of the photovoltaics
based on wafer or ribbon silicon (as its main direction) is the high consumption of materials,
energy and labor, and hence too low productivity and high cost of production. This is
determined by the fundamental factor because the single-crystalline and polycrystalline
silicon are indirect-gap semiconductors. The technology of solar modules based on direct-
gap amorphous silicon is quite complicated, and their stabilized efficiency is too low for use
in large-scale energy. In this regard, there is an urgent need to involve other areas of
photovoltaics in energy production. Thin-film technologies using direct-gap semiconductors
such as CIGS and CdTe hold the promise of significantly accelerating the development of
photovoltaics. Intensive research and development of thin-film technologies based on other
materials, for example, organic and die-sensitizes solar cells is also being conducted. The
main advantages of thin-film technology are less material consumption, lower requirements
to the parameters of the materials, ease of engineering methods of manufacture, and the
possibility of full automation. All of this provides better throughput of manufacturing and
lower production costs, i.e. just what is lacking in wafer or ribbon based silicon photovoltaics.
CdTe and CIGS based modules have proved their viability. Solar power stations based on
these materials with a capacity from a few megawatts to a few tens of megawatts have already
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been built; several agreements for the construction of such plants with a capacity higher by one
or even two orders of magnitude have been concluded. A growing number of companies are
involved in the production of CdTe and CIGS based modules. Broad front of research on the
possibility of increasing the efficiency of the modules, which in mass production is much
lower than the theoretical predictions, are being conducted. The aforesaid, of course, does not
preclude participation in the production of electrical energy of photovoltaics based on single-
crystalline, polycrystalline, ribbon and amorphous silicon with different designs of solar cell
structures. A large number of companies are involved in the production of the silicon
modules, which are continually evolving, making a potential contribution to the energy, but
they cannot solve the problem globally for the foreseeable future.
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1. Introduction

The flexible solar cells fabricated on a stainless steel substrate are being widely used for the
building of integrated photovoltaics (BIPVs) in recent years. Because stainless steel has
many advantages, such as low cost, high extension, ease of preparing etc. It was believed
that the wide application of BIPVs especially rooftop applications, would be the biggest
market for flexible PV technology (Kang et al. 2006, Otte et al. 2006, Chau et al. 2010, Fung et
al. 2008). Until now, one of the main challenges of the BIPVs remains how to improve the
conversion efficiency. Since, the path length of the photovoltaic effect is considerable shorter
in a thin film solar cell resulting in reduced efficiency. Many researchers have focused on
light trapping, and have adopted a different TCO technology, such as LP-CVD, PVD, to
increase the path length of the incoming light, and improve the photovoltaic conversion
efficiency of thin film solar cells (Selvan et al. 2006, Llopis et al. 2005, Soderstrom et al. 2008,
Miller et al. 2004). Moreover, light trapping provides some significant advantages
including, reduction of the cell thickness, reduced processing time and reduced cost,
improved cell efficiency and the improved stability of amorphous Si (a-Si:H).

The idea of trapping light inside a semiconductor by total internal reflection was reported
by John in 1965 (John 1965). It also indicated that the effective absorption of a textured
semiconductor film could be enhanced by as much as a factor of 60 over a plane-parallel
film (Yablonovitch and Cody 1982). It should be mentioned that a major limitation to thin
film solar cell efficiency is the long absorption length of the long wavelength photons and
the low thickness of the absorber layer. The absorption length of amorphous silicon (a-Si:H)
with a bandgap of 1.6 eV, for red and infrared solar photons, exceeds 1 pm and 100 pm,
respectively (Ferlanto et al. 2002, Zhou and Biswas 2008). However, for a-Si:H the hole
diffusion length is ~300-400 nm, which limits the solar cell absorber layer thickness to less
than the hole diffusion length (Curtin et al., 2009). This makes it exceedingly difficult to
harvest these photons since the absorber thickness of a p-i-n single junction solar cell is
limited to only a few hundred nanometers for efficient carrier collection. In addition, the
low-cost approach of thin-film silicon solar cells is very sensitive to film thickness, since the
throughput increases with the decrease in layer thickness. Thus, sophisticated light trapping
is an essential requirement for the design of thin-film solar cells (Rech et al., 2002).

Enhanced light-trapping in thin film solar cells is typically achieved by a textured metal
backreflector that scatters light within the absorbing layer and increases the optical path
length of the solar photons. In our recent researches [Lee et al., 2009], various processing
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techniques including, electro-polishing, sandblasting, photolithography, lift-off and wet-
chemical etching were used to create periodically textured structures on the different types
of stainless steel substrates. The relationships between the surface morphology of textured
stainless steel substrate and optical properties will be carefully discussed.

2. Surface treatment of texturing stainless steel substrate

2.1 Electro-polishing process

In this study, electrochemical processing was used to achieve sub-micro texturing stainless
steel substrate base on the fundamental electrochemical reaction items as (1)-(3).

Anode chemical reaction:

Fe2t+2(OH)-—Fe(OH), or Fe(OH)3 1)
OH-—0O,1+H (Parasitic reaction) 2)

Cathode chemical reaction:
2H*—Ha1 ®)

The electro-polishing system is shown in Fig. 1. The important parameters are as follows:

1. Substrate clean by acid-washing in H>O»:H>SO4=1:3 solution.

2. Electrolyte solution (Na2SOj) with concentration of 60-100 (g/L).

3. Current density in electro-polishing (EP) process is 0.1-1.0 (A/cm?2).

The clamp was used to hold the anode and cathode plates. The anode and cathode plates
were separated by Teflon with thickness of 1 cm. Fig. 2 shows the optical microscopy (OM)
images of 304 SS substrate with and without EP process. The average surface roughness (Ra)
of 304 SS substrate increased from 0.045 pm to 0.197 pm after the EP process with current
density of 1A/cm?2 in 10 min.

Anode clamp area |

BN

Reaction area

Fig. 1. Experimental set-up of the EP process.
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2.2 Sand blasting process

The glass sand (#320) was used to form randomly textured surface with cave size of several
pm to tens pm on the surface of stainless steel substrate. The average surface roughness (Ra)
of 304 SS substrate increased from 0.277 pm to 6.535 pm after the sand blasting process. The
OM images of raw 304 SS substrate and with sand blasting process were shown in Fig. 3.

)

B

Fig. 2. The OM images (x2000) of (a) raw 304 SS substrate surface and (b) 304 SS substrate
surface with EP process.
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Fig. 3. The OM images (x400) of (a) raw 304 SS substrate surface and (b) 304 SS substrate
surface with sand blasting process.

2.3 Photolithography process

The photo-mask patterns were designed by CAD. Photolithography is a process of using
light to transfer a geometric pattern from a photo-mask to a photo-resist on a 430BA SS
substrate. The steps involved in the photolithographic process are metal cleaning, barrier
layer formation, photo-resist application, soft baking, mask alignment, exposure and
development, and hard-baking. After the photolithographic process, the 430BA SS substrate
is etched by aqua regia (HNO3 : HCI=1 : 3). There are two types of photo-mask patterns:
one, different diameters but with the same interval, and two, the same diameters but with a
different interval. They are both designed to study light trapping for the application of thin
film solar cells. Finally, silver coating technique by e-beam evaporation was used to improve
the TR and DR rates of the 430BA SS substrate.
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2.4 Lift-off and etching process

In this study, lift-off and etching processes were used to fabricate the different textures of
the 304BA SS substrates. The striped texture was created on the 304BA SS substrate using
the lift-off process. After the hard-baking process, a silver (Ag) thin film was deposited on
the substrate by e-beam evaporation. An acetone solution was used to remove the residual
photo resistor (PR). The depth of the striped texture was controlled by the thickness of the
Ag thin film deposited. Four different striped textures were created on the 304BA SS
substrates, including period/height: 6/0.1, 6/0.3, 12/0.1 and 12/0.3 pm. Two other types of
textured 304BA SS substrate, the ridged-stripe and pyramid texture with 22.5 pm width
were created by the etching process. After hard-baking, the 304BA SS substrate was etched
by aqua regia (HNOs : HCl : DI water=1: 3 : 4). The etching temperature was 28-35°C with
an etching time of 7-12 min. to control the etching depth of the textured 304BA SS substrate.
The detail experimental flow charts of lift-off and etching processes are shown in Fig. 4 and
Fig. 5, respectively.

3. Optical properties of textured stainless steel substrate

3.1 Measurements of optical properties of textured stainless steel substrate

The total reflection (TR) and diffuse reflection (DR) rates of incident light from the textured
substrate were carefully studied by using a Perkin Elmer Lambda 750S spectrometer. It was
known that the specula reflection takes place on a smooth surface, and the angle of reflection is
the same as the angle of incidence. DR is a phenomenon where an incident beam of light
strikes an uneven or granular surface and then scatters in all directions. In Fig. 6, the 6 cm

SS 304BA Developer
1. Substrate cleaning 4. Development
AZ4620 Ag film
2. Coating PR UV light 5. Hardbak'e .& metal
- deposition
YYVYYY mask Aceton
-
3. Softbake & exposing 6. Removing PR

Ag film

7. Metal deposition
Fig. 4. The experimental flow charts of lift-off process.
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Integrating Sphere is used for diffuse reflectance measurements. Reflectance measurements
include total and diffuse reflectance at an incident angle of 8 degrees. Specular reflectance
can be calculated from the total and diffuse reflectance measurements. The TR and DR rate
of a textured substrate are important indexes when increasing the light trapping efficiency
of thin-films solar cells.

I +‘/Uvnqht
Enmmmp "
StaimiSS/St%I i W
1. Substrate cleaning 4. Softbake & exoosina 7. Etchina mask

Developer solution

- W —

2. E-beam evaporation 5. Development 8. Etchina S.S.
AZ4620
BOE
HMDS
Metal film
»

3. Coating HMDS & PR 6. Removing Ti 9. Metal deposition

Fig. 5. The experimental flow charts of etching process.

Total reflection Diffuse Reflection

In L{!ﬂt‘sﬂLin;; H-].'I]":t':TI'."

Detector Sample Detector  Sample

Fig. 6. The total reflection and diffuse reflection measured by integrating Sphere.
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3.2 Optical properties on periodically textured 430BA stainless steel substrate

Lately the light trapping properties of textured substrates have attracted substantial interest
because of their potential to reduce the thickness of solar cell material. In this study, the
different kinds of textured patterns formed on 430BA SS substrate have been proposed for
the purpose of trapping light in the application of thin film solar cells. Figure 7 shows the
surface morphology of the 430BA SS substrate etched by using aqua regia. It should be
noted that the dark and light regions of the OM images indicate the concave structure and
the flat surface on the textured 430BA SS substrate, respectively.

In order to understand the optical reflection of a textured 430BA SS substrate, the Perkin
Elmer Lambda 900 spectrometer was used to analyze both the TR and DR rates of incident
light. The TR and DR rates versus the wavelength curves for the raw and textured 430BA SS
substrates are shown in Fig. 8 and Fig. 9, respectively. The “D” and “G” indicate the
diameter and the gap for these periodically textured 430BA SS substrates, respectively. It
must be noted that the discontinued data line in the wavelength of 850 to 950nm was due to
the change in detector, from a PMT to a PbS detector. First, we compared the textured
430BA SS substrates with different diameters of 2, 4 and 6pym and with the same interval of
3pm. In Fig. 8, it was found that the DR rate at the wavelength of 600nm increases
substantially, from 4.5% of a raw 430BA SS substrate to 19.7 %, 23.1% and 31.8% for textured
430BA SS substrates with a diameter of 2, 4 and 6pm, respectively. It was evident that for the
same areas of analysis, the larger the size of the concave shape, the worse the TR rate would

diameter/gap of (a) 4/5 pm (b) 4/7 pm (c) 4/3 pm (d) 6/3 pm.
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Fig. 8. The TR and DR rates versus the wavelength curves for raw 430BA SS substrate at
different diameter of textured 430BA SS substrate.
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Fig. 9. The TR and DR rates versus the wavelength curves for raw 430BA SS substrate at
different intervals of textured 430BA SS substrate.

be, resulting in a better diffuse reflection rate. We also investigated the TR and DR rates of
the textured 430BA SS substrate with a different interval for samples with a fixed diameter
of 4pm. In Fig. 9 we found that the DR rate at the wavelength of 600 nm decreased from
23.1% for a diameter/gap of 4/3 pm textured 430BA SS substrate to 18.9% and 16.1%
respectively for a diameter/gap of 4/5pm and 4/7pm textured 430BA SS substrates. The
decrease of the DR rate is related to the increase in the interval of the concave substrate.

The textured surface of the 430BA SS substrate leads to a lower TR rate compared to a
specular surface of raw 430BA SS substrate. The lowering of the TR rate for the textured
surface of the 430BA SS substrate can be understood on the basis of (a) the multiple
scattering as a result of the multiple reflections from the textured surface of the 430BA SS
substrate and a concomitant reduction in light intensity at each reflection due to the finite
value of reflectance for 430BA SS, (b) light trapping in the indentations of a highly textured
surface. Therefore, the results show that the textured 430BA SS substrate can generate a
random distribution of light by reflection from a textured surface.

It is known that the incident light is reflected back into the cell for a second pass and
subsequent passes. This phenomenon results in enhanced absorption in the cell. Thus, a
back reflector should possess high reflectance in the solar part of the spectrum, which makes
Ag a good candidate. Thus, we also performed the Ag coating on a textured 430BA SS
substrate to study the TR and DR rates of incident light. The TR and DR rates versus the
wavelength of textured 430BA SS with a silver film thickness of 300 nm are shown in Fig. 10.
The peak at around 325 nm can be attributed to the diffuse reflectance spectrum of the
deposited Ag film on the surface of the textured 430BA SS substrate (Xiong et al. 2003). In
Fig. 10, the DR rate at the 600 nm wavelength are 40.6%, 47.2% and 64.6%, respectively for a
diameter/gap of 2/3, 4/3 and 6/3 pm Ag film coated/textured 430BA SS substrate. The DR
rate of Ag film coated/textured 430BA SS substrate increased about 2 times in comparison
with the uncoated textured 430BA SS substrate (see Fig. 8). Similar results were also
observed in Fig. 11 for the Ag film coated/textured 430BA SS substrate with a different
interval for samples with a fixed diameter of 4pm. In addition, the TR rate increased to more
than 90% for the Ag film coated/textured 430BA SS substrate which was an 80%
improvement over the uncoated textured 430BA SS substrate.
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From Fig. §, it is evident that the TR and DR rates are not only dependent on the size of the
concave shape but also depend on the interval of the concave substrate. Fig. 12(a) and (b) show
the TR rate and DR rates as a function of the ratio of the etch pit area to the total surface area
for the textured 430BA SS and the Ag film coated/textured 430BA SS, respectively. The ratio of
the etch pit area to the total surface area is calculated by the number of pit in the total surface
area multiplied by the single pit area divided by the total surface area. The total surface area is
the analysis area in the spectrometer, measuring 1 cm?2. It is evident that the DR rate increased
with the increase effectiveness of the pit regions compared to the smooth regions for both the
textured 430BA SS and the Ag film coated/textured 430BA SS. However, the TR rate showed
the opposite trend compared with the DR rate and decreased with the increase of the ratio of
the etch pit area to total surface area. It is worth noting that once again the TR rate for the the
Ag film coated/textured 430BA SS was more than 90% even the ratio of the etch pit area to the
total surface area was 50%.

As shown in Figs. 8-11, we found that the increase in TR and DR rates as increase in light
wavelength differed in the infrared range. The TR and DR rates clearly increased with the
increasing light wavelength of the textured 430BA SS substrate. However, the TR and DR rates
didn’t increase with the increasing light wavelength of the Ag film coated/textured 430BA SS
substrate. Huang et al. indicated that a metal with a lower work function can enhance the
Raman signal of diamond films, which is referred to as surface-enhanced Raman scattering
(SERS) (Huangbr et al. 2000). A very similar effect, surface-enhanced infrared absorption
(SEIRA) was reported to occur with thin metal films (Hartstein et al. 1980, Hatta et al. 1982,
Osawa 1997). Moreover, it was reported that the enhancement depends greatly on the
morphology of the metal surface (Nishikawa et al. 1993). Fig. 13 shows the SEM image of an
Ag film coated/textured 430BA SS substrate. It was found that the surface was covered with
Ag particles ranging in size from tens to hundreds of nanometers. Thus, we believe that the
difference in increase of the TR and DR rates in the infrared range for the textured 430BA SS
and the Ag film coated/textured 430BA SS reflectors are due to the absorption in the infrared
range by the Ag films. Further, the surface morphology was related to the thickness of the Ag
film and must be carefully investigated in future study.

Fig. 13. The SEM image of Ag film coated/textured 430BA SS substrate.

3.3 Optical properties on periodically textured 304BA stainless steel substrate
Fig. 14 shows the OM images of the striped texture on the 304BA SS substrate. There are four
patterns (i.e. the period/depth of 12/0.1,12/0.3, 6/0.1, and 6/0.3 pm) which are designed and
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used to study the TR and DR rates of the 304BA SS substrate. The stripe width and depth of
the samples were measured by a surface profiler. The TR and DR rates versus the wavelength
curves for untreated and the stripe-textured 304BA SS substrates are shown in Fig. 15. The “P”
and “D” indicate the period and the depth for the periodically textured 304BA SS substrates,
respectively. It was found that the DR rate at the wavelength of 600 nm increased
substantially, from 3.5% of an untreated 304BA SS substrate to 10.5%, 21.8%, 18.2% and 39.4%
for textured 304BA SS substrates with a period/depth of 12/0.1, 12/0.3, 6/0.1, and 6/0.3 pm,
respectively. In addition, the TR rate of the untreated 304BA SS was 67.7% and increased to
~97% for the striped textured 304BA SS substrate due to the high reflection of the Ag film on
its surface. It was evident that for the same areas of analysis, the smaller the period and the
larger the depth, the better the DR rate would be, resulting in a better diffuse reflection rate.

Fig. 14. The OM images of the stripe-textured 304BA SS substrate with a period/depth of (a)
12/0.1 pm (b) 12/0.3 pm (c) 6/0.1 pm (d) 6/0.3 pm.
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Fig. 15. The TR and DR rates versus the wavelength curves for untreated and stripe-textured
304BA SS substrates.
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In our previous study (Lee et al. 2009), it was found that for a textured 430BA SS substrate
the DR rate increased with the increased effectiveness of the etch-pit regions compared to
that of the smooth regions. Thus, the large and deeply etched areas of the textured 304BA SS
indicated that they can improve the DR rate of a textured 304BA SS substrate. In order to
improve the DR rate even further, we design two other kinds of textured 304BA SS
substrates, the ridged-stripe and the pyramid texture. 3D images of the ridged-stripe and
pyramid texture are shown in Figs. 16(a) and (b), respectively. The etching depth and the
width for both textured 304BA SS substrates were estimated to be ~6.5 pm and ~22.5 pm,
respectively. The aspect ratio (i.e. depth/width) was ~1/3.5 indicating that the opening
angle o of the textured surface was about ~120. It should be noted that the etching depth is
controlled by the PR thickness and the etching time. In general, a thick PR and a long
etching time can create the deeper textured 304BA SS substrate.

Fig. 16. The 3D images of (a) ridged-stripe and (b) pyramid 304BA SS substrate.

The TR and DR rates of the ridged-stripe and pyramid textured 304BA SS substrates are
shown in Fig. 17. We found that the DR rate at the wavelength of 600 nm increased from 3.5
% for the untreated 304BA SS substrate to 60.1% for the pyramid and 63.1% for the ridged-
stripe textured 304BA SS substrate. In addition, the DR rate also increased 1.5 times at the
period/depth of 6/0.3 pm for the stripe-textured 304BA SS substrate. However, the textured
substrates had a lower TR rate compared to the untreated 304BA SS substrate. The lowering
of the TR rate for the textured surface of the 304BA SS substrate can be explained as follows
(a) the multiple scattering is the result of the multiple reflections from the ridged-stripe or
pyramid textured surface of the 304BA SS substrate, and the etching pit reduction in light
intensity at each reflection is due to the finite value of the reflectance for the 304BA SS
substrate, (b) light trapping occurs in the indentations of a highly textured surface.
Therefore, the results show that the textured 304BA SS substrate can generate a random
distribution of light through reflection from a textured surface.

It is well known that the incident light is reflected back into the cell for a second pass and
subsequent passes. This phenomenon results in enhanced absorption in the cell. Thus, a
back reflector must possess high reflectance in the solar part of the spectrum, making Ag or
Al good candidates. However, Al films absorb the incident light wavelength of 800 nm and
reduce the light conversion efficiency. On the other hand, the reflection of Ag film can
achieve 99% from the visible to the IR wavelength (Jenkins and white 1957). Thus, we also
used an Ag coating on a textured 304BA SS substrate to study the TR and DR rates of
incident light. The TR and DR rates versus the wavelength of ridged-stripe and pyramid
textured 304BA SS substrates with a silver film thickness of 150 nm are shown in Fig. 18. The
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DR rates at the 600 nm wavelength were 95.6% and 96.8%, for the ridged-stripe and
pyramid Ag film coated/texture 304BA SS substrates, respectively. The DR rate increased
about 15-fold in comparison with the Ag coated untreated 304BA SS substrate. In addition,
the TR rates at the 600 nm wavelength were 96.7% and 96.8%, for the ridged-stripe and
pyramidal Ag film coated/texture 304BA SS substrates, respectively.
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Fig. 17. The TR and DR rates versus the wavelength curves for ridged-stripe and pyramid
textured 304BA SS substrates.
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Fig. 18. The TR and DR rates versus the wavelength curves for Ag films coated / untreated
304BA SS substrate and Ag film coated/ridged-stripe and pyramid textured 304BA SS
substrates.

Fig. 19 shows the relationship between the DR/TR rates and the total effective area of the
Ag film coated/textured 304BA SS substrate. It should be noted that the total effective area
was defined by the incident light reaching the textured 304BA SS substrate in an area of
100x100 pm?. For example, the total effective area of the stripe textured 304BA SS substrate
was calculated by the etched side wall area added to the untreated area of 10000 pm2. For
the ridged-stripe textured 304BA SS, the total effective area was calculated by summing the
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nine ridged-surfaces within an area measuring 100x100 pm?2. For the pyramid textured
304BA SS substrate, the total effective area was calculated by adding 25 pyramid-textured
surfaces to the no-pyramid-coverage areas. Since the high reflection property of Ag films,
the TR rate was almost higher than 90% after Ag-film coating of the textured 304BA SS
substrates. It is worth noting that the DR rate increased linearly with the increase in total
effective area of the stripe-textured 304BA SS substrate. However, the increase of the DR rate
with the increase in the total effective area for the ridged-stripe and pyramid textured 304BA
SS substrate was much more dramatic. We believe that the dramatic increase in the DR rate
was due to the fact that the textured surface generated a random distribution of light by
reflection from the textured surface. The aspect ratio for the ridged-stripe and pyramidal
textured 304BA SS substrate were about 1/3.5 with an opening angle of 120°. In addition, the
diffuse rate was defined when the incident light angle was zero, and the reflection light of that
angle was larger than 80 over the incident light. Thus, the increased light diffuse due to the
1200 opening angle of the texture surface caused the dramatic increase of the DR rate for the
ridged-stripe and pyramid textured 304BA SS substrate. In addition, weakly absorbed light is
totally reflected internally at the top surface of the cell as long as the angle of incidence inside
the a-Si at the a-Si/ TCO interface is greater than 16 (Banerjee and Guha 1991). It was indicated
that the tilt angle of the V-shaped light trapping configuration substantially increases the
photocurrent generation efficiency (Rim et al. 2007). The photocurrent increased with the
increase of the tilt angle of the V-shaped configuration and is believed to enhance the number
of ray bounces per unit cell area over that in a planar structure at each point in the V-fold
structure. Therefore, the tilted angle of the textured surface is related to the DR and TR rate,
and must be carefully investigated in future study.
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Fig. 19. The TR and DR rates as a function of the total effective area for Ag films coated on
textured 304BA SS substrates.

4. Conclusions

We have demonstrated that a large diameter or a small interval of a concave shaped
structure made from textured 430BA SS substrate can improve the DR rate of light.
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However, the textured surface of a 430BA SS substrate led to a lower TR rate compared to a
specular surface of raw 430BA SS substrate. This was due to the trapping of light in the
hollows of the highly textured surface. Moreover, coating the textured 430BA SS substrate
with an Ag film substantially improved not only the DR rate but also the TR rate of the
incident light. The slow increase of the TR and DR rates versus the wavelength in the IR
region of the Ag coated/textured 430BA SS substrates was due to the Ag absorption effect.
We believe that Ag coated/textured 430BA SS substrates can generate a random distribution
of light, increase the light trapping efficiency and be applied in thin films solar cells.

In addition, the DR and TR rate of the stripe, ridged-stripe and pyramid textured 304BA SS
substrate were investigated to determine the optimal surface for increasing their light
trapping efficiency. The DR rate increased with the increase in the total effective area of the
Ag film coated/stripe textured 304BA SS substrate. It is believed that the tilt angle of the
textured 304BA SS substrate increases the DR rate. The experimental results showed that the
DR rate and the TR rate of the Ag film coated/ ridged-stripe textured 304BA SS substrate
can achieve up to ~97% and 98% efficiency, respectively. The DR and TR rate of the Ag film
coated/ridged-stripe textured 304BA SS substrates increased 28-fold and 1.4-fold,
respectively, compared with the untreated 304BA SS substrate. The drastically increased DR
rate is due to not only the increase in total effective area, but also to the decrease in the
opening angle of the ridged textured substrate which generates a more random distribution
of light by scattering.
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1. Introduction

The worldwide quest for clean and renewable energy sources has encouraged large research
activities and developments in the field of solar cells. In recent years, considerable attention
has been devoted to the development of low cost energy converting devices. One of the
most interesting products of photoelectric researches is the semiconductor cuprous oxide
cell. As a solar cell material, cuprous oxide -Cu,O, has the advantages of low cost and great
availability. The potential for Cu,O using in semiconducting devices has been recognized
since, at least, 1920. Interest in Cu2O revived during the mid seventies in the photovoltaic
community (Olsen et al., 1982). Several primary characteristics of CuyO make it potential
material for use in thin film solar cells: its non-toxic nature, a theoretical solar efficiency of
about 9-11%, an abundance of copper and the simple and inexpensive process for
semiconductor layer formation. Therefore, it is one of the most inexpensive and available
semiconductor materials for solar cells. In addition to everything else, cuprous oxide has a
band gap of 2.0 eV which is within the acceptable range for solar energy conversion, because
all semiconductors with band gap between 1 eV and 2 eV are favorable material for
photovoltaic cells (Rai, 1988).

A variety of techniques exist for preparing CuzO films on copper or other conducting
substrates such as thermal, anodic and chemical oxidation and reactive sputtering.
Particularly attractive, however, is the electrodeposition method because of its economy and
simplicity for deposition either on metal substrates or on transparent conducting glass slides
coated with highly conducting semiconductors, such as indium tin oxide (ITO), SnO,, In;O3
etc. This offers the possibility of making back wall or front wall cells as well. We have to
note that electrochemical preparation of cuprous oxide (CuyO) thin films has reached
considerable attention during the last years.

Electrodeposition method of Cu,O was first developed by Stareck (Stareck, 1937). It has
been described by Rakhshani (Jayanetti & Dharmadasa, 1996, Mukhopadhyay et al., 1992,
Rakhshani et al. 1987, Rakhshani et al., 1996). In this work, a method of simple processes of
electrolysis has been applied.

Electrochemical deposition technique is an simple, versatile and convenient method for
producing large area devices. Low temperature growth and the possibility to control film
thickness, morphology and composition by readily adjusting the electrical parameters, as
well as the composition of the electrolytic solution, make it more attractive. At present,
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electrodeposition of binary semiconductors, especially thin films of the family of wide -
bend gap II-IV semiconductors (as is ZnO), from aqueous solutions is employed in the
preparation of solar cells. A photovoltaic device composed of a p-type semiconducting
cuprous (I) oxide (Cu20) and n-type zinc oxide (ZnO) has attracted increasing attention as a
future thin film solar cell, due to a theoretical conversion efficiency of around 18% and an
absorption coefficient higher than that of a Si single crystal (Izaki et al. 2007)

Therefore, thin films of cuprous oxide (CuyO) have been made using electrochemical
deposition technique. Cuprous oxide was electrodeposited on copper substrates and onto
conducting glass coated with tin oxide (SnO,), indium tin oxide (ITO) and zinc oxide (ZnO).
Optimal conditions for high quality of the films were requested and determined. The
qualitative structure of electrodeposited thin films was studied by x-ray diffraction (XRD)
analysis. Their surface morphology was analyzed with scanning electronic microscope
(SEM). The optical band gap values Eg were determined. To complete the systems
Cu/Cu0, SnO,/Cu20, ITO/Cu0 and ZnO/Cu,0 as solar cells an electrode of graphite or
silver paste was painted on the rear of the CuyO. Also a thin layer of nickel was vacuum
evaporated on the oxide layer. The parameters of the solar cells, such the open circuit
voltage (V,), the short circuit current (Is), the fill factor (FF), the diode quality factor (n),
serial (Rs) and shunt resistant (Rsh) and efficiency (n) were determined. The barrier height
(Vb) was determined from capacity-voltage characteristics.

Generally is accepted that the efficiency of the cells cannot be much improved. (Minami et
al.,2004). But we successed to improve the stability of the cells, using thin layer of ZnO,
making heterojunctions Cu,O based cells.

2. Structural, morphological and optical properties of electrodeposited films
of cuprous oxide

2.1 Experimental

2.1.1 Preparation of the films

A very simple apparatus was used for electrodeposition. It is consisted of a thermostat, a
glass with solution, two electrodes (cathode and anode) and a standard electrical circuit for
electrolysis. The deposition solution contained 64 g/1 anhydrous cupric sulphate (CuSO,),
200 ml/1 lactic acid (C3HsO3) and about 125 g/1 sodium hydroxide (NaOH), (Rakhshani et
al.1987, Rakhshani & Varghese, 1987). Cupric sulphate was dissolved first in distilled water
giving it a light blue color. Then lactic acid was added. Finally, a sodium hydroxide solution
was added, changing the color of the solution to dark blue with pH = 9. A copper clad for
printed circuit board, with dimension 50 pm, 2.5 x 7 cm?, was used as the anode. Copper
clad and conducting glass slides coated with ITO and SnO, were used as a cathode.
Experience shows that impurities (such as dirt, finger prints, etc.) on the starting surface
material have a significant impact on the quality of the cuprous oxide. Therefore,
mechanical and chemical cleaning of the electrodes, prior to the cell preparation, is essential.
Copper boards were polished with fine emery paper. After that, they were washed by liquid
detergent and distilled water. The ITO substrates were washed by liquid detergent and
rinsed with distilled water. The SnO, substrates were soaked in chromsulphuric acid for a
few hours and rinsed with distilled water. Before using all of them were dried.

Thin films of Cu,O were electrodeposited by cathodic reduction of an alkaline cupric lactate
solution at 600C . The deposition was carried out in the constant current density regime. The
deposition parameters, as current density, voltage between the electrodes and deposition
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time were changed. The Cu;O films were obtained under following conditions: 1) current
density j = 1,26 mA/cm?, voltage between the electrodes V = 0,3 - 0,38 V and deposition time
t = 55 min. Close to the value of current density, deposition time and Faraday's law, the
Cu20O oxide layer thickness was estimated to be about 5 pm.

The potentiostatic mode was used for deposition the CuyO films on glass coated with SnO;
prepared by spray pyrolisis method of 0.1 M water solution of SnCl, complexes by NH4F .
The applied potential difference between anode and cathode was constant. It was found that
suitable value is V = 0,5 to 0,6 V. The deposition current density at the beginning was
dependent on the surface resistance of the cathode. For a fixed value of the potential, the
current decreased with increasing film thickness. The film thickness was dependent on
deposition current density j. For current density of about 1 mA/cm? at the beginning and
deposition time of about 2 h, the film thickness was 5-6 pm approximately. The thickness of
deposited film was determined using a weighting method, as d = m/p s, where m is the mass
and s is the surface of the film. A density p, of 5.9 g/cm3 was used.

The deposition of CuO on a commercial glass coated with ITO was carried out under
constant current density. The ITO/Cu,O films was obtained under the following conditions:
current density j = 0,57 mA/cm?, voltage between the electrodes V = 1,1 - 1,05 V and
deposition time ¢ = 135 min. The Cu,O oxide layer thickness was estimated to be about 5
um. All deposited films had reddish to reddish-gray color.

2.1.2 Structural properties

The structure of the films was studied by X - ray diffraction, using CuKoa radiation with a
wavelength of 0.154 nm. The Bragg angle of 26 was varied between 200 and 500. The XRD
spectrums of the films samples, deposited on copper, glass coated by SnO; and glass coated
by ITO are shown in Fig.1, Fig.2 and Fig.3 respectively. It was found that all films are
polycrystalline and chemically pure CuyO with no traces of CuO. XRD peaks corresponded
to CuxO and the substrate material. The XRD spectrums indicate a strong Cu,O peak with
(200) preferential orientation.

2.1.3 Morphological properties

The surface morphology of the films was studied by a scanning electron microscope JEOL
model JSM 35 CF. Fig.4, Fig.5 and Fig.6 show the scanning electron micrographs of Cu,O
films deposited on copper, glass coated by SnO, and glass coated by ITO respectively. The
photographs indicate a polycrystalline structure. The grains are very similar to each other in
size and in shape. They are about 1 um and less in size for the film deposited on copper, 1-2
um for the film deposited on SnO, and about 1 um for the film deposited on ITO.

2.1.4 Optical band-gap energy determination

The optical band-gap is an essential parameter for semiconductor material, especially in
photovoltaic conversion. In this work it was determined using the transmittance spectrums
of the films. The optical transmission spectrums were recording on Hewlett-Packard (model
8452 A) spectrophotometer in the spectral range 350-800 nm wavelength. Thin layers of a
transparent CuO were preparing for the optical transmission spectrums recording. The
optical transmission spectrum of about 1,5 um thick CuO film deposited on glass coated
with SnO; is presented in Fig.7. There are two curves, one (1) recorded before annealing
and the other one (2) after annealing of the film for 3h at 1300C.
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Fig. 4. Micrograph obtained from a scanning electron microscope of Cu;O deposited on
copper

Fig. 6. Micrograph obtained from a scanning electron microscope of Cu,O deposited on ITO
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Fig. 8. Optical transmission spectrum of a 0,9 pm thick CuO/ITO film

We can see that there is no difference in the spectrums. The absorption boundary is
unchangeable. That means that the band gap energy is unchangeable with or without
annealing. The little difference comes from different points recording, because the thickness
of the film is not uniform. The transmittance spectrum of about 0,9 um thick Cu,O film,
deposited on ITO, is presented in Fig. 8.

For determination of the optical band gap energy E, , the method based on the relation
ahv = A(hv—E,)"?, (1)

has been used, where n is a number that depends on the nature of the transition. In this case

its value was found to be 1 (which corresponds to direct band to band transition) because
that value of n yields the best linear graph of (ahv )2 versus hv.

The values of the absorption coefficient o. were calculated from the equation



Low Cost Solar Cells Based on Cuprous Oxide 61

, (2)

where d is the film's thickness determined using weighing method, and A is the
absorbance determined from the values of transmittance, T (%), using the equation

100

A:mT%Y ®)

The values of the optical absorption coefficient a in dependence on wavelength are shown
in Fig. 9 for CuyO/Sn0O; film and Fig. 10 for Cu,O/ITO film
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Fig. 9. Coefficient o vs wavelength A for CuxO/SnO; film
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Fig. 10. Coefficient a. vs wavelength A for Cu,O/ITO film



62 Solar Cells — Thin-Film Technologies

Fig.11 and Fig.12 show (ahv)? versus hv dependence for the CuO/SnO; film and
Cu0O/ITO film corresponding. The intersection of the straight line with the hv axis
determines the optical band gap energy E,. It was found to be 2,33 eV for Cu,O/SnO; film
and 2,38 eV for CuyO/ITO. They are higher than the value of 2 eV given in the literature
and obtained for CuO polycrystals. These values are in good agreement with band gaps
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Fig. 11. Graphical determination of the optical band gap energy for CuO/SnO, film
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Fig. 12. Graphical determination of the optical band gap energy for CuO/ITO film
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determined from the spectral characteristics of the cells made with electrodeposited Cu,O
films. The value of the energy band gap of CuyO/ITO is little higher than the value of
CuyO/Sn0O:; film. The reason is maybe different size of the grains.

Fig.11 shows that there is no different in optical band gap energy determined from the curve
plotted before annealing and from the curve plotted after annealing. Also, Fig.11 and Fig.12
show that there is no shape absorption boundary in the small energy range of the photons.
Probably defects and structural irregularities are present in the films.

The optical band-gap of the films was determined using the transmitance spectrums. It was
found to be 2,33 eV for Cu,0/SnO; film and 2,38 eV for Cu,O/ITO.

3. Preparation of the Cu,0 Schottky barrier solar cells

CuzO Schottky barrier solar cells can be fabricated in two configurations, the so called
back wall and front wall structures. By vacuum evaporating a thin layer of nickel on the
Cux0 film, photovoltaic cells have been completed as back wall type cells (Fig.13), or by
depositing carbon or silver paste on the rear of the Cu,O layers, photovoltaic cells have
been completed as front wall type cells (Fig.14). Nickel, carbon or silver paste are utilized
to form ohmic contacts with cuprous oxide films. From the energy band diagram (Fig.15)
we can see that the CuO work function @=y +1,7 eV, (y, is the electron affinity of Cu,O)
(Olsen et al., 1982, Papadimitriou et al.,1990). That means that CuxO will make ohmic
contact with metals characterized with work function higher than 4,9 eV, as are Ni, C.
Gold and silver essentially form ohmic contacts. A carbon or silver back contact was
chosen because of simplicity and economy of the cell preparation. The rectifying junction
exists at the interface between the cooper and CuzO layers in the case of back wall cells. In
the case of front wall cells the rectifying junction exists at the interface between the SnO,
(ITO) and Cuz0 layers.
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Fig. 13. Profile and face of Cu/Cu,O back wall cell structure
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Fig. 14. Profile and rare of SnO; (ITO)/Cuz0O front wall cell structure

The evaporation of nickel has been made with Balzers apparatus under about 5,33 x 10 Pa
pressure. The optical transmission of the nickel layer was 50% for 550nm wavelength. The
total cell active area is 1.0 cm2. Antireflectance coating or any special collection grids have
not been deposited.
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Fig. 15. Energy band diagram for Cu,O

4. Current-voltage characteristics of the cells

The current-voltage characteristics of the best ITO/Cu,O/C, Ni/CuO/Cu and
Sn0O,/Cu,0/C solar cells have been recorded in darkness and under 100 mW/cm?
illumination, point by point. The light intensity was measured by Solar Meter Mod.776 of
Dodge Products. The measurement was carried out using an artificial light source with
additional glass filter, 10 mm thick to avoid heating of the cells. I-V characteristics, Fig.16,
Fig.17 and Fig.18, were recorded first with periodically illumination of the source (curve o)

to avoid the heating of the cell. After that I-V characteristics were recorded with continually
illumination (curve x). It is noted that the open circuit voltage V,. and the short circuit
current density I, decrease with increase in temperature. V, drops because of increase
reverse current saturation with temperature because minority carriers increase with increase
in temperature. I decrease because of increase the recombination of the charges.
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It should be stressed that this cells showed photovoltaic properties after heat treatment of
the films for 3 hrs at 130 9C in a furnace. This possibly results in a decrease of sheet
resistance value of the CuyO films, which was not measured, or in transformation the Cu,O
semiconductor from n to p type after heat treatment. Before heating V.. and I were about
zero or negative. The serial resistance Rs and shunt resistance Ry, for all types of the cells
were evaluated from I-V characteristics.

Cell tvpe Rso Rs Rsh

P kQ kQ kQ
ITO/Cu0/C 10 1,02 76
Ni/Cu,0/Cu 20 8,3 40
Sn0,/Cu,0/C 14 33 25

Table 1. Serial and shunt resistance

The values are given in Table 1. Ry, is evaluated from the dark characteristics (curve A) as
dV/dl for higher values of forward applied voltage. Rq, is evaluated as dV/dI from the dark
characteristics in reverse direction for lower values of the applied voltage (Olsen & Bohara,
1975). R is evaluated from the light I-V characteristics and it decreases with illumination.
That means that R; is photoresponse. The high series resistance Rs and low shunt resistance
Ry, are one of the reasons for poor performance of the cell.

Several cell parameters were evaluated from the I-V characteristics. Table 2 contains the
optimal current and voltage values (I,, and V), the open circuit voltage (V,), the short

circuit current (I) and evaluated values of the fill factor FF (FF = M] , the efficiency 7

sc’oc

(77 =FF %J and diode factor n.

m

Cell type I Vin ke Ve FF " n
LA mV LA mV % 10-2 %
ITO/Cu,O/C 130 180 245 340 28 2,34 2,23
Ni/CuO/Cu 28 120 50 270 24 0,70 2,06
Sn0,/ Cu0/C 46 90 74 25 25 0,41 2,20

Table 2. Cell parameters

The diode factor was evaluated from the logarithmic plot of the dependence of I, versus V.
which were measured for different illumination. The diode factor defined as

n:iA_Voc @)
kT AlnI,,

is about 2 for all type of the cells.

The performances of the cells depend on the starting surface material, the type of the
junction, post deposition treatment and the ohmic contact material. From the I-V
characteristics, we can see that the cells are with poor performances, low fill factor FF and
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very low efficiency. The high R and low R, (which is very far from ideally solar cell) are
one of the reasons for poor performances. Because of high series resistance Rs, the values of
the short circuit current density are very low. By depositing gold instead of nickel or

graphite paste, the performance may be improved by decreasing of Rs.
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Fig. 16. I-V characteristics for ITO/CuxO/C solar cell o-periodically illumination (100
mW /cm?); x-continually illumination(100 mW/cm?2); A-dark characteristic
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Fig. 17. I-V characteristics for Ni/ CuO/ Cu solar cell o-periodically illumination (100
mW /cm?); x-continually illumination(100 mW/cm?2); A-dark characteristic
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Fig. 18. I-V characteristics for SnO,/CuxO/ C solar cell o-periodically illumination (100
mW /cm?); x-continually illumination(100 mW/cm?2); A-dark characteristic

5. Potential barrier height determination of the cells

Capacitance as a function of reverse bias voltage at room temperature of Ni/CuO/Cu,
Sn0O,/CuO/ graphite and ITO/CuxO/ graphite solar cells was measured by RCL bridge on
alternating current (HP type) with built source with 1000 Hz frequency.

Results for 1/C2 versus reverse bias voltage for all these types of cells are shown in Fig 19,
Fig 20 and Fig 21, before annealing ([]), immediately after annealing (e) and after three
months of annealing (x). The dependence is straight line. The intercepts of the straight line
with x-axis correspond to the barrier height V;. Cu/CuzO cell showed photovoltaic effect
without post deposition heat treatment and their photovoltaic properties are almost
unchangeable in time (fig.19). In contrast to this cell, the ITO/Cu2O (fig.20) and SnO/Cu0O
(fig.21) cells no showed photovoltaic properties and no potential barrier was found to exist
(Georgieva &Ristov, 2002). Before annealing, the open circuit voltage V,. and the short
circuit current I;. were about zero.

After annealing of the films for 3 h at 1300C, the devices exhibited good PV properties and
the potential barrier excised. But this situation was not stationary. That is another essential
factor in the properties of these cells indicating the possibility of chemical changes in
ITO/Cu0 and SnO,/ Cu0 junction (Papadimitriou et al.,1981).

The values of barrier height V}, and the open circuit voltage V,. upon illumination by an
artificial white light source of 100 mW/cm? for all types of cells are presented in table 3.
Also in this table are given their values after aging for 3 months (*). Only Cu/CuzO cell has
stationary values of Vj and V,. The values of barrier height V; are great then the values of
open circuit voltage Vi.. The great V; gives the great V,, in consent with the photovoltaic
theory.
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Evaluation of the barrier height, before annealing (U); after annealing (e); after 3 months of annealing (x).

Fig. 19.1/C2 vs applied voltage of Cu/CuzO cell.
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Evaluation of the barrier height, before annealing (U); after annealing (e); after 3 months of annealing (x).

Fig. 20. 1/C2 vs applied voltage of ITO/CuyO cell.
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Cell type Cu/Cu,0 ITO/ Cu,0O Sn0,/Cu,0

V, (mV) (mV) 378 330 180
Ve (mV) 310 249 118

V,' (mV) 370 150 60

V.. (mV) 310 105 30

Table 3. Values of barrier height V;, and open circuit voltage V,. for all types of cells after
annealing and after aging for 3 months (*).

1t (arb.u)

N 100

00 400 200 ymv

Evaluation of the barrier height, before annealing (”); after annealing (e); after 3 months of annealing (x).

Fig. 21.1/C2 vs applied voltage of SnO,/CuO cell.

6. ZnO/Cu,0 heterojunction solar cells

Until now, we have made Schottky barrier solar cells. As we could not improve their
efficiency and their stability, we decided to make heterojunction p-n solar cells based on a p-
type CupO thin films. We selected ZnO as an n-type semiconductor. ZnO is a transparent
oxide that is widely used in many different applications, including thin film solar cells. The
p-n junction was fabricated by potentiostatic deposition of the ZnO layer onto SnO;
conducting glass with a sheet resistance of 14 {¥'and potentiostatic deposition of CuoO onto
Zn0, Fig.22.

6.1 Electrochemical depositing of ZnO

Zn0O/Cuz0 heterojunction solar cells were made by consecutive cathodic electrodeposition
of ZnO and CuO onto tin oxide covered glass substrates. Zinc oxide (ZnO) was cathodically
deposited on a conductive glass substrate covered with SnOas cathode by a potentiostatic
method (Dalchiele et al.,2001, Izaki et al., 1998, Ng-Cheng-Chin et al.,1998). Conducting
glass slides coated with SnO, films are commercial samples. The electrolysis takes place in a
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Fig. 22. Profil of ZnO/Cu,0 hetrojunction solar cells

simple aqueous 0,1M zinc nitrate [Zn (NOs)] solution with pH about 6, maintained at 700C
temperature. The cathodic process possibly can be described by the following reaction
equations (Izaki & Omi, 1992):

Zn(NOs)2—> Zn2?* + 2NOs~
NOs;™ + H,O +2e™ - NO, +20H"™

Zn2+ + 20H — Zn(OH), - ZnO +H,0 )

ZnO films were electrochemically grown at constant potential of 0.8 V between the anode
and cathode. For a fixed value of the potential, a current density decreased with increasing
the film thickness. The deposition time was varying from 10 min to 30 min. Deposited films
were rinsed thoroughly in distilled water and allowed to dry in air at room temperature.
The anode was zinc of 99.99% purity.

The deposition conditions of the thin films of CuyO have been described in 2.1.1. The
deposition potential is pH sensitive. It suggests, also and it has already been reported that
the Cu,0 layer was formed by the following reaction:

2Cu2+ + 2e-+ 20H- - Cu0 + Hy0, (©6)

even this reaction does not explain the large pH dependence of deposition potential (Izaki et
al. 2007, Wang & Tao, 2007). The present study was conducted, in a first instance, on
undoped zinc oxide films and cuprous (I) oxide films. The structure of the films was studied
by X-ray diffraction measurements using monochromatic Cu K, radiation with a
wavelength of 0,154 nm operated at 35 kV and 24 mA. Morphology and grain size was
determined through micrographs on a JEOL JSM 6460 LV scanning electron microscope.
Figure 23 shows the X-ray diffraction patterns of ZnO film prepared at 0.8 V potential for 10
min. The Bragg angle of 20 was varied between 200 and 70°. It can be seen that the film has
crystalline structure. XRD peaks corresponding to ZnO (signed as C) and the substrate
material SnO» (signed as K) were determined with JCPDS patterns. The XRD spectrum
indicates a strong ZnO peak with a (0002) or (1011) preferential orientation.

Figure 24 shows a scanning electron micrograph of undoped electrodeposited ZnO film.The
photograph shows small rounded grains. It is difficult to determine the grain size from the

’

0sd
is about 20nm, which means that it is nanostructured film

micrograph. But using Scherrer's equation (D =

), the apparent crystallite size of ZnO
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Fig. 23. X-ray diffraction spectrum of undoped electrodeposited ZnO film at 65°C
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Fig. 24. SEM micrograph of undoped electrodeposited pure ZnO

Thin films of ZnO grown by electrochemical deposition technique on SnO,/glass substrate
are optically transparent in a visible spectral region, extending to 300 nm wavelength.

The transmission is relatively low (~50%) in the blue region (400-450 nm) Fig.25. The
transmission maximum is about 60-70% through the red light region. Probably defects and
structural irregularities are presented in the films, indicating low transmission.

Assuming an absorption coefficient o corresponding to a direct band to band transition and
making a plot of (ah1)? versus energy hv, the optical band gap energy Eg was determined
through a linear fit. It was found to be 3.4 eV , which corresponds to the documented room
temperature value of 3.2 to 3.4 eV.
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Fig. 25. Optical transmission spectrum of ZnO film

6.2 Some characteristic of the cells

To complete Cu0O/ZnO/SnO; heterojunction as solar cell, thin layer of carbon paste or carbon
spray was deposited on the rear of the Cu;O. Front wall cells were formed. A carbon back
contact was chosen because of simplicity and economy of the cell preparation and because the
cells with carbon give high values of the short circuit current density despite the evaporated
layer of nickel. The total cell active area was 1 cm2 Antireflectance coating or any special
collection grids have not been deposited. The best values of the open circuit voltage V, .= 330
mV and the short circuit current density I, = 400 pm/cm? were obtained by depositing carbon
paste and illumination of 100 mW/cm2. The V,. increases as logarithmic function with solar

radiation, (Voc = k—TIn[IIi + 1] ). The Isc increases linear with solar radiation, (Fig.26).
e 0

Our investigations show that the ZnO layer improves the stability of the cells. That results in a
device with better performances despite of the Schhotky barrier solar cells (Cu20/SnO»). First,
the cells show photovoltaic properties without annealing, because potential barrier was
formed without annealing. The barrier fell for a few days which result in decreasing the open
circuit voltage despite the values of V. for just made cells. It decreases from 330 mV to 240
mV. But after that the values of V. keep stabilized, because of stabilized barrier potential. It
wasn't case with Schotkky barrier solar cells, because barrier potential height decreases with
aging. In ZnO/CuO cells, thermal equilibrium exists. The V,. decreases and I increases with
increasing the temperature, that is characteristic for the real solar cell. It could be seen from the
current-voltage (I-V) characteristic in incident light of 50mW /cm?, Fig.27.

Barrier potential height was determined for one device from capacitance measurement as a
function of reverse bias voltage at room temperature. Capacitance dependence of reverse
bias voltage at room temperature was measured by RCL bridge on alternating current (HP
type) with bilt source with 1000 Hz frequency. Results for (1/C2) versus voltage are shown
in Figure 28. The CuyO/SnO; cells without the ZnO layer show a lower V.. The
improvement in V. could be due to the increase of the barrier height using ZnO layer as n-
type semiconductor.
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Fig. 26. Dependence of the V,. and I vs. solar irradiation

The values of barrier height V; and the open circuit voltage V.. upon illumination of 100
mW/cm? for just made cell and the cell after few days are presented in table 4. Also in this
table are given their values after few days of depositing. The values of the barrier height are
great than the values of open circuit voltage V,. The grate V, gives the great V., that
correspondent to the photovoltaic theory.

Cu0/Zn0O/SnO; cell Vip(mV) Voe(mV)
just made 368 330
after few days 276 240

Table 4. Values of barrier height V}, and open circuit voltage V,. for just made cell and after
few days.
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Fig. 27. Volt-current characteristics of the CuyO/Zn0O/SnO; solar cell upon 50mW /cm?
Nlumination
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Fig. 28.1/C2 vs applied voltage of CuxO/ZnO/Sn0O; cell

The values Voc=316 mV, Isc=0,117 mA/cm?, fill factor =0,277, upon 50mW/cm?2
illumination are compared with the values: Voc=190 mV, Isc=2,08 mA/cm?, fill factor =
0,295; upon 120mW/cm? illumination (Katayama et al. 2004) made with electrochemical
deposition technique. Maybe doping of the ZnO films with In, Ga and Al (Machado et al.,
2005, Kemell et al., 2003) will decrease the resistivity and increase the electro conductivity of
the films, consequently and the short circuit current density of the cells.

7. Conclusion

The performance of the CuyO Schottky barrier solar cells are found to be dependent on the
starting surface material, the type of the junction, post deposition treatment and the ohmic
contact material. Better solar cells have been made using an heterojunction between Cu,O
and n-type TCO of ZnO. It is a suitable partner since it has a fairly low work function. Our
investigation shows that the ZnO layer improves the stability of the cells. That results in a
device with better performances despite of the Schhotky barrier solar cells (Cu,O/SnOy).
First, the cells show photovoltaic properties without annealing, because potential barrier
was formed without annealing. To improve the quality of the cells, consequently to improve
the efficiency of the cells, it has to work on improving the quality of ZnO and CuO films,
because they have very high resistivity, a factor which limits the cells performances. Doping
of the ZnO films with In, Ga and Al will decrease the resistivity of the deposited films and
increase their electroconductivity. SEM micrographs show that same defects are present in
the films which act as recombination centers. Behind the ohmic contact, maybe one of the
reason for low photocurrent is just recombination of the carriers and decreasing of the hole
cocentracion with the time. The transmittivity in a visible region have to increase. Also, it is
necessary to improve the ohmic contact, consequently to increase the short circuit current
density (Isc). For further improvement of the performances of the cells maybe inserting of a
buffer layer at the heterojunction between Cu,O and ZnO films will improve the
performance of the cells by eliminating the mismatch defects which act as recombination
centers. Also it will be protection of reduction processes that maybe exists between ZnO and
CHQO.
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Even low efficiency it may be acceptable in countries where the other alternative energy
sources are much more expensive.
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1. Introduction

Solar cell attracts more and more attentions recently since it transfers and storages energy
directly from the sun light without consuming natural resources on the earth and polluting
environment. In 2002, the solar industry delivered more than 500 MW per year of
photovoltaic generators. More than 85% of the current production involved crystalline
silicon technologies. These technologies still have a high cost reduction potential, but this
will be limited by the silicon feedstock (Diehl et al., 2005; Lee et al., 2004). On the other hand
the so-called second generation thin film solar cells based on a-Si, pc-Si, Cu(In,Ga)(Se,S)2,
rare earth or CdTe have been explored(Shah et al.,2005; Li et al.,2004). Crystalline silicon on
glass (CSG) solar cell technology was recently developed by depositing silicon film on a
glass substrate with an interlayer. It can addresses the difficulty that silicon wafer-based
technology has in reaching the very low costs required for large-scale photovoltaic
applications as well as the perceived fundamental difficulties with other thin-film
technologies (M. A. Green et al, 2004). This technology combines the advantages of
standard silicon wafer-based technology, namely ruggedness, durability, good electronic
properties and environmental soundness with the advantages of thin-films, specifically low
material use, large monolithic construction and a desirable glass substrate configuration.
This Chapter will descript research about the polycrystalline silicon thin film absorber based
on CSG technology with high efficiency. Line shaped electron beam recrystallized
polycrystalline silicon films of a 20pm thickness deposited on the low cost borosilicate glass-
substrate, which are the base for a solar cell absorber with high efficiency and throughput. It
is known that the morphology of polycrystalline silicon film and grain boundaries have
strong impact on the photoelectric transformation efficiency in the later cell system. Thus,
this study concentrates on the influence of recrystallization on the silicon-contact interface
and the surface morphology.

2. Experiment methods

Fig. 1 shows the schematic illustration of the silicon solar cell used in this work. The
substrate of polycrystalline silicon thin film is Borosilicate glass, which is 10x10%0.07cm3 in
size. A pure tungsten layer of 1.2um was sputtered on the glass substrate at DC of 500W in
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an argon atmosphere, which has almost the same thermal expansion coefficient of 4.5%10-6K-
1 as that of the silicon film (Linke et al., 2004; Goesmann et al., 1995). This tungsten interlayer
was used as a thermal and mechanical supporting layer for deposition of the silicon film.
Nanocrystalline silicon films were then deposited on the tungsten interlayer by the plasma
enhanced chemical vapour deposition process (PECVD) within SiHCl; and H; atmosphere.
Details of the process were described in References (Rostalsky et al., 2001; Gromball et al.,
2004, 2005). The power density used was 2.5W/cm?2. The gap in the PECVD parallel plate
reactor was 10mm and the substrate temperature was 550°C. The flow rate Hy/SiHCl3 is 0.25
to reduce the hydrogen and chlorine content in the film. Boron trichloride (BCls) was added
in the gas for an in-situ p-doping. The process pressure was chosen to 350 Pa for the
minimized stress. At the above conditions, the deposition rate up to 200nm/min was
obtained. After a silicon film of 15-20pm thickness was deposited, a SiO; layer of 400nm
thickness was deposited on the top of the silicon from SiHCl; and N>O within 5 min to
prevent balling up.

310,

borosilicate glass
Fig. 1. Structure of thin film silicon solar cell

line cathode Pierce optic
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Fig. 2. Schematic of the linear electron beam recrystallization system (Grombeall et al., 2005)
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The P-doped polycrystalline silicon absorber of 10cm? was melted and recrystallized by a
controlled line shaped electron beam (size in 1x100mm?) as described in Fig.2. The
appearance of the sample after recrystallization was shown in Fig.3. The samples are
preheated from the backside to 500°C within 2 min by halogen lamps. The electron beam
energy density applies to the films is a function of the emission current density, the
accelerating voltage and the scan speed. The scan speed is chosen to 8mm/s and the applied
energy density changes between 0.34]/mm?2 and 0.4]/mm?. To obtain the required grain
size, the silicon should be melted and re-crystallized. Therefore, temperature in the electron
beam radiation region should be was over the melting point of silicon of 1414°C. The surface
morphology of the film, as well as distribution of WSi, phase under different energy
densities has been investigated by means of a LEO-32 Scanning Electron Microscopy.

Without recrystallization

rystallized area
e

od
Fig. 3. Appearance of polycrystalline silicon absorber after recrystallization

3. Results and discussion

3.1 Microstructure of the capping layer
The applied recrystallization energy density strongly influences the surface morphology and

microstructure of the recrystallized silicon film. With the energy increasing, the capping
layer becomes smooth and continuous and less and small pinholes form in the silicon film.
Excess of recrystallization energy density leads to larger voids in the capping layer, more
WSi,/Si eutectic crystallites, a thinner tungsten layer and a thicker tungstendisilicide layer.
Fig.4 gives the top view of the polycrystalline silicon film after the recrystallization. The EB
surface treatment leads to recrystallization to obtain poly-Si films with grain sizes in the
order of several 10pm in width and 100um in the scanning direction as shown in Fig.5. The
polycrystalline silicon films in Fig.4 are EB remelting with four different EB energy
densities. Area A was treated with an energy density of 0.34]/mm? (the lowest of the four
areas) while area D was treated with an energy density of 0.4]/mm? (highest of the four
areas) on the same nanocrystalline silicon layer.

Fig. 4. Top view of the recrystallized silicon film, with increase of applied energy density
from the left to the right
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Fig. 5. Grain microstructure of Ploy-Silicon absorber after recrystallization

H ar an ] 2 '

(a) €=0.34]/mm?2 ; (b) €=0.36]/mm?2 ; (c) €=0.38]/ mm?2; (d) €=0.4]/ mm?2

Fig. 6. Surface morphology of the recrystallized silicon layer under different energy density
€ (Fu et al., 2007)
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Fig.6 and Fig.7 show the morphology and microstructure of the EB treated layers. The
nanocrystalline silicon is zone melted and recrystallized (ZMR) completely under all the
energy chosen in this experiment. It can be seen that after the EB surface treatment, micro-
sized silicon grains were formed in all the samples treated under different electron beam
energy density e.

The outmost surface was silicon dioxides with some voids and pinholes (bright spots), as
shown in Fig.6. Large areas with a rough surface were where the silicon dioxide capping
layer (SiO) existed. The voids (the dark area in Fig.6) in the silicon dioxide capping layer
penetrated into the silicon layer with smooth edges. The bright areas were the bottom of the
pinholes in which the WSi, remained.

Influences of the EB energy density on the morphology of deposited films are summarized
in Table 1. The energy density influences the surface morphology of the film system
strongly. The capping layer exhibited more voids when a lower EB energy density was used,
as shown in Fig.6a. The SiO, capping layer is rougher and appeared as discontinuous
droplet morphology in this condition. In addition, large tungstendisilicide pinholes formed
due to the lower fluidity and less reaction between the silicon melt and the tungsten
interlayer. When the EB energy density was increased, the capping layer becomes smoother
and the size of voids was reduced. The number and size of pinholes also became smaller.
However, when excess EB energy was applied, the solidification process became unstable
and the amount of pinholes increased again. The silicon dioxide capping layer became
discontinuous in this case, as shown in Fig. 6d.

(a) €=0.34]/mm? ; (b) €=0.4] / mm?

Fig. 7. Microstructure of the capping layer and silicon grain under different energy density €
(Fu et al., 2007)

It was suggested that the voids are caused by the volume change of the capping layer and
the silicon melt during the recrystallization process. Early work [6] suggested that the silicon
dioxide in the capping layer could be considered as a fluid with a relatively high viscosity at
the EB treatment temperature. For the same amount of silicon, the volume of the solid Vs is
about 1.1 times of that of the liquid Vi. Therefore, during solidification process of the silicon
melt, the volume increases will produce a curved melt surface. This will generates a tensile
stress in the capping layer because of he interface enlargement between the viscous capping
layer and the molten silicon. Once the critical strain of the capping layer is surpassed, voids
will form in the capping layer. Due to the surface tension of the capping layer and its
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adhesion to the silicon melt the capping layer also arches upwards and widens the voids.
This effect is enhanced by thermal stress and outgassing during the solidification process
[5]. As the size, area and viscosity of the SiO; layer is affected by the EB energy density, the
size and the number of the voids in the capping layer are dependant on the EB energy
density as well.

Energy level  SiO; capping/ voids pinholes Wiemaining/ ~ WSi2/Si

WSi, ratio eutectic
Low rough, droplet ~ High density, biggest 21.7% fine
(0.34] / mm2) morphology (>200pm)
03 6}\6[1%(}1}11112) smooth, continuous spora((iigbin;la;ll size 13.3% coarse
High smooth, Low density, 10.5% coarser and
(0.4] / mm?) discontinuous bigger(<100pm) " widely spread

Table 1. Influence of the recrystallization energy on the surface morphology of the silicon
film system

3.2 Formation of eutectic (WSi/Si)

This Chapter gives the details about the formation of Tungstendisilicide (WSiz). The film
system consists of a 20pm thick silicon layer on a 1.2pm thick tungsten film.
Tungstendisilicide (WSiy) is formed at the interface tungsten/silicon but also at the grain
boundaries of the silicon. Because of the fast melting and cooling of the silicon film, the
solidification process of the silicon film is a nonequilibrium solidification process.

It was claimed that tungstendisilicides were formed in their tetragonal (Hansen, 1958;
Doscher et al.,, 1994) by the solid/solid state reaction and the solid/liquid state reaction
between tungsten and silicon according to equation (1) and (2).

. 700°C—1390°C .

251(5) + I/\/(s) —)WSzz(s) 1
. 1390°C .

251(1) + I/V(s) >—>W512(5) )

Formation of the eutectics can be explained using the phase diagram of the Si-W alloy
system, as shown in Fig.8. The reactions should start at temperatures above 700°C. The
eutectic crystallites (WSi>/Si) are precipitated from the silicon melt at a eutectic
concentration of 0.8 at% W at the eutectic temperature 1390°C in thermal equilibrium. With
the temperature increased to above the eutectic temperature (1390°C) for tungsten enriched
silicon melt, the WSi, layer mainly formed through a solid-liquid reaction and the thickness
of the silicide layer increased rapidly. Because 100ms (the FWHM of the electron beam
related to the scan speed) were sulfficient to generate the tungstendisilicide layer. However,
in this experiment, the solidification process of the nanocrystalline silicon was completed
within 12.5 seconds for a sample of 10cm? area. Therefore, the solidification process was
completed in a nonequilibrium state and the liquid-solid transformation line will divert
from equilibrium line shown in Fig.8. At the beginning of the silicon solidification, the
formation of tungstendisilicide crystallites will be suppressed by the rapid freezing and
followed by the formation of solid silicon. These crystallites start to form just below the
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liquid-solid transformation temperature, and their growth will be not immediately
accompanied by the tungstendisilicide crystallite formation. Therefore, the silicon phase
forms dendrites, which grow over a range of temperature like ordinary primary crystallites.
Below the eutectic reaction temperature, the remaining melt solidifies eutectically as soon as
the melt is undercooled to a critical temperature to allow silicon crystallite growth.

1420 ;
1414 N

1400 N !

N 1390
0.8

Temp in °C

1380 0 1 5

at% W

Fig. 8. Phase diagram of the Si-W alloy system in equilibrium (Hansen, 1958)

3.3 Microstructure and distribution of the eutectic crystallites (WSi2/Si) under
different recrystallization energy

Tungstendisilicide (WSi) was formed at the tungsten/silicon interface but also at the grain
boundaries of the silicon throughout all the EB energy density range. A top view scanning
electron spectroscopy (SEM) and EDX analysis of the surface region showed that eutectic
structure (tungstendisilicide precipitates / silicon) were mainly localized at the
recrystallized silicon grain boundaries, as is shown in Fig.9. A typical hypoeutectic structure
was found in the exposed silicon layer, which consisted of cored primary silicon dendrites
(dendritic characteristic was not very evident) surrounded by the eutectic of the silicon and
the tungstendisilicide precipitates. In this eutectic, tungstendisilicide (white areas in the
lamellar shape) grew until the surrounding silicon melt had fully crystallized. The eutectic
statistically distributed at the primary silicon grain boundaries. The formation and
distribution of the eutectic depended on the crystallization and the growth dynamic of the
tungsten enriched silicon melt. This is a nonequilibrium solidification process.

The size and the amount of the tungstendisilicide/silicon eutectic depended on the course of
the process: when the higher the energy was used in the recrystallization process of the
silicon layer, more and large tungstendisilicide crystals grew in the silicon melt. In addition,
the WSi2/Si eutectic became coarser at the primary silicon grain boundaries and spread
more widely. This was due to the prolonged solidification period for the tungsten enriched
silicon melt in the remaining liquid, primarily at the grain boundary. At these sites, the
tungstendisilicide crystallites precipitated in the final solidification areas at lower
temperature than in case of equilibrium, due to the high tungsten concentration in the
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(a) €=0.34]/mm?; (b) €=0.36]/ mm?; (c) €=0.38]/ mm?; () €=0.4]/mm?

Fig. 9. SEM results of the eutectic structure under different recrystallization energy density e
(Fu et al., 2007)

(a) €=0.34]/mm?; (b) €=0.40]/ mm?

Fig. 10. Cross section of typical silicon film system under different energy density € (Fu et
al., 2007)
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volume. For high EB energy density there was more time for the precipitation and growth of
tungstendisilicide and thus more tungstendisilicide crystallites were precipitated at the
silicon grain boundaries. The strong tendency of formation of tungstendisilicide at the
primary grain boundaries would reduce the efficiency of the solar absorber. Thus a high
energy density is not favorable for the recrystallization process.

Fig.10 shows the cross section of a typical resolidified silicon film remelted with different EB
energy densities. Tungstendisilicides (WSi,) were formed in the region between the tungsten
layer and the silicon layer without relationship to the EB energy density range applied in
this research. A thick tungstendisilicide of 2.0-2.86pm exhibited in this experiment. The
higher the applied EB energy density, the thicker the tungstendisilicide layer between the
tungsten and the silicon layer, the thinner the remaining tungsten layer will be.
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Fig. 11. SEM top view of the recrystallized silicon film in the pinhole area and its EDX line
profile mapping results
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3.4 Impurities in the recrystallized silicon film

The relatively high chlorine and hydrogen concentrations in the order of 0.5at% lead to
outgassing during the recrystallization in completely melting regimes. This effect makes the
capping layer arch upwards and widens the voids. Isolated pinholes in the silicon film can
be observed. A weak hydrogen chloride peak is detected by mass spectrometry in the base
gas atmosphere of the recrystallization chamber. Fig.11 shows an area surrounding a
pinhole taken with SEM and the relative element concentrations measured by energy
dispersive x-ray analysis (EDX) along the black line. There are no chlorine and hydrogen in
the area surrounding a pinhole in the recrystallized film.

4. Summary

This Chapter descried the influence of the applied EB energy density used for the
recrystallization process on the surface morphology of the ploy-silicon film system. At a low
EB energy density, the voids were formed in the capping layer and the SiO; capping layer
exhibited a rougher and droplet morphology. With the increase of EB energy density, the
capping layer became smooth and the size of the voids decreased. The size and amount of
pinholes increased again if the EB energy density was too high. This also led to the
formation of larger voids in the capping layer as well as coarser and wider spreading of a
WSi,/Si eutectic crystallite at the grain boundaries.

This Chapter also gave the details about the formation of Tungstendisilicide (WSi). The
tungstendisilicide precipitates/silicon eutectic structures were mainly localized in at the
tungsten/silicon interface but also at the grain boundaries of the silicon throughout all the
EB energy density range, as well as the relationship between energy density and
microstructure of WSi/W areas. Tungstendisilicide forms in its tetragonal by the reaction of
tungsten with silicon. WSi, improves the wetting and adhesion of the silicon melt but the
tungsten layer may degrade the electrical properties of the solar absorber. The formation
and distribution of the eutectic depended on the crystallization and the growth dynamic of
the tungsten enriched silicon melt. This is a nonequilibrium solidification process.

A tungstendisilicide layer was formed between the tungsten layer and the silicon layer for
all EB energy densities used. The higher the applied EB energy density, the thicker the
tungstendisilicide layer grows and the thinner the tungsten layer left. It is important to
perform the recrystallization process at a moderate energy density to suppress the formation
of both WSi,/Si eutectic and pinholes. In addition, there are no chlorine and hydrogen in the
area surrounding a pinhole after recrystallization because of outgassing during the
solidification.
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1. Introduction

Solar energy is considered as the most promising alternative energy source to replace
environmentally distractive fossil fuel. However, it is a challenging task to develop solar
energy converting devices using low cost techniques and environmentally friendly
materials. Environmentally friendly cuprous oxide (CuzO) is being studied as a possible
candidate for photovoltaic applications because of highly acceptable electrical and optical
properties. Cuz0O has a direct band gap of 2 eV (Rakhshani, 1986; Siripala et al., 1996), which
lies in the acceptable range of window material for photovoltaic applications. It is a
stoichiometry defect type semiconductor having a cubic crystal structure with lattice
constant of 4.27 A (Ghijsen et al., 1988; Wijesundera et al., 2006). The theoretical conversion
efficiency limit for CuO based solar cells is about 20% [5].

Thermal oxidation was a most widely used method for the preparation of CuyO in the early
stage. It gives a low resistive, p-type polycrystalline material with large grains for
photovoltaic applications. It was found that Cu;O grown at high temperature has high
leakage-current due to the shorting paths created during the formation of the material, and
it causes low conversion efficiencies. Therefore it was focused to prepare Cu,O at low
temperature, which may provide better characteristics in this regard. Among the various
CuO deposition techniques (Olsen et al., 1981; Aveline & Bonilla, 1981; Fortin & Masson,
1981; Roos et al., 1983; Sears & Fortin, 1984; Rakhshani, 1986; Rai, 1988; Santra et al., 1992;
Musa et al., 1998; Maruyama, 1998; Ivill et al., 2003; Hames & San, 2004; Ogwa et al., 2005),
electrodeposition (Siripala & Jayakody, 1986, Siripala et al., 1996; Rakhshani & Varghese,
1987a, 1988b; Mahalingam et al.,, 2004; Tang et al., 2005; Wijesundera et al., 2006) is an
attractive one because of its simplicity, low cost and low-temperature process and on the
other hand the composition of the material can be easily adjusted leading to changes in
physical properties. Most of the techniques produce p-type conducting thin films. Many
theoretical and experimental studies (Guy, 1972; Pollack & Trivich, 1975; Kaufman &
Hawkins, 1984; Harukawa et al., 2000; Wright & Nelson, 2002; Paul et al., 2006) have been
revealed that the Cu vacancies originate the p-type conductivity. However,
electrodeposition (Siripala & Jayakody, 1986, Siripala et al., 1996; Wijesundera et al., 2000;
Wijesundera et al., 2006) of CuyO thin films in a slightly acidic aqueous baths produce
n-type conductivity. Further it has been reported that the origin of this n-type behavior is
due to oxygen vacancies and/or additional copper atoms. Recently, Garutara et al. (2006)
carried out the photoluminescence (PL) characterisation for the electrodeposited n-type
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polycrystalline CuyO, and confirmed that the n-type conductivity is due to the oxygen
vacancies created in the lattice. This n-type conductivity of CuO is very important in
developing low cost thin film solar cells because the electron affinity of CuO is
comparatively high. This will enable to explore the possibility of making heterojunction
with suitable low band gap p-type semiconductors for application in low cost solar cells.
Most of the properties of the electrodeposited Cu2O were reported to be similar to those of
the thermally grown film (Rai, 1988). The electrodeposition of Cu,O is carried out
potentiostatically or galvanostatically (Rakhshani & Varghese, 1987a, 1988b; Mahalingam et
al., 2000; Mahalingam et al., 2002). Dependency of parameters (concentrations, pH,
temperature of the bath, deposition potential with deposits) had been investigated by
several research groups (Zhou & Switzer, 1998; Mahalingam et al., 2002; Tang et al., 2005;
Wijesundera et al., 2006). The results showed that electrodeposition is very good tool to
manipulate the deposits (structure, properties, grain shape and size, etc) by changing the
parameters. Various electrolytes such as cupric sulphate + ethylene glycol alkaline solution,
cupric sulphate aqueous solution, cupric sulphate + lactic acid alkaline aqueous solution,
cupric nitrate aqueous solution and sodium acetate+ cupric acetate aqueous solution, have
been reported in the electrodeposition of Cu,O.

CuxO-based heterojunctions of ZnO/Cu,O (Herion et al., 1980; Akimoto et al., 2006),
CdO/Cux0O (Papadimitriou et al., 1981, Hames & San, 2004), ITO/CuxO (Sears et al., 1983),
TCO/Cu0O (Tanaka et al., 2004), and Cu,0O/Cu,S (Wijesundera et al., 2000) were studied in
the literature, and the reported best values of V. and Js. were 300 mV and 2.0 mA cm2, 400
mV and 2.0 mA cm=2, 270 mV and 2.18 mA cm=2, 400 mV and 7.1 mA cm=2, and 240 mV and
1.6 mA cm2, respectively.

Cupric oxide (CuO) is one of promising materials as an absorber layer for Cu,O based solar
cells because it is a direct band gap of about 1.2 eV (Rakhshani, 1986) which is well matched
as an absorber for photovoltaic applications. It is also stoichiometry defect type
semiconductor having a monoclinic crystal structure with lattice constants a of 4.6837 A, bof
3.4226 A, c of 51288 A and P of 99.54 (Ghijsen et al., 1988). CuO had been wildly used for
the photocatalysis applications. However, CuO as photovoltaic applications are very limited
in the literature. The photoactive CuO based dye-sensitised photovoltaic device was recently
reported by the Anandan et al. (2005) and we reported the possibility of fabricating the
p-CuO/n-Cu,0 heterojunction (Wijesundera, 2010).

2. Growth and characterisation of electrodeposited Cu,O

Electrodeposition is a simple technique to deposit CuO on the large area conducting
substrate in a very low cost. Electrodeposition of CuO from an alkaline bath was first
developed by Starek in 1937 (Stareck, 1937) and electrical and optical properties of
electrodeposited CuxO were studied by Economon (Rakhshani, 1986). Rakshani and co-
workers studied the electrodeposition process under the galvanostatic and potentiostatic
conditions using aqueous alkaline CuSOy solution, to investigate the deposition parameters
and properties of the material. Properties of the electrodeposited Cu,O were reported to be
similar to those of the thermally grown films (Rai, 1988) except high resistivity. Siripala ef al.
(Siripala & Jayakody, 1986) reported, for the first time, the observation of n-type
photoconductivity in the CuO film electrodes prepared by the electrodeposition on various
metal substrates in slightly basic aqueous CuSOjs solution in 1986. However, we have
reported that electrodeposited CuyO thin films in a slightly acidic acetate bath attributed
n-type conductivity.
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Potentiostatic electrodeposition of CuO thin films on Ti substrates can be investigated using
a three electrode electrochemical cell containing an aqueous solution of sodium acetate and
cupric acetate. Cupric acetate are used as Cu?* source while sodium acetate are added to the
solution making complexes releasing copper ions slowly into the medium allowing a
uniform growth of Cu,O thin films. The counter electrode is a platinum plate and reference
electrode is saturated calomel electrode (SCE). Growth parameters (ionic concentrations,
temperature, pH of the bath, and deposition potential domain) involved in the potentiostatic
electrodeposition of the CuO thin films can be determined by the method of
voltommograms.

voltammetric curves were obtained in a solution containing 0.1 M sodium acetate with the
various cupric acetate concentrations, while temperature, pH and stirring speed of the baths
were maintained at values of 55 °C, 6.6 (normal pH of the bath) and 300 rev./min
respectively. Curve a) in Fig. 1 is without cupric acetate and curves b), c) and d) are cupric
acetate concentrations of 0.25 mM, 1 mM and 10 mM respectively. Significant current
increase can not be observed in absence with cupric acetate and cathodic peaks begin to
form with the introduction of Cu?* ions into the electrolyte. Two well defined cathodic
peaks are resulted at -175 mV and -700 mV Vs SCE due to the presence of cupric ions in the
electrolyte and these peaks shifted slightly to the anodic side at higher cupric acetate
concentrations. First cathodic peak at -175 mV Vs SCE attributes to the formation of Cu,O
on the substrate according to the following reaction.

2Cu?* + H,O + 2e- = Cu,0O + 2H+*

Second cathodic peak at -700 mV Vs SCE attributes to the formation of Cu on the substrate
according to the following reaction.

Cu?t+2e = Cu

By examining the working electrode, it can be observed that the electrodeposition of
deposits on the substrate is possible in the entire potential range. However, as revealed by
the curves in Fig. 1, at higher concentrations the peaks are getting broader and therefore the
formation of Cu and Cu2O simultaneously is possible at intermediate potentials (curve d of
Fig. 1). The deposition current slightly increases and the peaks are slightly shifted to the
positive potential side as increasing the bath temperature range of 25 °C to 65 °C.

Fig. 2 shows the dependence of the voltammetric curves on the pH of the deposition bath. It
is seen that cathodic peak corresponding to the Cu deposition is shifted anodically by about
500 mV and cathodic peak corresponding to the CuO deposition is shifted anodically by
about 100 mV. This clearly indicates that acidic bath condition favours the deposition of
copper over the CuyO deposition and the possibility of simultaneous deposition of Cu and
CuO even at lower cathodic potentials. This is further investigated in the following
sections.

The potential domain of the first cathodic peak gives the possible potentials for the
electrodeposition of CuO films while second cathodic peak evidence the possible potential
domain for the electrodeposition of Cu films. It is evidence that CuyO can be
electrodeposited in the range of 0 to -300 mV Vs SCE and Cu can be electrodeposited in the
range of -700 to -900 mV Vs SCE. The potential domains of the electrodepostion of Cu,O and
Cu are independent of the Cu?* ion concentration and the temperature of the bath.
However, the deposition rate is increased with the increase in the concentration or the
temperature of the bath.



92 Solar Cells — Thin-Film Technologies

N
(=]
[
jo_\ocrm

-100 —

Deposition current (uA)

-120

-140 -

-160

T T T T T T T T T T
-800  -600 -400 -200 0 200

Deposition potential (mV) Vs SCE

Fig. 1. Voltammetric curves of the Ti electrode (4 mm?) obtained in a solution containing

0.1 M sodium acetate and cupric acetate concentrations of a) 0 mM, b) 0.25 mM, c) 1 mM and
d) 10 mM

20
0 - pH:66
20 -
40 -
< .60 4
= |
g -80
RN PH=5.6
§ -100 - ’
.§ ]
g -120 -
a |
-140 |
-160 |
-180 |
T T T T T T T T T T

-800 -600 -400 -200 0 200
Deposition potential (mV) vs SCE

Fig. 2. Voltammetric curves of the Ti electrode (4 mm?) in an electrochemical cell containing
0.1 M sodium acetate and 0.01 M cupric acetate solutions at two different pH values
(pH was adjusted by adding diluted HCI).
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CuO film deposition potential domain can be further verified by the X-ray diffraction
(XRD) spectra obtained for the films electrodeposited at various potentials (-100 to -900 mV
Vs SCE). Fig. 3 shows the XRD spectra of the films deposited at a) -200 mV Vs SCE, b) -600
mV Vs SCE and c) -800 mV Vs SCE on Ti substrates in a bath containing 0.1 M sodium
acetate and 0.01 M cupric acetate aqueous solution. Fig. 3(a) shows five peaks at 20 values of
29.58°, 36.43°, 42.32°, 61.39° and 73.54° corresponding to the reflections from (110), (111),
(200), (220) and (311) atomic plans of CuO in addition to the Ti peaks. Fig. 3(b) exhibits
three additional peaks at 20 values of 43.40°, 50.55° and 74.28° corresponding to the
reflection from (111), (200) and (220) atomic plans of Cu in addition to the peaks
corresponding to the CuyO and Ti substrate. It is evident that the intensity of Cu peaks
increases with increase of the deposition potential with respect to the SCE while decreasing
the intensities of CuO peaks. Peaks corresponding to the CuyO disappeared with further
increase in deposition potential. XRD of Fig. 3(d) exhibits peaks corresponding to Cu and Ti
only. Thus, in the acetate bath single phase polycrystalline CuyO thin films with a cubic
structure having lattice constant 4.27 A are possible only with narrow potential domain of
0 to -300 mV Vs SCE while Cu thin films having lattice constant 3.61 A are possible at
potential -700 mV and above Vs SCE.
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Fig. 3. XRD spectra obtained for the films deposited on Ti substrate at the potentials (a) -200
mV Vs SCE, (b) -600 mV Vs SCE and (c) -800 mV Vs SCE
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Fig. 4 shows the scanning electron micrographs (SEMs) of the above set of samples. It is
evident that the surface morphology depends on the deposition potential and the films
grown on Ti substrate are uniform and polycrystalline. Grain size of CuyO is in the range of
~1-2 pm. It is observed that the CuO thin film deposited at ~200 mV Vs SCE exhibit cubic
structure (Fig. 4(a)) and deviation from the cubic structure can be observed when deposition
potential deviate from the -200 mV Vs SCE. Thus, polycrystalline CuxO thin films with cubic
grains are possible only within a very narrow potential domain of around -200 mV Vs SCE.
Fig. 4(b) shows the existence of spherical shaped Cu on top of CuyO when film deposited at
-400 mV Vs SCE. The co-deposition of Cu with CuO is evident in the XRD spectra, too. This
small grains of Cu distributed over the CuO surface will be useful in some other
applications. It is clear from XRD and SEM results that CuO, Cu;O + Cu, and Cu
microcrystalline thin films can be separately electrodeposited on Ti substrate by changing
the deposition potential from -100 mV to -900 mV Vs SCE using the same electrolyte.

Fig. 4. Scanning electron micrographs of thin films electrodeposited at (a) 200 mV Vs SCE,
(b) -400 mV Vs SCE and (c) -800 mV Vs SCE

CuO thin films produce negative photovoltages in a photelectrochemical cell (PEC)
containing 0.1 M sodium acetate under the white light illumination of 90 W/m2. Active area
of the film in a PEC was ~1 mm?2. The magnitudes of the photovoltage and the photocurrent
of Cu,O films deposited at -100 mV to -500 mV Vs SCE were 125 mV and 5 pA, 168 mV and
6.5 pA, 172 mV and 8 pA, 210 mV and 15 pA and 68 mV and 1 pA respectively. Also CuxO
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film deposited at -600 mV Vs SCE shows the photoactivity but magnitudes of the
photovoltage and photocurrent were very small. The best photoresponse we have obtained
for the Cu,O thin film deposited at -400 mV Vs SCE. This may be due to the better charge
transfer process between Cu;O and electrolyte due to the randomly distributed Cu spheres
on top of Cu,O thin films as shown in Fig. 4.

The optical absorption measurements of the CuxO thin films on indium doped tin oxide
(ITO) substrate deposited at -100 mV to -600 mV Vs SCE indicate that the electrodeposited
Cuz0 has a direct band gap of 2.0 eV, and the band gap of the material is independent of the
deposition potential.

Photoactivity of the films was further studied by the dark and light current-voltage
measurements. Fig. 5 shows the dark and light current-voltage characteristics in a PEC of
the films deposited at (a) -200 mV and (b) -400 mV Vs SCE. Current-voltage measurements
were obtained in three electrode electrochemical cell. The change of the sign of the
photocurrent with the applied voltage shows the evidence for the existence of two junctions
within the Ti/CuyO/ electrolyte system. Particularly with the positive applied bias voltage,
the CuxO/electrolyte junction become dominant and thereby the n-type photosignal is
produced, when negative bias voltage is applied the Ti/CuO junction become dominant
and therefore a p-type signal is produced. Similar results have been reported earlier on the
ITO/CuyO/electrolyte system (Siripala et al., 1996) and ITO/CuO/CusS system
(Wijesundera et al., 2000). It has been reported earlier that both n- and p-type photosignals
can be obtained in the currant-voltage scans due to the existence of Ti/CuwO and
CuxO/ electrolyte Schottky type junctions. The enhancement of n-type signal could be due to
the enhancement of CuyO/ electrolyte junction as compared with the Ti/ Cu,O junction.
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Fig. 5. Dark and light current-voltage characteristics for the films deposited at (a) -200 mV
and (b) -400 mV Vs SCE in a PEC containing 0.1 M sodium acetate under the white light
illumination of 90 W/m?2 (effective area of the film is ~1 mm?).

Single phase polycrystalline n-type CuO thin films can be potentiostatically
electrodeposited on conducting substrates selecting proper deposition parameters and these
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films are uniform and well adhered to substrate. Garutara et al. (Garuthara & Siripala, 2006)
carried out the photoluminescence (PL) characterisation for the electrodeposited n-type
polycrystalline CuO. They showed the existence of the donor energy level of 0.38 eV below
the bottom of the conduction band due to the oxygen vacancies and confirmed that the
n-type conductivity is due to the oxygen vacancies created in the lattice. Previously reported
electrodeposited Cu;O in a various deposition bath, except slightly acidic acetate bath,
attribute p-type conductivity due to the Cu vacancies created in the lattice as thermally
grown films.

3. Growth and characterisation of CuO thin films

It is expected that Cu,O thin films can be oxidized by the annealing in air and thus
converted into CuO. Therefore, annealing effects of the electrodeposited Cu2O thin films in
air were investigated in order to obtain a single phase CuO thin films on Ti substrate. Cu,O
thin films on Ti substrates were prepared under the potentiostatic condition of -200 mV Vs
SCE for 60 min. in the three electrode electrochemical cell containing 0.1 M sodium acetate
and 0.01 M cupric acetate aqueous solution. Temperature of the bath was maintained to
55 °C and the electrolyte was continuously stirred using a magnetic stirrer. All the thin films
are uniform and having a thickness of about 1 pm which was calculated by monitoring the
total charge passed during the film deposition through the working electrode (WE).

The bulk structure of the films, which were annealed at different temparatures and
durations, can be determined by XRD measurements and Fig. 6 shows the XRD spectra of
the films annealed at 150 to 500 °C in air, in addition to the as grown Cu,O. Results show
that CupO structure remains stable even though films are annealed at 300 °C, as reported by
Siripala et al. (1996). Formation of CuO structure can be observed when films are aneealed at
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Fig. 6. X-ray diffraction patterns of electrodeposited Cu,O thin films a) as grown and
annealed at b) 150 °C, c) 400 oC and d) 500 °C
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400 °C for 15 min. Fig. 6 shows that the intensities of the peaks correspondent to the CuO
structure increases while intensities of the peaks correspondent to the CuO structure
decreases with the increasing of annealing temperature and duration. The reflections from
the Cu,0 structure disappear when the film is annealed at 500 °C for 30 min. in air. It is
reveled that the single phase CuO thin films on Ti substrate can be prepared by annealing
Cuy0 in air.

The surface morphology of the annealing CuyO thin films is studied with SEMs. Fig. 7
shows SEMs of (a) as grown, and annealed in air at (b) 175 °C, (c) 400 °C and (d) 500 °C.
Results reveal that, by increasing the annealing temperature, the size of the cubic shape
polycrystalline grain gradually increase up to 200 °C, change to the different shape at 400 °C
and converted to the monoclinic like shape polycrystalline grain at 500 °C. Cu,O thin films
have the cubic-like polycrystalline grains. SEMs clearly show that structural phase transition
take place from Cu,O, CuxO-CuO, CuO as reveal by the XRD patterns. CuO crystallites are
in the order of 250 nm.

films a) as grown and annealed in air at (b) 175 °C, (c) 400 °C and (d) 500 °C

Photosensitivity (Voc and L) of the annealed electrodeposited Cu,O thin films in a two
electrode PEC cell containing 0.1 M sodium acetate aqueous solution, under white light
illumination of 90 W/m?2, shows that initial n-type photoconductivity changes to the p-type
after annealing 300 °C. Type of the photoconductivity of the CuxO thin films can be
converted from n- to p-type with annealing because of Cu,O structure remain same even if
films annealed at 300 °C as revealed by XRD patterns.
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Fig. 8. Dark and light current voltage characteristics of electrodeposited CuO thin film
electrodes annealed at (a) 250 °C and (b) 300 °C. Energy level diagrams for n-type and p-type
Cu20 films in the electrolyte are shown in the insets, where the electron, hole, anodic and
cathodic potential are denoted by solid and open circles, e® and e®c respectively.

The photoactivity of the thin films has been further studied by the dark and light current
voltage characteristics in a three electrode electrochemical cell. The counter and the
reference electrodes are Pt plate and SCE, respectively. The bias voltage has been applied to
the working electrode (Ti/Cu20O) with respect to the SCE. Fig. 8 shows the dark and light
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current-voltage characteristics of the thin films annealed at (a) 250 °C and (b) 300 °C. The
similar behaviour is observed for the thin films annealed at less than 250 °C and annealed at
grater than 300 °C, respectively, and is reproducible for each film. In Fig. 8(a), the anodic
photocurrent increases with increasing the anodic potential. This suggests that the n-type
photoconductivity is due to an anodic potential behaviour, and is reproducibly observed for
the thin films annealed at < 250 °C. This suggests that the n-type photoconductivity is due to
the anodic potential barrier formed at the semiconductor/electrolyte interface, as the inset of
Fig. 8(a). However, the photocurrent-potential behaviour is completely changed for the film
annealed at > 300 °C. In Fig. 8(b), the cathodic photocurrent results from the cathodic
potential barrier formed at the interface, as shown in the inset. This cathodic photoresponse
assures that the electrical conductivity of the electrodeposited CuO films can be changed
from the n-type to p-type property by annealing in air. Fig. 9 shows the dark and light
current-voltage characteristics of the CuO thin film in a PEC cell containing 0.1 M sodium
acetate aqueous solution. The cathodic photocurrent is produced in the range from the
anodic to cathodic bias potentials, and the cathodic photocurrent increases with increasing
the cathodic potential. This suggests that the p-type photoconductivity is due to the cathodic
potential barrier forms at the semiconductor/electrolyte interface. It reveals that the
electrodeposited CuO thin films are p-type semiconductors.

Structural phase transition from Cu,0 to CuO with annealing and the quality of thin films
can be further investigated using Extended X-ray Absorption Fine Structure (EXAFS)
which gives local structure around Cu ions. Fig. 10 shows the X-ray absorption spectra
(XAS) in the region of 8800 to 9430 eV near the Cu-K edge for the thin films, annealed at
150, 400, and 500 °C by using the florescence detection (FD) method. XAS suggest that the
local structures around Cu ions in the annealed CuO thin films are remain same when
films annealed at less than 300 °C and significantly different when films annealed at
grater than 300 °C.

Refinements of a Fourier transformation spectrum |F(R)| obtained from the oscillating
EXAFS spectra can be used to study the quality of Cu2O and CuO thin films. Fig. 11, solid
circles show the observed |F(R)| of the thin film annealed at 150 °C, where the abscissa is a
radial distance (R(A)) from a X-ray absorbing Cu ion to its surrounding cations and anions.
Fig. 11, a solid line shows a theoretical |F(R) |. The refinement produces a good fit between
the observed and theoretical | F(R) | indicating the local structure around Cu ions of the film
is verymuch similar to the ideal CuzO structure. Fig. 12 is similar refinement for CuO thin
film. These results convince that the thin films are high quality single phase CuO and CuO
structures (free of amorphous phases and impurities). Detail investigation has been reported
(Wijesundera et al., 2007).

It is characterised that single phase Cu,O thin films are converted to two phase Cu,O and
CuO composit films with increasing the annealing temperature. Single phase CuO thin films
can be obtained by annealing at 500 °C for 30 min in air. Extended X-ray absorption fine
structure (EXAFS) near the Cu K edge of the CuzO thin films (annealed at 150 °C for 15 min.)
and CuO thin films (annealed at 500 °C for 30 min.) are confirmed that the films are high
quality single phase Cu,O and CuO (free of amophous phases) respectively. Conductivity
type of the films strongly depends on the annealing treatment. n-type conductivity of the
Cu20 thin films are changed to p-type when the films are annealed at 300 °C. CuO thin films
are photoactive and p-type in a PEC containing 0.1 M sodium acetate.
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4. Fabrication and characterisation of CuO/Cu,0 heterojunction

In order to fabricate CuO/Cu,O thin film hetorojunction, thin films of n-type Cu,O are
potentiostatically electrodeposited on a Ti substrate in an acetate bath and are annealed at
500 oC for 30 min. in air for the growth of p-type CuO thin films. Thin films of Cu,O are
potentiostatically electrodeposited on Ti/CuO electrodes at different deposition potentials
Vs SCE while maintaining the same electrolytic conditions, which used to deposit Cu,O on
the Ti substrate. Deposition period is varied form 240 min to 120 min in order to obtain
sufficient thickness of the films. Film thickness was calculated by monitoring the total
charge passed during the film deposition and it was ~1 pm.

Bulk structures of the electrodeposited films on Ti/ CuO were studied by the XRD patterns.
Fig. 13 shows the XRD patterns of the films deposited on Ti/CuO electrodes at the
deposition potentials of -250, -400, -550 and -700 mV Vs SCE. XRD patterns evidence the
formation of Cu,O for all deposition potentials on Ti/CuO electrodes while Cu deposition
starts in addition to the Cu,O when the film deposited at -700 mV Vs SCE. Single phase
CuO are possible at the deposition potentials less than -700 mV Vs SCE. XRD patterns
further show that peak intensities corresponding atomic reflection of CuyO increase with
deposition potential. It indicates that amount of CuyO deposit is increased by increasing
deposition potential. This is further studied by using SEM.
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Fig. 13. XRD pattern of thin films electrodeposited on Ti/ CuO electrode at the potentials
-250, -400, -550 and -700 mV Vs SCE

The surface morphology of the films prepared on the Ti/CuO electrode at the different
deposition potentials was studied using the SEMs in order to identify the CuyO thin film
deposition conditions on Ti/CuO electrode. Figs. 14(a) to (c) show the SEMs of Cu,O films
deposited on the Ti/CuO at -250 to -550 mV Vs SCE. Fig. 14(a) shows the cubic shape Cu,O
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grains on the CuO film and Figs. 14(a) to (c) show that the amount of CuyO increases with
increasing the deposition potential. The SEMs reveal that the well covered CuyO layer can
be deposited on Ti/CuO electrode under the potentiostatical condition of -550 mV Vs SCE
and above. Grain size of the Cu;O deposited on Ti substrate is in the range of ~ 1-2 um as
shown in Fig. 14(a) while it is lower to 1 pm when Cu;O deposited on CuO at the deposition
potential of -550 mV Vs SCE. The SEM with low magnification of Cu,O deposited at
-700 mV Vs SCE clearly shows the existence of Cu on the surface of Cu2O as shown in the
XRD pattern of the film deposited at -700 mV Vs SCE.

Fig. 14. Scanning electron micrograph of CuyO thin films electrodeposited on Ti/CuO
electrode at (a) -250 mV, (b) -400 mV and (c) -550 mV Vs SCE

XRD and SEM reveal that well-covered single phase polycrystalline CuyO thin film on the
Ti/CuO electrode can be possible at the deposition potential of =550 mV Vs SCE in an
acetate bath. Structural matching of two semiconductors is very essential for fabricating a
heterojunction. In general, the cubic-like Cu;O grains and the monoclinic-like CuO grains
are not match with each other to make the CuO/Cu;O heterojunction. However, the
electrodeposition technique produces the good matching of the Cu,O grains to the
monoclinic-like CuO grains. The shape of the grains can be easily changed when the
electrodeposition technique is used to grow a semiconductor. The electrodeposition is a very
good tool to fabricate the heterojunctions as it does not depend on the grain shape of the
material. Further, the SEMs of the CuO/CuO heterojunction suggested that the CuO
polycrystalline grains are grown from the surfaces of the CuO polycrystalline grains and
make the good contacts between two thin film layers. For the completion of the device, very
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thin (few angstroms) Au grid consists of 1 x 8 mm?2 rectangular areas are deposited on Cu,O
using a vacuum sputtering technique. The electrical contacts to the CuxO surface (front
contacts) is made using mechanically pressed transparent ITO plate to the Au grid, where
the Ti substrate serves as back electrical contact to the CuO surface. The Ti/CuO/Cu,O/Au
heterojunction gave the open circuit voltage (Vo) of 210 mV, short circuit current (Js) of
310 pA cm?, fill factor (FF) of 0.26 and efficiency (1) of 0.02% under the white light
illumination of 90 mWecm-2. At the initial stage of fabrication the junction, the shape of the
I-V characteristic as shown in Fig. 15 and values of V. and Js are encouraging despite the
low photoactive performance of the heterojunction.
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Fig. 15. Dark and light current-voltage characteristics of Ti/ CuO/Cu2O/ Au heterojunction
under the white light illumination of 90 mW/cm?

For the better performance, very thin CuO films should be used due to the high resistance
of electrodeposited CuyO and should be find out better ohmic contact to the CuyO. Best omic
contact to the n-type CuyO may be Al but not the Au. Au is very good omic contact to p-type
Cuz0O. n-type electrodeposted CuoO has high resistivity is due to low doping density.
Growth of the n-type Cu,O with suitable dopent hasn’t been achieved in the litterateur and
it will be very important in developing Cu,O based solar cells.

CuO/Cuy0 heterojunction was further investigated by means of X-ray diffractions and X-ray
absorption spectra (XAS) at the Cu-K edge with grazing angle measurements. Layer by layer
structural information of the CuO/CuO heterojunction can be studied with grazing angle
measurements. Fig. 16 shows the grazing angle (¢) dependency of the X-ray diffraction
patterns of the CuO/CuO heterojunction. The Ti peak of highest intensity at 20 = 40-23 degree
is indexed by (0,1,1) and (1,1,1) reflections of hexagonal structure and are not observed below
¢ ~ 2:0 degree. On the other hand, the reflections of CuyO and CuO structures are observed in
all the grazing angles, though the reflections of CuzO structure shows the different grazing
angle dependence to those of the CuO ones. Fig. 17 shows grazing angle dependency of (1,1,1)
reflection of CuyO, (1,1,-1) reflection of CuO, (1,1,1) reflection of Ti, and intensity ratio of
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Cux0(1,1,1) and CuO(1,1,-1) reflections. The results suggest that CuyO grain layer can only be
observed below ¢ = 0-1 degree. With increasing the grazing angle, CuO grain layer can be
observed gradually, as Ti-reflections. The bulk structural information of CuzO layer can be
obtain for the grazing angles around 2.5 degree since it produces highest intensity of (1,1,1)
reflection of CupO. It reveals that it is possible to obtain optimum structural information within
the Cu0O/CuO junction region in addition to the Cu,O, CuO, and Ti for the grazing angles
slightly grater than 2.5 degree. Further it is found that the intensity ratio of the (1,1,1) reflection
and (1,1,-1) reflection is approximately constant above ¢ = 5.0 degree, in contrast to the
intensity of the Ti-reflection. It shows that the bulk structural information of bi-layer (Cu,O
and CuO) can be studied at the grazing angle 5 degree or greater
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Fig. 16. Grazing angle dependency of the X-ray diffraction patterns for the electrodeposited
Ti/CuO/ Cuz0 heterojunction

The structural deformation localized around Cu ions of the CuO/CuyO heterojunction can
be investigated from EXAFS. Fig. 18 shows the expanded partial XAS at Cu-K edge of
Ti/CuO/Cuz0 heterojunction at ¢ = 0-3 to 10-0 deg. The electrodeposited CuO/Cu,O thin
film heterojunction include Cu ions sited at different structures of Cu;O and CuO. The
spectra result from a convoluted XAS induced by interference between the X-ray
photoelectron waves emitted by X-ray absorbing Cu ions and the backscattering waves of its
surrounding ions for both structures. The grazing angle dependency of the XAS suggests
that the incident X-ray beam penetrate the thin films of CuO and CuO grains by the
different path distance. It can be considered that the XAS measurements obtained at low
grazing angles (0.3 and 0.5 deg) should be mainly the XAS of CuyO thin film, which is the
front layer of the heterojunction. Therefore, the XAS at ¢ = 0.5 and 3.0 deg are compared
with the observed XAS of the electrodeposited thin films of CuO and CuO. Fig. 19 shows
the comparsion of the expanded partial XAS at grazing angles of 0.5 and 3.0 deg and of the
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Fig. 17. Grazing angle dependency of the (1,1,1) reflection of the CuxO, (1,1,-1) reflection of
the CuO structure, the (1,1,1) reflection of Ti and intensity ratio of Cu;O (1,1,1) and CuO
(1,1,-1) reflections

electrodeposited Cu,O and CuO thin films, in addition to the calculated one of (0-5Cu,O +
0-5Cu0). However, XAS (local structure around Cu ions) at low grazing angles are not
similar with CupO. It shows that the XAS obtained at even low grazing angles are the
convoluted spectra induced by the Cu,O and CuO structures. The convolution effect of the
XAS can be studied by fitting the observed XAS at ¢ = 0.5 deg from a simple mathematical
convolution of CuO-XAS and CuO-XAS. Fig. 19 shows that the observed XAS at ¢ = 0.5 deg
is very similar to the calculated one of 0.5(Cu2O-XAS) + 0.5(CuO-XAS). However, XAS at
low grazing angles can be analyzed by a simple mathematical convolution of CuO and
CuO structures but not for the grazing angles higher than 0.5 deg. This reveals that the
complex XAS results from the convoluted spectra induced from unknown structure in
addition to the CuO and CuO structures. The XAS modulation due to the unknown
structure depends on the grazing angles, and the maximum XAS modulation appears at the
grazing angle of 3.0 deg. This suggests that the junction region has very complex structure.

XAS of CuO/Cuz0 hetrojunction with different grazing angles can be further compared by
studying corresponding Fourier transformations of the oscillating EXAFS spectra. Fig. 20
shows the observed |F(R)| for the bi-layer thin film of Ti/CuO/CuO heterojunction at
¢ = 05 and 3:0 degrees and for the electrodeposited CuO and CuO thin films with
calculated one of (0-5Cu,O + 0-5CuOQ). It is further confirmed that the |F(R)| obtained at
¢ = 0-5 and 3.0 degrees are not similar with that of CuyO structure and CuO one, but more
complex. Comparison between the |F(R)| of the bi-layer thin film obtained at ¢ = 0-5 degree
and the calculated one of (0-5Cu,O + 0-5CuO) suggests that the |F(R)| of the bi-layer thin
film is also convoluted by those of the CuO and CuO structures. As in Fig. 20 peak
amplitudes are very small for the |F(R)| at ¢ = 3.0 deg compared to the others. It implies
that structure in the junction region is diluted one (the surrounding ions around the Cu
absorbing ion do not well arranged). Results reveal that the formation of amorphous
structure in the interface of CuO/CuO heterojunction. It can be expected that amorphous
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Fig. 18. Oscillating amplitudes Ir/I, of the X-ray absorption spectra of the Ti/CuO/CuO
heterojunction at ¢ = 0-3 to 10-0 degrees
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Fig. 19. Oscillating amplitudes Ir/I, of the X-ray absorption spectra of the Ti/CuO/CuO
heterojunction at grazing angles of 0.5 and 3.0 degrees and of the electrodeposited Cu,O and
CuO thin films, in addition to the calculated one of (0-5Cu20 + 0-5CuO)

structure formed in the middle of the CuO/CuO heterojunction attributes better lattice
matching between CuO and Cu,O interface. Further, it can be considered that formation of
the smooth energy band lineup at the interface of CuO/CuO heterojunction without spikes
at the conduction and valance bands (AE. and AE,). Band lineup between two
semiconductors is a crucial parameter leading to better photoactive properties.
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Fig. 20. Amplitudes |F(R)| obtained from the Fourier transformation of the EXAFS spectra
of the Ti/CuO/CuzO heterojunction at ¢ = 0-5 and 3-0 degrees and of the electrodeposited
CuO and CuO thin films and the calculated one of (0-5Cu,O + 0-5CuO)

5. Conclusion

Single phase polycrystalline CuyO thin films on Ti substrate can be electrodeposited using an
acetate bath in a potential range of 0 to -300 mV Vs SCE. Thin films are well adherent to the Ti
substrate and uniform having grain size of ~1-2 pm. Cu;O deposited in an acetate bath at the
pH of 6.6 produces n-type photoconductivity in a PV applications. The n-type
photoconductivity of the as-grown Cu,O thin film can be converted to p-type by annealing the
films at 300 oC in air. Therefore, it is reasonable to believe that the origin of the n-type Cu,O is
the oxygen ion vacancies created in the crystal lattice, and the conductivity-type conversion is
due to the increment of the oxygen content in the lattice with annealing in air. Single phase
polycrystalline CuO thin films can be prepared by annealing the electrodeposited CuO at 500
oC for 30 min in air. Films produce p-type photoresponse in a PEC. Well covered n-type Cu,O
thin film can be electrodeposied on Ti/CuO electrode at -550 mV Vs the SCE in an acetate
bath. Films consist of microcrystallites of about 1 um and are well adherent to the CuO. By
depositing a suitable mettle grid on the CuO thin film, p-CuO/n-Cu;O heterojunction solar
cell can be fabricated. The Ti/CuO/CuO/Au heterojunction solar cell results in V. of 210 mV
and Jsc of 310 pA. This initial stage performance can be enhanced by depositing very thin Cu,O
films leading to minimize the resistance of the CuO and choosing better ohmic contact to the
Cuz0. Best ohmic contact to the n-type CuO may be Al but not the Au. X-ray diffractions and
the X-ray absorption spectra, using the synchrotron radiation, reveal that CuO and CuO are
high quality semiconducting thin films (free of amorphous phases) but amorphous structure is
formed between CuO and Cu,O while Cu;O deposition on CuO.
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1. Introduction

It is a common viewpoint that the adscription of the PV research and industry in future has
to be the lower cost and higher efficiency. However, those monocrystal as well as multi-
crystalline silicon wafer require very expensive processing techniques to produce low defect
concentrations, and they are made by complicated wet chemical treatment, high-
temperature furnace steps, and time-cost metallization. Thus, a high PV module cost exists
for the first-generation technology. Recently, a strong motivation in R&D roadmap of PV
cells has been put forward in thin film materials and heterojunction device fields. A large
variety of possible and viable methods to manufacture low-cost solar cells are being
investigated. Among these strategies, transparent conductive oxides (TCOs) and
polycrystalline silicon thin films are promising for application of PV and challenging to
develop cheap TCOs and TCO/ c-Si heterojunction cells.

Converting solar energy into electricity provides a much-needed solution to the energy
crisis in the world is facing today. Solar cells (SC) fabricated on the basis of semiconductor-
insulator- semiconductor (SIS) structures are very promising because it is not necessary to
obtain a p-n junction and the separation of the charge carriers generated by the solar
radiation is realized by the electrical field at the insulator-semiconductor interface. Such SIS
structures are obtained by the deposition of thin films of TCO on the oxidized
semiconductor surface. One of the main advantages of SIS based SC is the elimination of
high temperature diffusion process from the technological chain, the maximum temperature
at the SIS structure fabrication by PVD/CVD being not higher than 450 °C. Besides that, the
superficial layer of silicon wafer, where the electrical field is localized, is not affected by the
impurity diffusion. The TCO films with the band gap in the order of 2.5-4.5 eV are
transparent in the whole region of solar spectrum, especially in the blue and ultraviolet
regions, which increase the photo response in comparison with the traditional SC. The TCO
layer assists the collection of charge carriers and at the same time is an antireflection coating.
The most utilized TCO layers are SnO,, InoO3 and their mixture ITO, as well as zinc oxide
(ZnO). The efficiency of these kinds of devices can reach the value of more than 10% (Koida
et al., 2009).

Transparent conducting oxides (TCOs), such as ZnO, Al-doped ZnO or ITO (SnO2:InxOs),
are an increasingly significant component in photovoltaic (PV) devices, where they act as
electrodes, structural templates, and diffusion barriers, and their work function are
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dominant to the open-circuit voltage. The desirable characteristics of TCO materials that are
common to all PV technologies are similar to the requirements for TCOs for flat-panel
display applications and include high optical transmission across a wide spectrum and low
resistivity. Additionally, TCOs for terrestrial PV applications must be used as low-cost
materials, and some may be required in the device-technology specific properties. The
fundamentals of TCOs and the matrix of TCO properties and processing as they apply to
current and future PV technologies were discussed.

As an example, the InyO3:SnO,(ITO) transparent conducting oxides thin film was
successfully used for the novel ultraviolet response enhanced PV cell with silicon-based
SINP configuration. The realization of ultraviolet response enhancement in PV cells through
the structure of ITO/SiO,/np-Silicon frame (named as SINP), which was fabricated by the
state of the art processing, have been elucidated in the chapter. The fabrication process
consists of thermal diffusion of phosphorus element into p-type texturized crystal Si wafer,
thermal deposition of an ultra-thin silicon dioxide layer (15-20A) at low temperature, and
subsequent deposition of thick In,Os3:SnO, (ITO) layer by RF sputtering. The structure,
morphology, optical and electric properties of the ITO film were characterized by XRD,
SEM, UV-VIS spectrophotometer and Hall effects measurement, respectively.

The results showed that ITO film possesses high quality in terms of antireflection and
electrode functions. The device parameters derived from current-voltage (I-V) relationship
under different conditions, spectral response and responsivity of the ultraviolet photoelectric
cell with SINP configuration were analyzed in detail. We found that the main feature of our
PV cell is the enhanced ultraviolet response and optoelectronic conversion. The improved
short-circuit current, open-circuit voltage, and filled factor indicate that the device is promising
to be developed into an ultraviolet and blue enhanced photovoltaic device in the future.

On the other hand, the novel ITO/AZO/SiO,/ p-Si SIS heterojunction has been fabricated by
low temperature thermally grown an ultrathin silicon dioxide and RF sputtering deposition
ITO/AZO double films on p-Si texturized substrate. The crystalline structural, optical and
electrical properties of the ITO/AZO antireflection films were characterized by XRD, UV-
VIS spectrophotometer, four point probes, respectively. The results show that ITO/AZO
films have good quality. The electrical junction properties were investigated by I-V
measurement, which reveals that the heterojunction shows strong rectifying behavior under
a dark condition. The ideality factor and the saturation current of this diode is 2.3 and
1.075%x10°A, respectively. In addition, the values of Ir/Ir (Ir and Ir stand for forward and
reverse current, respectively) at 2V is found to be as high as 16.55. It shows fairly good
rectifying behavior indicating formation of a diode between AZO and p-Si. High
photocurrent is obtained under a reverse bias when the crystalline quality of ITO/AZO
double films is good enough to transmit the light into p-Si.

In device physics, the tunneling effect of SIS solar cell has been investigated in our current
work, depending on the thickness of the ultra-thin insulator layer, which is potential for the
understanding of quantum mechanics in the photovoltaic devices.

2. Review of TCO thin films

2.1 Development of TCOs

2.1.1 Feature of TCO

Most optically transparent and electrically conducting oxides (TCOs) are binary or ternary
compounds, containing one or two metallic elements. Their resistivity could be as low as
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105 Q cm, and their extinction coefficient k in the visible range (VIS) could be lower than
0.0001, owing to their wide optical band gap (Eg) that could be greater than 3 eV. This
remarkable combination of conductivity and transparency is usually impossible in intrinsic
stoichiometric oxides; however, it is achieved by producing them with a non-stoichiometric
composition or by introducing appropriate dopants. Badeker (1907) discovered that thin
CdO films possess such characteristics. Later, it was recognized that thin films of ZnO, SnO,,
In;O;5 and their alloys were also TCOs. Doping these oxides resulted in improved electrical
conductivity without degrading their optical transmission. Al doped ZnO (AZO), tin doped
In;O;, (ITO) and antimony or fluorine doped SnO; (ATO and FTO), are among the most
utilized TCO thin films in modern technology. In particular, ITO is used extensively in
acoustic wave device, electro-optic modulators, flat panel displays, organic light emitting
diodes and photovoltaic devices.

The actual and potential applications of TCO thin films include: (1) transparent electrodes
for flat panel displays (2) transparent electrodes for photovoltaic cells, (3) low emissivity
windows, (4) window defrosters, (5) transparent thin films transistors, (6) light emitting
diodes, and (7) semiconductor lasers. As the usefulness of TCO thin films depends on both
their optical and electrical properties, both parameters should be considered together with
environmental stability, abrasion resistance, electron work function, and compatibility with
substrate and other components of a given device, as appropriate for the application. The
availability of the raw materials and the economics of the deposition method are also
significant factors in choosing the most appropriate TCO material. The selection decision is
generally made by maximizing the functioning of the TCO thin film by considering all
relevant parameters, and minimizing the expenses. TCO material selection only based on
maximizing the conductivity and the transparency can be faulty.

Recently, the scarcity and high price of Indium needed for ITO materials, the most popular
TCO, as spurred R&D aimed at finding a substitute. Its electrical resistivity (p) should be
~104 Q cm or less, with an absorption coefficient (o ) smaller than 104 cm? in the near-UV
and VIS range, and with an optical band gap >3eV. A 100 nm thick film TCO film with these
values for and will have optical transmission (T) 90% and a sheet resistance (Rs) of <10 Q/T0.
At present, AZO and ZnO:Ga (GZO) semiconductors are promising alternatives to ITO for
thin-film transparent electrode applications. The best candidates is AZO, which can have a
low resistivity, e.g. on the order of 104 Q c¢m, and its source materials are inexpensive and
non-toxic. However, the development of large area, high rate deposition techniques is
needed.

Another objective of the recent effort to develop novel TCO materials is to deposit p-type
TCO films. Most of the TCO materials are n-type semiconductors, but p-type TCO materials
are required for the development of solid lasers, as well as TFT or PV cells. Such p-type
TCOs include: ZnO:Mg, ZnO:N, ZnO:In, NiO, NiO:Li, CuAlO,, CusSrO,, and CuGaO; thin
films. These materials have not yet found a place in actual applications owing to the
stability.

Published reviews on TCOs reported exhaustively on the deposition and diagnostic
techniques, on film characteristics, and expected applications. The present paper has three
objectives: (1) to review the theoretical and experimental efforts to explore novel TCO
materials intended to improve the TCO performance, (2) to explain the intrinsic physical
limitations that affect the development of an alternative TCO with properties equivalent to
those of ITO, and (3) to review the practical and industrial applications of existing TCO thin
films.
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2.1.2 Multiformity of TCOs

The first realization of a TCO material (CdO, Badeker 1907)) occurred slightly more than a
century ago when a thin film of sputter deposited cadmium (Cd) metal underwent
incomplete thermal oxidation upon postdeposition heating in air. Later, CdO thin films
were achieved by a variety of deposition techniques such as reactive sputtering, spray
pyrolysis, activated reactive evaporation, and metal organic vapor phase epitaxy (MOVPE).
CdO has a face centered cubic (FCC) crystal structure with a relatively low intrinsic band
gap of 2.28 eV. Note that without doping, CdO is an n-type semiconductor. The relatively
narrow band gap of CdO and the toxicity of Cd make CdO less desirable and account for
receiving somewhat dismal attention in its standard form. However, its low effective carrier
mass allows efficiently increasing the band gap of heavily doped samples to as high as 3.35
eV (the high carrier concentration results in a partial filling of a conduction band and
consequently, in a blue-shift of the UV absorption edge, known as the Burstein-Moss effect)
and gives rise to mobility as high as 607 cm2/V s in epitaxial CdO films doped with Sn. The
high mobility exhibited by doped CdO films is a definite advantage in device applications.
Cd-based TCOs such as CdO doped with either indium (In), tin (Sn), fluorine (F), or yttrium
(Y), and its ternary compounds such as CdSnOs;, CdoSnOy, CdInyO4 as well as its other
relevant compounds all have good electrical and optical properties. The lowest reported
resistivity of Cd-based TCOs is 1.4x10-* Q cm, which is very good and competitive with
other leading candidates. The typical transmittance of Cd-based TCOs in the visible range is
85%-90%. Although the Cd-based TCOs have the desired electrical and optical properties, in
addition to low surface recombination velocity, which is very desirable, they face
tremendous obstacles in penetrating the market except for some special applications such as
CdTe/CdS thin film solar cells due to the high toxicity of Cd. It should be noted that the
aforementioned solar cells are regulated and cannot be sold. To circumvent this barrier, the
manufacturers lease them for solar power generation instead. Consequently, our attention in
this chapter is turned away for discussing this otherwise desirable conducting oxide.
Revelations dating back to about 1960s that indium tin oxide (ITO), a compound of indium
oxide (InoOs) and tin oxide (SnO,), exhibits both excellent electrical and optical properties
paved the way for extensive studies on this material family. In,O; has a bixbyite-type cubic
crystal structure, while SnO; has a rutile crystal structure. Both of them are weak n-type
semiconductors. Their charge carrier concentration and thus, the electrical conductivity can
be strongly increased by extrinsic dopants which is desirable. In,Os is a semiconductor with
a band gap of 2.9 eV, a figure which was originally thought to be 3.7 eV. The reported
dopants for In,Os-based binary TCOs are Sn, Ge, Mo, Ti, Zr, Hf, Nb, Ta, W, Te, and F as well
as Zn. The In;Os-based TCOs doped with the aforementioned impurities were found to
possess very good electrical and optical properties. The smallest laboratory resistivities of
Sn-doped InyOs (ITO) are just below 10-4 €2 cm, with typical resistivities being about 1 x10-4
Q cm. As noted above, despite the nomenclature of Sn-doped In;O; (ITO), this material is
really an InoOs-rich compound of In;O; and SnO». SnO; is a semiconductor with a band gap
of 3.62 eV at 298 K and is particularly interesting because of its low electrical resistance
coupled with its high transparency in the UV-visible region. SnO, grown by molecular
beam epitaxy (MBE) was found to be unintentionally doped with an electron concentration
for different samples in the range of (0.3-3) x 1017 cm™ and a corresponding electron
mobility in the range of 20-100 cm2/V s. Fluorine (F), antimony (Sb), niobium (Nb), and
tantalum (Ta) are most commonly used to achieve high n-type conductivity while
maintaining high optical transparency.
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Much as ITO is the most widely used In,Os-based binary TCO, fluorine-doped tin oxide
(FTO) is the dominant in SnO»-based binary TCOs. In comparison to ITO, FTO is less
expensive and shows better thermal stability of its electrical properties as well chemical
stability in dye-sensitized solar cell (DSSC). FTO is the second widely used TCO material,
mainly in solar cells due to its better stability in hydrogen-containing environment and at
high temperatures required for device fabrication. The typical value of FTO’s average
transmittance is about 80%. However, electrical conductivity of FTO is relatively low and it
is more difficult to pattern via wet etching as compared to ITO. In short, more efforts are
beginning to be expended for TCOs by researchers owing to their above-mentioned uses
spurred by their excellent electrical and optical properties in recently popularized devices.
Germanium-doped indium oxide, IGO (InyO3:Ge), and fluorine-doped indium oxide, IFO
(In203:F), reported by Romeo et al., for example, have resistivities of about 2 x 104 €2 cm and
optical transmittance of = 85% in the wavelength range of 400-800 nm, which are
comparable to their benchmark ITO. Molybdenum-doped indium oxide, IMO (InO3:Mo),
was first reported by Meng et al.. Later on, Yamada et al. reported a low resistivity of 1.5 x
10-4Q cm and a mobility of 94 cm?2/V s, and Parthiban et al. reported a resistivity of 4 x 104
Q cm, an average transmittance of >83% and a mobility of 149 cm?/V s for IMO. Zn-doped
indium oxide, IZO (InyO3:Zn), deposited on plastic substrates showed resistivity of 2.9 x 104
Q cm and optical transmittance of > 85%. Suffice it to say that InoOs; doped with other
impurities have comparable electrical and optical properties to the above-mentioned data as
enumerated in many articles.

The small variations existing among these reports could be attributed to the particulars of
the deposition techniques and deposition conditions. To improve the electrical and optical
properties of InoO3 and ITO, their doped varieties such as ITO:Ta and InO3:Cd-Te have
been explored as well. For example, compared with ITO, the films of ITO:Ta have improved
the electrical and optical properties due to the improved crystallinity, larger grain size, and
the lower surface roughness, as well as a larger band gap, which are more pronounced for
ITO:Ta achieved at low substrate temperatures. The carrier concentration, mobility, and
maximum optical transmittance for ITO:Ta achieved at substrate temperature 400°C are 9.16
x 1020 cm-3, 28.07 cm2?/V s and 91.9% respectively, while the corresponding values for ITO
are 9.12 x 1020 cm™3, 26.46 cm?/V s and 87.9%, respectively. Due to historical reasons,
propelled by the above discussed attributes, ITO is the predominant TCO used in
optoelectronic devices. Another reason why ITO enjoys such predominance is the ease of its
processing. ITO-based transparent electrodes used in LCDs consume the largest amount of
indium, about 80% of the total. As reported by Minami and Miyata (January, 2008), about
800 tons of indium was used in Japan in 2007. Because approximately 80%-90% of the
indium can be recycled, the real consumption of indium in Japan in 2007 is in the range of
80-160 tons. The total amount of indium reserves in the world is estimated to be only
approximately 6000 tons according to the 2007 United States Geological Survey. It is widely
believed that indium shortage may occur in the very near future and indium will soon
become a strategic resource in every country.

Consequently, search for alternative TCO films comparable to or better than ITO is
underway. The report published by NanoMarkets in April 2009 (Indium Tin Oxide and
Alternative Transparent Conductor Markets) pointed out that up until 2009 the ITO market
was not challenged since the predicted boom in demand for ITO did not happen, partially
due to the financial meltdown. The price of indium slightly varied from about US700$/kg in
2005 to US1000$/kg in 2007 and then to US700$/kg in 2009 which is still too expensive for



116 Solar Cells — Thin-Film Technologies

mass production. On the other hand, the market research firm iSupply forecasted in 2008
that the worldwide market for all touch screens employing ITO layers would nearly double,
from $3.4 billion to $6.4 billion by 2013. Therefore, ITO as the industrial standard TCO is
expected to lose its share of the applicable markets rather slowly even when alternatives
become available. The report by NanoMarkets is a good guide for both users and
manufacturers of TCOs.

In addition to ZnO-based TCOs, it also remarks on other possible solutions such as
conductive polymers and/or the so-called and overused concept of nano-engineered
materials such as poly (3, 4-ethylenedioxythiophene) well known as PEDOT by both H.C.
Starck and Agfa, and carbon nanotube (CNT) coatings, which have the potentials to replace
ITO at least in some applications since they can overcome the limitations of TCOs. Turning
our attention now to the up and coming alternatives to ITO, ZnO with an electron affinity of
4.35 eV and a direct band gap energy of 3.30 eV is typically an n-type semiconductor
material with the residual electron concentration of~1017 cm=3. However, the doped ZnO
films have been realized with very attractive electrical and optical properties for electrode
applications. The dopants that have been used for the ZnO-based binary TCOs are Ga, Al, B,
In, Y, Sc, V, Si, Ge, Ti, Zr, Hf, and F. Among the advantages of the ZnO-based TCOs are low
cost, abundant material resources, and non-toxicity. At present, ZnO heavily doped with Ga
and Al (dubbed GZO and AZO) has been demonstrated to have low resistivity and high
transparency in the visible spectral range and, in some cases, even outperform ITO and FTO.
The dopant concentration in GZO or AZO is more often in the range of 1020-1021 cm~3 and
although we obtained mobilities near 95 cm?/V s in our laboratory in GZO typical reported
mobility is near or slightly below 50 cm2/V s. Ionization energies of Al and Ga donors (in
the dilute limit which decreases with increased doping) are 53 and 55 meV, respectively,
which are slightly lower than that of In (63 meV). Our report of a very low resistivity
of~8.5x10-5Q cm for AZO, and Park et al. reported a resistivity of ~8.1 x 10->Q cm for GZO,
both of which are similar to the lowest reported resistivity of~7.7x10-> Q cm for ITO. The
typical transmittance of AZO and GZO is easily 90% or higher, which is comparable to the
best value reported for ITO when optimized for transparency alone and far exceeds that of
the traditional semi-transparent and thin Ni/ Au metal electrodes with transmittance below
70% in the visible range. The high transparency of AZO and GZO originates from the wide
band gap nature of ZnO. Low growth temperature of AZO or GZO also intrigued
researchers with respect to transparent electrode applications in solar cells. As compared to
ITO, ZnO-based TCOs show better thermal stability of resistivity and better chemical
stability at higher temperatures, both of which bode well for the optoelectronic devices in
which this material would be used. In short, AZO and GZO are the TCOs attracting more
attention, if not the most, for replacing ITO. From the cost and availability and
environmental points of view, AZO appears to be the best candidate. This conclusion is also
bolstered by batch process availability for large-area and large-scale production of AZO.

To a lesser extent, other ZnO-based binary TCOs have also been explored. For
readers’convenience, some references are discussed at a glance below. B-doped ZnO has
been reported to exhibit a lateral laser-induced photovoltage (LPV), which is expected to
make it a candidate for position sensitive photo-detectors. In-doped ZnO prepared by
pulsed laser deposition and spray pyrolysis is discussed, respectively. Y-doped ZnO
deposited by sol-gel method on silica glass has been reported. The structural, optical and
electrical properties of F-doped ZnO formed by the sol-gel process and also listed almost all
the relevant activities in the field. For drawing the contrast, we should reiterate that among
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all the dopants for ZnO-based binary TCOs, Ga and Al are thought to be the best candidates
so far. It is also worth nothing that Zn;-,Mg,O alloy films doped with a donor impurity can
also serve as transparent conducting layers in optoelectronic devices. As well known the
band gap of wurtzite phase of Zn;-\Mg,O alloy films could be tuned from 3.37 to 4.05 eV,
making conducting Zn;-.Mg.O films more suitable for ultraviolet (UV) devices. The larger
band gap of these conducting layers with high carrier concentration is also desired in the
modulation-doped heterostructures designed to increase electron mobility. In this vein,
Zn;-Mg,O doped with Al has been reported in Refs. The above-mentioned ZnO-based
TCOs have relatively large refractive indices as well, in the range of 1.9-2.2, which are
comparable to those of ITO and FTO. For comparison, the refractive indices of commercial
ITO/glass decrease from 1.9 at wavelength of 400 nm to 1.5 at a wavelength of 800 nm,
respectively. The high refractive indices reduce internal reflections and allow employment
of textured structures in LEDs to enhance light extraction beyond that made feasible by
enhanced transparency alone. The dispersion in published values of the refractive index is
attributed to variations in properties of the films prepared by different deposition
techniques. For example, amorphous ITO has lower refractive index than textured ITO. It is
interesting to note that nanostructures such as nanorods and nanotips as well as controllable
surface roughness could enhance light extraction/absorption in LEDs and solar cells, thus
improving device performance. Fortunately, such nanostructures can be easily achieved in
Zn0O by choosing and controlling the growth conditions. One disadvantage of ZnO-based
TCOs is that they degrade much faster than ITO and FTO when exposed to damp and hot
(DH) environment. The stability of AZO used in thin film CulnGaSe; (CIGS) solar cells,
along with Al-doped Zn;-.Mg,O alloy, ITO and FTO, by direct exposure to damp heat (DH)
at 85°C and 85% relative humidity. The results showed that the DH-induced degradation
rates followed the order of AZO and Zn;-.Mg,O >» ITO > FTO. The degradation rates of
AZO were slower for films of larger thickness which were deposited at higher substrate
temperatures during sputter deposition, and underwent dry-out intervals. From the point of
view of the initiation and propagation of degrading patterns and regions, the degradation
behavior appears similar for all TCOs despite the obvious differences in the degradation
rates. The degradation is explained by both hydrolysis of the oxides at some sporadic weak
spots followed by swelling and popping of the hydrolyzed spots which are followed by
segregation of hydrolyzed regions, and hydrolysis of the oxide-glass interfaces.

In addition to those above-mentioned binary TCOs based on In;Os, SnO; and ZnO, ternary
compounds such as Zn;SnOs, ZnSnOs, ZnyInoOs, ZnzInaOs, InySnzOy2, and multicomponent
oxides including (ZnO);-x(In203)x, (In203)x(SNO2)1-x, (ZNO)1-x(SNOy)x are also the subject of
investigation. However, it is relatively difficult to deposit those TCOs with desirable optical
and electrical properties due to the complexity of their compositions. Nowadays ITO, FTO
and GZO/AZO described in more details above are preferred in practical applications due
to the relative ease by which they can be formed. Although it is not within the scope of this
article, it has to be pointed out for the sake of completeness that CdO along with In,O3 and
SnO; forms an analogous Ino03-5nO,-CdO alloy system. The averaged resistivity of ITO by
different techniques is ~1 x 10-4Qecm, which is much higher than that of FTO. For FTO, the
typically employed technique is spray pyrolysis which can produce the lowest resistivity of
~3.8 x 104 Qecm. For AZO/GZO, the resistivities listed here are comparable to or slightly
higher than ITO but their transmittance is slightly higher than that of ITO. Obviously, AZO
and GZO as well as other ZnO-based TCOs are promising to replace ITO for transparent
electrode applications in terms of their electrical and optical properties.There are also few
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reports for some other promising n-type TCOs, which could find some practical applications
in the future. They are titanium oxide doped with Ta or Nb, GaxOs; doped with Sn and
12Ca0 - 7ALO; (often denoted Ci2Ay). These new TCOs are currently not capable of
competing with ITO/FTO/GZO/AZO in terms of electrical or optical properties. We should
also point out that n-type transparent oxides under discussion are used on top of the p-type
semiconductors and the vertical conduction between the two relies on tunneling and
leakage. The ideal option would be to develop p-type TCOs which are indeed substantially
difficult to attain.

3. Crystal chemistry of ITO

Crystalline indium oxide has the bixbyite structure consisting of an 80-atom unit cell with
the Ia3 space group and a 1-nm lattice parameter in an arrangement that is based on the
stacking of InOg coordination groups. The structure is closely related to fluorite, which is a
face-centered cubic array of cations with all the tetrahedral interstitial positions occupied
with anions. The bixbyite structure is similar to fluorite except that the MOs coordination
units (oxygen position on the corners of a cube and M located near the center of the cube) of
fluorite are replaced with units that have oxygen missing from either the body or the face
diagonal. The removal of two oxygen ions from the metal-centered cube to form the InOs
coordination units of bixbyite forces the displacement of the cation from the center of the
cube. In this way, indium is distributed in two nonequivalent sites with one-fourth of the
indium atoms positioned at the center of a trigonally distorted oxygen octahedron
(diagonally missing O). The remaining three-fourths of the indium atoms are positioned at
the center of a more distorted octahedron that forms with the removal of two oxygen atoms
from the face of the octahedron. These MOg coordination units are stacked such that one-
fourth of the oxygen ions are missing from each {100} plane to form the complete bixbyite
structure. A minimum in the thin-film resistivity is found in the ITO system when the
oxygen partial pressure during deposition is optimized. This is because doping arises from
two sources, four-valent tin substituting for three-valent indium in the crystal and the
creation of doubly charged oxygen vacancies. This is due to an oxygen-dependent
competition between substitutional Sn and Sn in the form of neutral oxide complexes that
do not contribute carriers. Amorphous ITO that has been optimized with respect to oxygen
content during deposition has a characteristic carrier mobility (40 cm?/V s) that is only
slightly less than that of crystalline films of the same composition. This is in sharp contrast
to amorphous covalent semiconductors such as Si, where carrier transport is severely
limited by the disorder of the amorphous phase. In semiconducting oxides formed from
heavy-metal cations with (n-1)d10ns® (n <4) electronic configurations, it appears that the
degenerate band conduction is not band-tail limited.

4. ZnO thin films

Another important oxide used in PV window and display technology applications is doped
ZnO, which has been learned to have a thin-film resistivity as low as 2.4 x10-4 Qecm.
Although the resistivity of ZnO thin films is not yet as small as the ITO standard, it does
offer the significant benefits of low cost relative to In-based systems and high chemical and
thermal stability. In the undoped state, zinc oxide is highly resistive because, unlike In-
based systems, ZnO native point defects are not efficient donors. However, reasonable
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impurity doping efficiencies can be achieved through substitutional doping with Al, In, or
Ga. Most work to date has focused on Al - doped ZnO, but this dopant requires a high
degree of control over the oxygen potential in the sputter gas because of the high reactivity
of Al with oxygen. Gallium, however, is less reactive and has a higher equilibrium oxidation
potential, which makes it a better choice for ZnO doping applications. Furthermore, the
slightly smaller bond length of Ga-O (1.92A) compared with Zn-O (1.97 A) also offers the
advantage of minimizing the deformation of the ZnO lattice at high substitutional gallium
concentrations. The variety of ZnO thin films has been expatiated elsewhere.

5. Electrical conductivity of TCO

TCOs are wide band gap (Eg) semiconducting oxides, with conductivity in the range of 102 -
1.2x10¢ (S). The conductivity is due to doping either by oxygen vacancies or by extrinsic
dopants. In the absence of doping, these oxides become very good insulators, with the
resistivity of > 1010 Q cm. Most of the TCOs are n-type semiconductors. The electrical
conductivity of n-type TCO thin films depends on the electron density in the conduction
band and on their mobility: ¢ =u n e, where p is the electron mobility, n is its density, and e
is the electron charge. The mobility is given by:

h=et/m* M

where 71 is the mean time between collisions, and m* is the effective electron mass. However,
as n and t are negatively correlated, the magnitude of p is limited. Due to the large energy
gap (Eg > 3 eV) separating the valence band from the conducting band, the conduction band
can not be thermally populated at room temperature (kT~0.03 eV, where k is Boltzmann's
constant), hence, stoichiometric crystalline TCOs are good insulators. To explain the TCO
characteristics, the various popular mechanisms and several models describing the electron
mobility were proposed.

In the case of intrinsic materials, the density of conducting electrons has often been
attributed to the presence of unintentionally introduced donor centers, usually identified as
metallic interstitials or oxygen vacancies that produced shallow donor or impurity states
located close to the conduction band. The excess donor electrons are thermally ionized at
room temperature, and move into the host conduction band. However, experiments have
been inconclusive as to which of the possible dopants was the predominant donor. Extrinsic
dopants have an important role in populating the conduction band, and some of them have
been unintentionally introduce. Thus, it has been conjectured in the case of ZnO that
interstitial hydrogen, in the H* donor state, could be responsible for the presence of carrier
electrons. In the case of SnO,, the important role of interstitial Sn in populating the
conducting band, in addition to that of oxygen vacancies, was conclusively supported by
first-principle calculations. They showed that Sn interstitials and O vacancies, which
dominated the defect structure of SnO, due to the multivalence of Sn, explained the natural
nonstoichiometry of this material and produced shallow donor levels, turning the material
into an intrinsic n-type semiconductor. The electrons released by these defects were not
compensated because acceptor-like intrinsic defects consisting of Sn voids and O interstitials
did not form spontaneously. Furthermore, the released electrons did not make direct optical
transitions in the visible range due to the large gap between the Fermi level and the energy
level of the first unoccupied states. Thus, SnO, could have a carrier density with minor
effects on its transparency.



120 Solar Cells — Thin-Film Technologies

The conductivity o is intrinsically limited for two reasons. First, n and t cannot be
independently increased for practical TCOs with relatively high carrier concentrations. At
high conducting electron density, carrier transport is limited primarily by ionized impurity
scattering, i.e., the Coulomb interactions between electrons and the dopants. Higher doping
concentration reduces carrier mobility to a degree that the conductivity is not increased, and
it decreases the optical transmission at the near-infrared edge. With increasing dopant
concentration, the resistivity reaches a lower limit, and does not decrease beyond it, whereas
the optical window becomes narrower. Bellingham were the first to report that the mobility
and hence the resistivity of transparent conductive oxides (ITO, SnO,, ZnO) are limited by
ionized impurity scattering for carrier concentrations above 1020 cm3. Ellmer also showed
that in ZnO films deposited by various methods, the resistivity and mobility were nearly
independent of the deposition method and limited to about 2x104 Q cm and 50 cm?2/Vs,
respectively. In ITO films, the maximum carrier concentration was about 1.5x102! cm-3, and
the same conductivity and mobility limits also held. This phenomenon is a universal
property of other semiconductors. Scattering by the ionized dopant atoms that are
homogeneously distributed in the semiconductor is only one of the possible effects that
reduce the mobility. The all recently developed TCO materials, including doped and
undoped binary, ternary, and quaternary compounds, also suffer from the same limitations.
Only some exceptional samples had a resistivity of <1x104 Q cm.

In addition to the above mentioned effects that limit the conductivity, high dopant
concentration could lead to clustering of the dopant ions, which increases significantly the
scattering rate, and it could also produce nonparabolicity of the conduction band, which has
to be taken into account for degenerately doped semiconductors with filled conduction
bands.

6. Optical properties of TCO

The transmission window of TCOs is defined by two imposed boundaries. One is in the
near-UV region determined by the effective band gap Eg, which is blue shifted due to the
Burstein-Moss effect. Owing to high electron concentrations involved the absorption edge is
shifted to higher photon energies. The sharp absorption edge near the band edge typically
corresponds to the direct transition of electrons from the valence band to the conduction
band. The other is at the near infrared (NIR) region due to the increase in reflectance caused
by the plasma resonance of electron gas in the conduction band. The absorption coefficient
(a) is very small within the defined window and consequently transparency is very high.
The positions of the two boundaries defining the transmission window are closely related to
the carrier concentration. For TCOs, both boundaries defining the transmission window
shift to shorter wavelength with the increase of carrier concentration. The blue-shift of the
near-UV and near-IR boundaries of the transmission window of GZO as the carrier
concentration increased from 2.3 x 1020 cm™3 to 10 x 1020 cm™3. The blue-shift of the onset of
absorption in the near-UV region is associated with the increase in the carrier concentration
blocking the lowest states (filled states) in the conduction band from absorbing the photons.
The Burstein-Moss effect owing to high electron concentrations has been widely observed in
transmittance spectra of GZO and AZO. A comparable or even larger blue-shift in the
transmittance spectra of GZO has been reported with absorption edge at about 300 nm
wavelength corresponding to a bang gap of about 4.0 eV. The plasma frequency at which
the free carriers are absorbed has a negative correlation with the free carrier concentration.
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Consequently, the boundary in the near-IR region also shifts to the shorter wavelength with
increase of the free carrier concentration. The shift in the near-IR region is more pronounced
than that in the near-UV region. Therefore, the transmission window becomes narrower as
the carrier concentration increases. This means that both the conductivity and the
transmittance window are interconnected since the conductivity is also related to the carrier
concentration as discussed above. Thus, a compromise between material conductivity and
transmittance window must be struck, the specifics of which being application dependent.
While for LED applications the transparency is needed only in a narrow range around the
emission wavelengths, solar cells require high transparency in the whole solar spectral
range. Therefore, for photovoltaics, the carrier concentration should be as low as possible for
reducing the unwanted free carrier absorption in the IR spectral range, while the carrier
mobility should be as high as possible to retain a sufficiently high conductivity. Optical
measurements are also commonly employed to gain insight into the film quality. For
example, interference fringes found in transmittance curves indicate the highly reflective
nature of surfaces and interfaces in addition to the low scattering and absorption losses in
the films. The particulars of interferences are related to both the film thickness and the
incident wavelength, which can be used to achieve higher transmittance for TCOs. In the
case of a low quality TCO, deep level emissions occurring in photoluminescence (PL)
spectra along with relatively low transmittance are attributed to the lattice defects such as
oxygen vacancies, zinc vacancies, interstitial metal ions, and interstitial oxygen. High-
doping concentration-induced defects in crystal lattices causing the creation of electronic
defect states in band gap similarly have an adverse effect on transparency. In GZO, as an
example, at very high Ga concentrations (1020-102! cm-3), the impurity band merges with the
conduction band causing a tail-like state below the conduction band edge of intrinsic ZnO.
These tail states are responsible for the low-energy part of PL emission. Therefore, the
defects, mainly the oxygen-related ones, in TCOs have to be substantially reduced, if not
fully eliminated, through the optimal growth conditions to attain higher transmittance.

7. Application of TCO in solar cells

Solar cells exploit the photovoltaic effect that is the direct conversion of incident light into
electricity. Electron-hole pairs generated by solar photons are separated at a space charge
region of the two materials with different conduction polarities. Solar cells represent a very
promising renewable energy technology because they provide clean energy source (beyond
manufacturing) which will reduce our dependence on fossil oil. The principles of operation
of solar cells have been widely discussed in detail in the literature and as such will not be
repeated here. Rather, the various solar cell technologies will be discussed in the context of
conduction oxides. Solar cells can be categorized into bulk devices (mainly single-crystal or
large-grain polycrystalline Si), thin film single- and multiple-junction devices, and newly
emerged technology which include dye-sensitized cells, organic/polymer cells, high-
efficiency multi-junction cells based on III-V semiconductors among others. Crystalline
silicon modules based on bulk wafers have been dubbed as the “first-generation”
photovoltaic technology. The cost of energy generated by PV modules based on bulk-Si
wafers is currently around $3-$4/Wp and cost reduction potential seems limited by the
price of Si wafers. This cost of energy is still too high for a significant influence on energy
production markets. Much of the industry is focused on the most cost efficient technologies
in terms of cost per generated power. The two main strategies to bring down the cost of
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photovoltaic electricity are increasing the efficiency of the cells and decreasing their cost per
unit area. Thin film devices (also referred to as second generation of solar cells) consume
less material than the bulk-Si cells and, as a result, are less expensive. The market share of
the thin film solar cells is continuously growing and has reached some 15% in year 2010,
while the other 85% is silicon modules based on bulk wafers. Alternative approaches also
focused on reducing energy price are devices based on polymers and dyes as the absorber
materials, which include a wide variety of novel concepts. These cells are currently less
efficient than the semiconductor-based devices, but are attractive due to simplicity and low
cost of fabrication.

TCO are utilized as transparent electrodes in many types of thin film solar cells, such as a-Si
thin film solar cells, CdTe thin film solar cells, and CIGS thin film solar cells. It should be
mentioned that, for photovoltaic applications, a trade-off between the sheet resistance of a
TCO layer and its optical transparency should be made. As mentioned above, to reduce
unwanted free carrier absorption in the IR range, the carrier concentration in TCO should be
as low as possible, while the carrier mobility should be as high as possible to obtain
sufficiently high conductivity. Therefore, achieving TCO films with high carrier mobility is
crucial for solar cell applications.

7.1 Si thin film solar cells

In addition to the well-established Si technology and non-toxic nature and abundance of Si,
the advantage of thin film silicon solar cells is that they require lower amount of Si as
compared to the devices based on bulk wafers and therefore are less expensive. Several
different photovoltaic technologies based on Si thin films have been proposed and
implemented: hydrogenated amorphous Si (a-Si:H) with quasi-direct band gap of 1.8 eV,
hydrogenated microcrystalline Si (pc-Si:H) with indirect band gap of 1.1 eV, their
combination (micromorph Si), and polycrystalline Si on glass (PSG) solar cells. The first
three technologies rely on TCOs as front/back electrodes. This thin film p-i-n solar cell is
fabricated in a so-called superstrate configuration, in which the light enters the active region
through a glass substrate. In this case, the fabrication commences from the front of the cell
and proceeds to its back.

First, a TCO front contact layer is deposited on a transparent glass substrate, followed by
deposition of amorphous/microcrystalline Si, and a TCO/metal back contact layer.
Therefore, the TCO front contact must be sufficiently robust to survive all subsequent
deposition steps and post-deposition treatments. To obtain high efficiency increasing the
path length of incoming light is crucial, which is achieved by light scattering at the interface
between Si and TCO layers with different refractive indices, so that light is “trapped” within
the Si absorber layer. The light trapping allows reduction of the thickness of the Si absorber
layer which paves the way for increased device stability. Therefore, TCO layers used as
transparent electrodes in the Si solar cells have a crucial impact on device performance. In
addition to high transparency and high electrical conductivity, a TCO layer used as front
electrode should ensure efficient scattering of the incoming light into the absorber layer and
be chemically stable in hydrogen-containing plasma used for Si deposition, and act as a
good nucleation layer for the growth of microcrystalline Si. The bottom TCO layer between
Si and a metal contact works as an efficient back reflector as well as a diffusion barrier.

To increase light scattering, surface texturing of the front and back TCO contact layers is
commonly used. As discussed above, the TCOs for practical applications are ITO, FTO and



TCO-Si Based Heterojunction Photovoltaic Devices 123

GZO/AZO. For reasons mentioned in the text dealing with the discussion of various TCO
materials, FTO films have been widely used in solar cells to replace ITO. Alternatively, FTO
coated ITO/ glass substrate have been proposed to overcome the shortcomings of pure ITO.
FTO is the one typically used but cost-effective SnO,-coated glass substrates on large areas
(~1 m?2) are still not being used as a standard substrate. On the other hand, AZO has
emerged as a promising TCO material for solar cells. The AZO/ glass combination has better
transparency and higher conductivity than those of commercial FTO/glass substrates.
Another benefit is that AZO is more resistant to hydrogen-rich plasmas used for chemical
vapor deposition of thin film silicon layers as compared to FTO and ITO. The AZO films on
glass for thin film silicon solar cells have a sheet resistance of about 3€/sq for a film
thickness of ~1000 nm, a figure which degrades for thinner films. They also reported a
transmittance of ~90% in the visible region of the optical spectrum for a film thickness of
~700 nm, which enhances for thinner films. These thin film silicon solar cells all have high
external quantum efficiencies in the blue and green wavelength regions due to the good
transmittance of the AZO films and good index matching as well as a rough interface for
avoiding reflections. The highest external quantum efficiency is about 85% at a wavelength
of 500 nm. However, as mentioned earlier, AZO degrades much faster than ITO and FTO in
dampheat environment.

7.2 CdTe thin film solar cells

CdTe has a direct optical band gap of about 1.5 eV and high absorption coefficient of >105
cm! in the visible region of the optical spectrum, which ensures the absorption of over 99%
of the incident photons with energies greater than the band gap by a CdTe layer of few
micrometers in thickness. CdTe solar cells are usually fabricated in the superstrate
configuration, i.e., starting at the front of the cell and proceeding to the back, as described
above for the Si solar cells. CdTe is of naturally p-type conductivity due to Cd vacancies.
Separation of the photo-generated carriers is performed via a CdTe/CdS p-n heterojunction.
CdS is an n-type material because of native defects, and has a band gap Eg~2.4 eV, which
causes light absorption in the blue wavelength range which is undesirable. For this reason,
the CdS layer is made very thin and is commonly referred to as a “window layer”,
emphasizing that photons should pass through it to be absorbed in the CdTe “absorber
layer”. The basic traditional module of CdTe solar cell is composed of a stack of
‘Metal/CdTe/CdS/TCO/glass’. The fabrication begins with the deposition of a TCO layer
onto the planar soda lime glass sheet followed by the deposition of the CdS window layer
and the CdTe light absorber layer, ~ 5 pm in thickness. Efficiencies of up to 16.5% have been
achieved with small-area laboratory cells, while the best commercial modules are presently
10%-11% efficient. The thin CdS window layer poses a problem shared by both CdTe and
CIS-based thin film modules, which will be discussed in the next section. Since this layer
should be very thin (50-80 nm in thickness), pinholes in CdS provide a direct contact
between TCO and the CdS absorber layer, creating short circuits and reducing dramatically
the efficiency. This problem is especially severe for CdTe cells, because sulfur readily
diffuses into the CdTe layer during post-growth annealing further decreasing the CdS layer
thickness.

To mitigate this issue, thin buffer layers made of highly resistive transparent oxides are
incorporated between the TCO contact and the CdS window. SnO; layers are commonly
used as such buffers, although ZnSnOy films also have been proposed. The exact role of the
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buffer layers is not fully understood, whether it simply prevents short circuits by
introducing resistance or also changes the interfacial energetics by introducing additional
barriers, and optimization of this interface is a critical need. TCO materials typically used in
CdTe solar cells are ITO and FTO. Reports for AZO in CdTe cells are very few. The use of
ZnO-based TCOs in CdTe solar sells of superstrate configuration is hampered by its thermal
instability and chemical reaction with CdS at high temperatures (550-650°C) typically used
for CdTe solar cells fabrication. To resolve this problem, Gupta and Compaan applied low
temperature (250°C) deposition by magnetron sputtering to fabricate superstrate
configuration CdS/CdTe solar sells with AZO front contacts. These cells yielded efficiency
as high as 14.0%. Bifacial CdTe solar cells make it possible to increase the device NIR
transmission as the parasitic absorption and reflection losses are minimized. The highest
efficiency of 14% was achieved from a CdTe cell with an FTO contact layer. The device
performance depends strongly on the interaction between the TCO and CdS films. Later, the
same group has noted a substantial In diffusion from ITO to the CdS/CdTe photodiode,
which can be prevented by the use of undoped SnO; or ZnO buffers. Application of TCO as
the back contact also allows fabrication of bifacial CdTe cells or tandem cells, which opens a
variety of new applications of CdTe solar cells.

7.3 CIGS thin film solar cells

Copper indium diselenide (CulnSe; or CIS) is a direct-bandgap semiconductor with a
chalcopyrite structure and belongs to a group of miscible ternary I-III-VI, compounds with
direct optical bandgaps ranging from 1 to 3.5 eV. The miscibility of ternary compounds, that
is the ability to mix in all proportions, enables quaternary alloys to be deposited with any
bandgap in this range. A large light absorption coefficient of >105 cm™ at photon energies
greater than a bandgap allows a relatively thin (few pm in thickness) layer to be used as the
light absorber. The alloy systems with optical bandgaps appropriate for solar cells include
Cu(InGa)Se;, Culn(SeS),, Cu(InAl)Sez, and Cu(InGa)S,. Copper indium-gallium diselenide
Cu(InGa)Se; (or CIGS) has been found to be the most successful absorber layer among
chalcopyrite compounds investigated to date. The bandgap is ~1.0 eV for CulnSe; and
increases towards the optimum value for photovoltaic solar energy conversion when
gallium is added to produce Cu(In, Ga)Se,. An energy bandgap of 1.25-1.3 eV corresponds
to the maximum gap achievable without loss of efficiency. Further increase in the Ga
fraction reduces the formation energies of point defects, primary, copper vacancies which
makes them more likely to form. Also, a further increase in gallium content makes the
absorber layers too highly resistive to be used in solar cells. Therefore, most CIGS devices
are produced with an energy bandgap below 1.3 eV, which limits their Voc at ~700 meV.
Note that both CIS- and CIGS-based devices are usually dubbed as the CIS technology in the
literature. The CIS technology provides the highest performance in the laboratory among all
thin-film solar cells, with confirmed power conversion efficiencies of up to 20.1% for small
(0.5 cm?) cells fabricated by the Zentrum fuer Sonnenenrgie-und-Wasserstoff-Forschung
and measured at the Fraunhofer Institute for Solar Energy Systems, and many companies
around the world are developing a variety of manufacturing approaches aimed at low-cost,
high-yield, large-area devices which would maintain laboratory-level efficiencies.

Similarly, TCO layers are generally used for the front contact, whereas a reflective contact
material (Ag, frequently in combination with a TCO interlayer, is the most popular one) is
needed on the back surface to enhance the light trapping in absorber layers. The optical
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quality of these materials substantially affects the required thickness of the absorber layers
in terms of providing the absorption of an optimal amount of irradiation. Depending on the
application, devices are fabricated in either a “substrate” or a “superstrate” configuration.
The superstrate configuration is based on TCO-coated transparent glass substrates, and the
layers are deposited in a reversed sequence, from the top (front) to the bottom (back). The
deposition starts with a contact window layer of a photodiode and ends with a back
reflector. Light enters the cell through the glass substrate.

In the superstrate configuration, it is important for the TCO as substrate material to be not
only electrically conductive and optically transparent, but also be chemically stable during
solar-cell material deposition. The superstrate design is particularly suited for building
integrated solar cells in which a glass substrate can be used as an architectural element. In
the case of the substrate configuration, solar cells are fabricated from the back to the front,
and the deposition starts from the back reflector and is finished with a TCO layer. For some
specific applications, the use of lightweight, unbreakable substrates, such as stainless steel,
polyimide or PET (polyethylene terephtalate) is advantageous.

8. A novel violet and blue enhanced SINP silicon photovoltaic device

8.1 Introduction

Violet and blue enhanced semiconductor photovoltaic devices are required for various
applications such as optoelectronic devices for communication, solar cell, aerospace,
spectroscopic, and radiometric measurements. Silicon photodetector are sensitive from
infrared to visible light but have poor responsivity in the short wavelength region. Since the
absorption coefficient of crystal Si is very high for shorter wavelengths in the violet region
and is small for longer wavelengths. The heavily doped emitter may contain a dead layer
near the surface resulting in poor quantum efficiency of the photoelectric device under short
wavelength region.

In order to improve the responsivity of silicon photodiode at the 400-600nm, a novel
ITO/SiOy/np Si SINP violet and blue enhanced photovoltaic device (SINP is the
abbreviation of semiconductor/insulator/np structure) was successfully fabricated using
thermal diffusion of phosphorus for shallow junction, a very thin silicon dioxide and ITO
film as an antireflection/passivation layer. The schematic and bandgap structure of the
novel SINP photovoltaic device are whown here (Fig.1 and Fig.2). The very thin SiO; film
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Fig. 1. Schematic of the novel SINP photovoltaic device.
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Fig. 2. Bandgap structure of the novel SINP photovoltaic device.

not only effectively passivated the surface of Si, but also reduced the mismatch of ITO and
Si. Since a low surface recombination is imperative for good quantum efficiency of the
device at short wavelength. The ITO film is high conducting, good antireflective (especially
for violet and blue light) and stable. In addition, a wide gap semiconductor as the top film
can serve as a low-resistance window, as well as the collector layer of the junction.
Therefore, it can eliminate the disadvantage of high sheet resistance, which results from
shallow junction. Because the penetration depth of short wavelength light is thin, the
shallow junction is in favor of improving sensitivity.

8.2 Experimental in detail

The starting material was 2.0 Qcm p-type CZ silicon. In the present, two types of shallow
and deep junction n-emitters for violet and near-infrared SINP photovoltaic devices were
made in an open quartz tube using liquid POCl; as the doping source. The sheet resistance
is 37Q/ A and 10Q/ 1, while the junction depth is 0.35pm and 1pm, respectively. After
phosphorus-silicon glass removing, a 2 pm Al metal electrode was deposited on the p-
silicon as the bottom electrode by vacuum evaporation. The 15~20A thin silicon oxide film
was successfully grown by low temperature thermally (500°C for 20 min in N2:Op=4:1
condition) grown oxidation technology. The 70 nm ITO antireflection film was deposited on
the substrate in a RF magnetron sputtering system. Sputtering was carried out at a working
gas (pure Ar) pressure of 1.0Pa.

The Ar flow ratio was 30 sccm. The RF power and the substrate temperature were 100W and
300°C, respectively. The sputtering was processed for 0.5h.The ITO films were also prepared
on glass to investigate the optical and electrical properties. Finally, by sputtering, a lpm Cu
metal film was deposited with a shadow mask on the ITO surface for the top grids electrode.
The area of the device is 4.0 cm2.



TCO-Si Based Heterojunction Photovoltaic Devices 127

8.3 Results and discussion

8.3.1 Optical and electric properties of ITO films

In order to learn the optical absorption and energy band structure of ITO film, the
transmission spectrum of the ITO film deposited on the glass substrate was measured
(Fig.3). The thickness of ITO film is about 700 A. The average transmittance of the film is
about 95% in the visible region and the band-edge at 325nm.While the optical band gap of
ITO film is about 3.8 eV by calculation. The reflection loss for ITO film on a texturized Si
surface was indicated (Fig.4) from UV to the visible regime, which is much lower than that
of SisNy film that are widely made by PECVD technology. This shows that ITO film
effectively reduced reflection loss in short-wavelength, which is suitable for antireflection
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Fig. 3. Transmission spectrum of the ITO film.
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Fig. 4. Comparison of the reflections for ITO and SisNy films on a texturized Si surface.
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coating in violet and blue photovoltaic device. Electrical properties of the ITO film were
measured by four-point probe and Hall effect measurement. The square resistance and the
resistivity are low to 17Q/ v and 1.19x10+4 Q cm, respectively, while carrier concentration is
high to 2.11x102! atom/cm?.
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Fig. 5. I-V curve of the violet and blue enhanced (shallow junction) SINP photovoltaic device
in dark.
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8.3.2 I-V characteristics
In our study, the current-voltage characteristic of the violet SINP device was measured in
dark at room temperature (in Fig.5). I-V curves of the devices show fairly good rectifying

behaviors. Basing on the dark current as a function of the applied bias, the corresponding

diode resistance defined as R, = (;—‘I/)"1 is derived and shown (in Fig.6). The series resistance

arose from ohmic depletion plays a dominant role when the forward bias is larger than 0.25
V. When the voltage varies within 0.2 V and - 0.2 V, the resistance slightly increases as the
diffusion current in the base region. When the inversion voltage increases from - 0.2 to - 0.5
V, the leakage current and the recombination current in the surface layers restrain the
increase of the dynamic resistance, which keeps the Rp - V curve in an invariation state. In
the high inversion voltage region, the tunneling current plays a dominant role.

The plot of In(]) against V, is shown (in Fig.7), which indicates that the current at low

voltage (V < 0.3 V) varies exponentially with voltage. The characteristics can be described by

qv
nkgT

the standard diode equation: |=],(e"™* —1) where q is the electronic charge, V is the

applied voltage, ks is the Boltzmann constant, n is the ideality factor and Jo is the saturation
current density. Calculation of Jo and n from is obtained the measurements (in Fig.7). The
value of the ideality factor of the violet SINP device is determined from the slop of the
straight line region of the forward bias log(I)-V characteristics. At low forward bias (V< 0.2
V), the typical values of the ideality factors and the reverse saturation current density are
1.84 and 5.58x10-A /cm2, respectively.

qv

Using the standard diode equation ] = J,(¢™" —1), where n = 1.84 and Jo = 5.58x10-6 A /cm?2.

The result of calculation is similar to that of the measurement (in I-V curve). By the same
calculation method, the ideality factor and the reverse saturation current density of deep
junction SINP photovoltaic device are 2.21 and 4.2 x 10¢ A/cm?, respectively. This result
indicates that the recombination current ], ~ exp(qV/2kT) dominates in the forward current.
The rectifying behaviors and the composition of dark current for violet SINP photovoltaic
device is better than deep junction SINP device, because the ideality factor of the violet SINP
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Fig. 8. I-V characteristic of the violet and blue enhanced SINP photovoltaic devices in dark
and light (6.3 mW/cm? - white light), respectively.
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Fig. 9. I-V characteristic of the deep junction SINP devices in dark and light (6.3 mW/cm?2-
white light), respectively.

photovoltaic device (n=1.84) is lower than that of the deep junction SINP device (n=2.21).
Furthermore, the values of Ir/Iz (Ir and Iz stand for forward and reverse current,
respectively) at 1V for violet SINP device and deep junction SINP device are found to be as
high as 324.7 and 98 4, respectively.

The weak light-injection I-V characteristics of the novel SINP devices with low power white
light (6.3mW/cm?) illuminating were measured at 23°C. It is observed that the novel SINP
device exhibits a good photovoltaic effect and rectifying behavior in the photon - induced
carrieres transportation. On the other side, another essential physical parameter is internal
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quantum efficiency (IQE) or external quantum efficiency (EQE) for the evaluation of the
spectra response of the light (Fig.8 and Fig.9). The photocurrent density (~ 3.08 x 103
A/cm?) of violet and blue enhanced SINP photovoltaic device is much higher than that of
deep junction SINP device (~ 2.23 x 103A/cm?), at V = 0.

8.3.3 Spectral response and responsivity

The comparison of IQE, EQE and the responsivity for the violet and blue SINP photovoltaic
device and the deep junction SINP photovoltaic device has been illustrated (in Fig.10 ~
Fig.12). In visible light region, the internal and external quantum efficiencies (IQE and EQE)
of the devices are in the range of 75% to 85%. In the violet and blue region, the IQE and EQE
of shallow junction violet SINP device is much higher than that of the deep junction SINP
device. For example, the EQE and the responsivity of the violet SINP device are 70% and
285mA /W at 500nm, respectively, while the EQE and the responsivity of the deep junction
SINP device are 42% and 167mA/W at 500nm, respectively. The spectral responsivity peak
of violet and blue SINP photovoltaic device is 487mA /W at about 800nm. While the spectral
responsivity peak of deep junction SINP photovoltaic device is 471mA/W at about 860nm.
The high quantum efficiency and the responsivity of violet and blue enhanced photovoltaic
cell attribute to the shallow junction and the good conductive, and the violet and blue
antireflection of ITO film.
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Fig. 10. Comparison of IQE for violet and blue SINP photovoltaic device and the deep
junction SINP photovoltaic device.
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Fig. 11. Comparison of EQE for violet and the blue SINP photovoltaic device and the deep
junction SINP photovoltaic device.
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Fig. 12. Comparison of the responsivity for the violet and blue SINP photovoltaic device and
the deep junction SINP photovoltaic device.

8.3.4 Conclusions

The novel ITO/SiO,/np Silicon SINP violet and blue enhanced photovoltaic device has been
fabricated by thermal diffusion of phosphorus for shallow junction to enhance the spectral
responsivity within the wavelength range of 400-600nm, the low temperature thermally
grown a very thin silicon dioxide and RF sputtering ITO antireflection coating to reduce the
reflected light and enhance the sensitivity. The ITO film was evinced to a high quality by
UV-VIS spectrophotometer, four point probe and Hall-effect measurement. Fairly good
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rectifying and obvious photovoltaic behaviors are obtained and analyzed by I-V
measurements. The spectral response and the responsivity with a higher quantum efficiency
of the violet SINP photovoltaic device and the deep junction SINP photovoltaic device were
analyzed in detail. The results indicated that the novel violet and blue enhanced
photovoltaic device could be not only used for high quantum efficiency of violet and blue
enhanced silicon photodetector for various applications, but also could be used for the high
efficiency solar cell.

9. Fabrication and photoelectric properties of AZO/SiO./p-Si heterojunction
device

9.1 Introduction

As shown in the previous work, semiconductor-insulator-semiconductor (SIS) diodes have
certain features, which make them more attractive for the solar energy conversion than
conventional Shottky, MIS, or other heterojunction structures (Mridha et al., 2007). For
example, efficient SIS solar cells such as indium tin oxide (ITO) on silicon have been
reported, where the crystal structures and the lattice parameters of Si (diamond, a = 0.5431
nm), SnO; (tetragonal, a = 0.4737 nm, ¢ = 0.3185 nm), In,O3 (cubic, a = 1.0118 nm) show that
they are not particularly compatible and thus not likely to form good devices. However, the
SIS structure is potentially more stable and theoretically more efficient than either a
Schottky or a MIS structure. The origins of this potential superiority are the suppression of
majority-carrier tunneling in the high potential barrier region of SIS structure, and the
existence of thin interface layer which minimizes the amount and the impact of the interface
states. This results in an extensive choice of the p-n junction partner with a matching band
gap in the front layer. In addition, the top semiconductor film can serve as an antireflection
coating (Dengyuan et al.,, 2002), a low-resistance window, and the collector of the p-n
junction as well.

Furthermore, the semiconductor with a wide band gap as the top layer of SIS structure can
eliminate the surface dead layer which often occurs within the homojunction devices, such
as the normal bulk silicon based solar cells. On the other side, this absence of the light
absorption of visible region in a surface layer can improve the ultraviolet response of the
internal quantum efficiency. Among many transparent conductive oxides (TCO) of the
transition metals, ZnO:Al is one the best n-type semiconductor layer. It has high
conductivity, high transmittance, optimized surface texture for light trapping, and large
band gap of Eg~ 3.3 eV. Thus, in this description, we show a photovoltaic device with
AZO/SiO,y/p-Si frame, as an attempt to study its opto-electronic conversion property and
the I-V features as well. The schematic and the bandgap structure of the novel
AZO/SiO,/ p-5i SIS heterojunction device was show here (Fig.13).

9.2 Experimental in details

For the purpose of fabricating SIS structure, p-type Si (100) wafers were used as the
substrates of the heterojunction device. The wafers were firstly prepared by a stand cleaning
procedure, then, they were dipped in 10% HF solution for one minute to remove native
oxide layer. Finally, the wafers were dried in a flow gas of nitrogen.

By thermal evaporation, 1 pm-thick Al electrode was deposited on the back side. Then the
samples were annealed at 500°C for 20 min in N»O,=4:1 condition to form good ohmic
contact and a very thin oxide layer (about 15~20A) was grown on the p-Si surface.
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The Al doped ZnO films were deposited on the oxidized silicon substrates in a RF
magnetron sputtering system. The target was a sintered ceramic disk of ZnO doped with 2
wt% ALO; (purity 99.99%). The base pressure inside the chamber was pumped down to less
than 5x10+ Pa. Sputtering was carried out at a working gas (pure Ar) pressure of 1Pa. The
Ar flow ratio was 30 scem. The RF power and the temperature on substrates were kept at
100W and 300°C, respectively. The sputtering was proceeded for 2.5 hours. The area is
2x2 cm2.

The thickness of AZO film was measured by step profiler. The optical transmission of the
films was measured by UV-VIS spectrophotometer. The electrical properties of Al doped
ZnO films were characterized by four point probe. The current-voltage characteristics of the
device was measured by Agilent 4155C semiconductor parameter analyzer (with probe
station, the point diameter of a probe is 5 pm).

A1/ _

A0 | foom

15~204810,—=

P-51 2001m

s AL S Z 7 1nm

Fig. 13. The structure of AZO/SiO,/p-Si heterojunction PV device.
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Fig. 14. I-V curve of the Al/ AZO/SiO,/p-Si/ Al heterojunction device in dark.
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Fig. 15. I-V characteristic of the AZO/SiO,/p-Si/ Al heterojunction device in dark and light
(light-1: 6.3mW /cm2 white light; Light-2: 20W halogen lamp)

9.3 I-V characteristics

A linear I-V behavior between the two electrodes on the surface of ZnO:Al film indicates a
good ohmic contact. The current-voltage characteristic of the AZO/SiO,/p-Si/Al
heterojunction device was measured at room temperature in the dark (Fig.14). Typical
rectifying is observed for this heterojunction with polar to covalent semiconductors
structure. The weak photon irradiation I-V characteristics were measured under two kinds
of illumination by low power white light (6.3mW/cm?) lamp and 20W halogen lamp (in
Fig.15). The good rectifying with the increase of photoelectric current was observed for the
typical interface mismatching device. Under reverse bias conditions the photocurrent
caused by the ZnO surfaces exposing in the low power white light lamp and 20W halogen
lamp was obviously much larger than the dark current. For example, when the reverse bias
is -5V, the dark current is only 3.05x10-3A.While the photocurrent reach to 4.06x10-3A and
6.99x103A under low power white light and halogen lamp illumination, respectively.

9.4 Conclusions

The novel AZO/SiO,/p-Si/ heterojunction has been fabricated by magnetron sputtering
deposition AZO film on p-Si substrate. Fairly good rectifying and photoelectric behaviors
are observed and analyzed by I-V measurements in detail. The ideality factor and the
saturation current of this diode is 20.1 and 1.19%104A, respectively. The results indicated
that the novel AZO/SiO,/p-Si/ heterojunction device could be not only used for low cost
solar cell, but also could be used for the high quantum efficiency enhanced photodiode in
UV and visible lights, and also for other applications.
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Crystalline Silicon Thin Film Solar Cells

Fritz Falk and Gudrun Andra
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1. Introduction

In the last few years the marked share of thin film solar cells increased appreciably to 16.8%
(in 2009). The main part of that increase refers to CdTe modules (9.1%) followed by silicon
thin film cells, that is amorphous silicon (a-Si) cells or tandem cells consisting of a-Si and
nanocrystalline silicon (uc-Si). For a review on thin film solar cells in general see (Green,
2007) and on a-Si/pc-Si cells see (Beaucarne, 2007). The a-Si cells suffer from a low
efficiency. In the lab the highest efficiency up to now is 10.1% on 1 cm? (Green et al., 2011),
whereas in the industrial production modules reach about 7%. In order to achieve the
required electronic quality of hydrogenated amorphous silicon (a-Si:H), low deposition rate
(max. 50 nm/min) PECVD (plasma enhanced chemical vapour deposition) is used for
deposition which makes production more expensive as compared to CdTe modules. This is
even worse for the layer system in a-Si/pc-Si tandem cells for which the more than 1 pm
thick nanocrystalline pc-Si layer is deposited by PECVD, too, however with much lower
deposition rates in the 10 nm/min range. Cells consisting just of pc-Si reached 10.1%
efficiency (Green et al., 2011), just as a-Si-cells, whereas tandem cells arrived at 11.9%, both
for lab cells, whereas in production the results are below 10%. The low deposition rate
combined with the limited efficiency, make these cells not too competitive compared to
CdTe cells, which, at lower cost, reach 11% in industrial production, or to CIGS (Copper-
indium-gallium-diselenide) cells with similar efficiencies.

As an alternative, polycrystalline (grains in the pm range) or multicrystalline (grains >10
pm) silicon thin film solar cells receive growing interest (Beaucarne et al., 2006). The present
paper reviews the status of these cells, and on the other hand gives details of laser based
preparation methods, on which the authors have been working for many years.

Both types, poly- and multicrystalline silicon thin film cells, are prepared by depositing
amorphous silicon followed by some crystallization process. One main advantage of the
crystallization process is that the electronic quality of the virgin a-Si is not important. There-
fore high rate deposition processes such as electron beam evaporation or sputtering can be
used which are much less expensive as compared to low rate PECVD. In case of sputtering
doped thin films can be deposited by using doped sputtering targets, whereas in electron
beam evaporation the dopands are coevaporated from additional sources. So, in these de-
position processes the use of toxic or hazardous gases such as silane, phosphine or diborane
is avoided, reducing the abatement cost.

Polycrystalline silicon layers for solar cells can be prepared in a single crystallization step.
The layer system containing the doping profile is deposited in the amorphous state and is
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crystallized in a furnace to result in grains about 1 pm in size. This process had been
industrialized by the company CSG and is described in Sect. 2. In the lab CSG reached 10.4%
efficiency on 90 cm? minimodules (Keevers et al., 2007). Alternatively pulsed excimer laser
melting and solidification can been used, which is a standard process in flat panel display
production (Sect. 2).

Preparation of multicrystalline silicon thin film solar cells with grains exceeding 10 um in
size is under investigation. This topic is extensively dealt with in Sect. 3. Usually a two-step
preparation scheme is used. In a first step a multicrystalline thin seed layer with the desired
crystal structure is prepared (Sect. 3.3), which in a second step is epitaxially thickened (Sect.
3.4). For both, seed layer preparation and epitaxial thickening, different processes have been
tested. There are, however, attempts to crystallize the complete layer stack of a thin film
solar cell in one electron beam melting step (sect. 3.2). The idea for the multicrystalline cells
is that in the large grains recombination is reduced, if the crystal quality is high enough, so
that the efficiency should exceed that of cells with um sized grains. Particularly, if the ratio
of grain size to layer thickness is large (e.g. 50), such as in multicrystalline wafer cells, a
similar efficiency potential is expected. This would require 100 pm large grains for 2 um
thick silicon layers. The preparation methods for large grained multicrystalline silicon layers
divide in low and high temperature processes. The high temperature processes are rather
straight forward for producing large grains (Beaucarne et al., 2004). However, temperature
resistant substrates are required which are expensive. Much more demanding are prepar-
ation methods working at temperatures endured by low cost substrates such as glass. One
such method is diode laser crystallization. The epitaxial thickening processes, as well, divide
in high and low temperature processes with the same drawbacks and advantages. Several
methods are presented in Sect. 3. The result of seed layer preparation as well as epitaxial
thickening, via melt or in the solid state, depends on temperature history and is explained
by the kinetics of phase transformation. The basic notions of this theory as far as they are
important for silicon thin film solar cell preparation, are summarized in Sect. 5. Post-
crystallization treatments such as rapid thermal annealing and hydrogen passivation are
explained in Sect. 4.

Even single crystalline silicon thin film cells have been prepared by a transfer process
starting from a silicon wafer from which a layer is detached and epitaxially thickened to
several 10 pm thickness (Reuter et al., 2009; Brendel, 2001; Brendel et al., 2003; Werner et al.,
2009) to reach an efficiency of 17%. This type of cells, which are much thicker than the poly-
and multicrystalline silicon thin film cells, and which cannot be prepared in the typical sizes
of thin film technology such as > 1 m?, is not the topic of this paper.

2. Polycrystalline silicon thin film solar cells: 1 ym grains

Polycrystalline silicon thin film solar cells in superstrate configuration have been fabricated
industrially for some years by the company CSG in Thalheim, Germany. These are the only
cells with grains above 1 um ever fabricated industrially. The preparation steps are as
follows (Green et al., 2004). On a borosilicate glass substrate spherical glass beads are de-
posited, which finally are responsible for light trapping. Then an about 70 nm thick SiN
antireflection and barrier layer is deposited by PECVD. On top about 1.5 pm amorphous
silicon (a-Si:H) is deposited again be PECVD including the final doping profile n*pp*. The
silicon layer is crystallized in the solid state in an 18 h furnace annealing step at about 600°C
during which grains of about 1 pm in size form. To activate the dopants a rapid (2 min)
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thermal annealing step at 900°C follows. The silicon layers are passivated by a hydrogen
plasma treatment. Finally rather demanding structuring and contacting processes follow. In
production, modules 1x1.4 m? in size reached about 7% efficiency. In the lab 10.4% efficiency
were achieved on 92 cm? minimodules (Keevers et al., 2007). The production was stopped,
probably because of the high cost PECVD deposition, which was used because the method
was the only one available for silicon deposition in the m? range. In the lab, high rate
electron beam evaporation was tested as an alternative which delivered minimodules with
the efficiency of 6.7%, similar to that of the industrially produced modules (Egan et al., 2009;
Sontheimer et al., 2009).

The grain size originating in the furnace anneal is dictated by the interplay of crystal
nucleation within the amorphous matrix and growth of the nuclei (see Sect. 5). One can
influence both processes by the temperature of the annealing step. Practically, however,
there is not much choice. At lower temperature the annealing time required for complete
crystallization would reach unrealistic high values so that this is not possible in production.
Higher temperatures are not endured by the glass substrate for the time span needed for
crystallization. Even at 600°C 18 h are required for crystallization and high temperature
resistant borosilicate glass has to be used instead of a much cheaper soda lime glass.

As an alternative for the furnace crystallization pulsed excimer laser crystallization via the
melt is a process industrially used in flat panel display production. For this application,
however, rather thin films (<100 nm) are required and the resulting grain size is rather
small, typically below 1 pm. In the context of solar cell preparation requiring films thicker
than 1 pm this method has been mentioned only rarely (Kuo, 2009).

3. Multicrystalline silicon thin film solar cells: grains > 10 ym

3.1 Basic considerations

As mentioned in the last paragraph, grains larger than about 1 um cannot be prepared by
direct deposition of crystalline silicon, nor by solid phase crystallization of a-Si nor via
melting a-Si by short laser pulses. Large grains can be produced from the melt only if the
melt is cooled below the equilibrium melting point slowly so that the melt stays long
enough in a region of low nucleation rate and there is time enough for the few nucleating
crystallites to grow to large size. Low cooling rate means low heat flow into the substrate
following from a low temperature gradient in the substrate. This can be achieved if the
melting time of the silicon layer is larger than in excimer laser crystallization, i.e. much
larger than 100 ns. To reach longer melting times the energy for melting has to be delivered
on a longer time scale. For energy delivery scanned electron beams or scanned laser beams
have been used. However, the longer melting time has the consequence, that dopand
profiles, introduced into the virgin a-Si for emitter, absorber, and back surface field, get
intermixed due to diffusion. Typical diffusion constants in liquid silicon are in the 104 to 103
cm?/s range (Kodera, 1963) so that dopands will intermix over a distance of 1 pm within 10
to 100 ps. Nevertheless a one-step crystallization procedure for a solar cell layer system has
been done by electron beam melting, discussed in Sect. 3.2. Alternatively a two-step
procedure has been used. In a first step a thin seed layer is crystallized to large grains from
a-Si by laser irradiation. In a second step the seed is thickened epitaxially. Seed and epitaxial
layer can be differently doped so that the seed can act as the emitter and the epitaxial layer
as the absorber of the solar cell. Alternatively, the seed may act as a highly doped back
surface field layer with the epitaxial layer acting as a moderately doped absorber. The
emitter is generated on top in a third preparation step.
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An important issue in any of the mentioned preparation steps is the choice of the substrate.
This choice depends on the thermal load the substrate experiences during the silicon
crystallization process. Plastic substrates are not useful for any of the processes described in
Sect. 3 since the substrate temperature well exceeds 200°C. One usually divides the crystalli-
zation methods into low temperature processes for which glass can be used as a substrate and
high temperature processes for which glass is not sufficient. Instead, ceramics (e.g. alumina) or
graphite has been used. These substrate materials, however, are much more expensive than
glass so that the economic consequences for the high temperature routes are not so pleasant.
Typically, in high as in low temperature processes some barrier layer is used to prevent the
diffusion of foreign atoms from the substrate material into the silicon layer during the
processing steps. The barrier layer has to fulfil different requirements except of its main
purpose. First of all it has to withstand liquid silicon, i.e. it should not decompose or react
with the silicon melt. Moreover, it should not release gases which would blow off the silicon
layer. Then it should be well wetted by liquid silicon. Otherwise the silicon film during
melting could dewet to form droplets. This latter requirement is the reason that SiO, is not
useful as a barrier layer. Silicon nitride or silicon carbide are better suited. However, if
deposited by PECVD the layers contain too much hydrogen which is released during silicon
melting so that the silicon films are destroyed. According to our experience sputtered silicon
nitride is well suited if prepared correctly.

3.2 Single step layer preparation - electron beam crystallization

As mentioned in Sect. 3.1 silicon solar cell absorbers in substrate configuration have been
prepared by electron beam crystallization in a one step process (Gromball et al.,, 2004;
Amkreuz et al., 2009). On a glass substrate with a barrier layer (e.g. SiC) 7 to 15 pm of p-
doped (1017 cm3 B) nanocrystalline silicon was deposited by high rate (up to 300 nm/min)
PECVD from trichlorosilane. This layer was crystallized by scanning a line shaped electron
beam (15 cm x 1 mm). At a scanning rate of 1 cm/s a beam energy density of 500mJ/cm? has
been used so that any position is treated for about 0.1 s. The resulting grain size is in the mm
range. To get a solar cell a 30 nm thick n-doped a-Si heteroemitter was deposited onto the
crystalline absorber by PECVD. The maximum solar cell parameters achieved so far were js.
=124 mA/cm?, Vo = 487 mV, and an efficiency of 3.5% (Amkreuz et al., 2009). Obviously
the absorber doping is too high and a back surface field is missing. Work is ongoing to
improve these cells.

3.3 Two-step process - seed preparation

In the two-step preparation method first a thin seed layer with the desired crystal structure
is prepared which can be used as a back surface field layer or as emitter in the final solar
cell. The absorber is then prepared by epitaxial thickening of the seed. In case of a cell in
superstrate configuration (illumination through the glass), the seed layer should be rather
thin. This is to reduce light absorption in the seed which is highly doped (as emitter or as
back surface field layer) and shows only low photovoltaic activity. Two seed preparation
methods have been investigated: aluminium induced crystallization (Fuhs et al., 2004) as
well as laser crystallization.

3.3.1 Aluminum induced crystallization for seed preparation
Aluminum induced crystallization (AIC) works as follows: On to the substrate an aluminum
layer is deposited by sputtering or evaporation. On top follows an amorphous silicon layer.
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When the Al/a-Si layer system is heated (350°C...550°C below the eutectic temperature of
the Al-Si system at 577°C) a layer exchange process takes place combined with silicon
crystallization, which is completed, at 500°C, in about 30 min. (Pihan et al., 2007). Finally, a
crystalline silicon layer rests on the glass and is covered by an aluminium layer, which may
contain silicon islands. The silicon layer is highly p-doped typically by 10? cm3 Al (Antes-
berger et al., 2007). It has been reported that the details of the process and the properties of
the final silicon layer depend on the thickness of an aluminum oxide layer which was
present between Al and a-Si before the tempering step. Typical resulting silicon grain sizes
are in the range of 10 pm. The preferred grain orientation is (100) but other orientations
occur as well (Schneider et al., 2006a). Typical layer thicknesses are 300 nm for Al and 375
nm for Si (Fuhs et al., 2004), which is a bit high for seed layers. However, even silicon films
thinner than 100 nm have been crystallized by AIC (Antesberger, 2007). Some work has been
done to understand the thermodynamics and the kinetics of the process (Wang et al., 2008;
Sarikov et al., 2006; Schneider et al., 2006b). It seems that silicon diffuses through the thin
alumina layer into the aluminum where it preferably further diffuses towards the glass
along the aluminum grain boundaries. When aluminum gets supersaturated by silicon,
nucleation of silicon crystallites starts preferably at the interface to the glass substrate. The
driving force for the process is the free energy difference between metastable amorphous
and absolutely stable crystalline silicon. Finally, the a-Si completely has diffused through
the aluminum which then rests on top. Before the crystalline silicon layer can be used as a
seed, the aluminum layer has to be removed, e.g. by wet chemical etching using HCI.
Challenging is the removal of the silicon islands included in the aluminum layer and of the
aluminum oxide film. The removal of both is crucial for good epitaxy (Rau et al., 2004). The
inverse process with the starting sequence glass/a-Si/ Al and the final sequence glass/Al/c-
Si works as well (Gall et al.,, 2006). It has some advantages for cells in substrate con-
figuration, e.g. that a Al back contact is formed automatically. However, the Al/Si contact
has the consequence that any further processing steps, e.g. epitaxy, cannot be performed
above the eutectic temperature of the Al-Si system of 577°C. For this reason the inverse
process was abandoned.

There has been done a lot of work on silicon crystallization by other metals, e.g. Au, Ni, but
these methods did not find application in solar cell preparation.

3.3.2 Laser crystallization for seed preparation

To get large silicon crystals by laser crystallization the beam of a cw laser is scanned so that
the irradiation time at each position is in the ms range, much larger than during pulse laser
irradiation mentioned in Sect. 2. Under these conditions the temperature gradient and
therefore the heat flow in the substrate is low so that the melt undercools only slowly,
nucleation rates are low, and nucleated crystals have time enough to grow to large sizes (see
Sect. 5). First results on this method date back to the late 1970ies (Gat et al., 1978; Colinge et
al., 1982). At these times laser crystallization was performed for applications in micro-
electronics. Therefore amorphous silicon on wafers covered by oxide was used as starting
material. The only available well suited lasers were argon ion lasers emitting green light at
514 nm wavelength with a total power of up to 15 W. Typically a circular Gaussian beam
with diameter in the 40 um range was scanned across the sample. At a scanning rate of 12.5
cm/s already in 1978 grains 2x25 um in size were produced (Gat et al., 1978). Due to the
high thermal conductivity of the wafer substrate a rather high power density is needed for
melting and crystallization in this case. Only later glass was discovered as a useful substrate



142 Solar Cells — Thin-Film Technologies

for thin film transistor applications (Michaud et al., 2006) as well as for solar cells (Andri et
al., 1998; Andrd et al. 2000). On glass with low thermal conductivity power densities of
about 20 kW /cm? are needed at scanning speeds of several cm/s. Due to the limited laser
power the spot diameter was limited to about 100 pm.
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Fig. 1. Optical micrograph of a silicon layer crystallized by scanning the circular beam of an
argon ion laser. Left: single scan; right: overlapping scans

Fig. 1 (left) shows an optical micrograph of a single trace produced by scanning a circular Ar
ion laser beam. At the rim very fine crystals were produced. There the laser power just was
able to generate a temperature a bit above the melting point of a-Si, which is well below the
melting point of crystalline silicon (see Sect. 5.1). In the rim region a strongly undercooled
melt is generated which immediately (that is must faster than the irradiation time)
crystallizes to fine grained (about 100 nm) silicon. Towards the center of the trace the power
density increases so that the temperature gets higher, the undercooling gets lower, and a bit
larger grains solidify. In the central part the laser power is high enough to produce a silicon
melt above the equilibrium melting point of crystalline silicon (1412°C). There solidification
occurs only when the laser beam already has passed. The slowly undercooling liquid silicon
is in contact with the small crystallites of the rim region which crystallized earlier. From
these, lateral epitaxial growth takes place. The crystallization direction coincides with the
temperature profile following the scanned laser beam. Those of the many nuclei are
successful in epitaxy for which the fastest crystallographic growth direction coincides with
the temperature gradient. Therefore, a selection mechanism is active and only few of the
potential nuclei grow. As a consequence large grains form several 10 pm wide and over 100
pum long. To get not just one crystalline trace but a completely crystallized area, one just has
to scan the laser beam in overlapping rows (Fig. 1, right). In the second row the laser beam
remelts part of the previous row with the consequence that now the melt is in contact with
the large grains produced in the previous row. Therefore large crystals are already present
for lateral epitaxy to occur. In this way large areas covered by large grains can be produced.
Defect population in films generated in this way has been investigated (Christiansen et al.,
2000). The dislocation density was rather low. Grain boundaries are mostly 23 and X9 twin
boundaries which are expected to be not active electrically. The grain orientation is at
random with no preferential texture.

Later on, for crystallization the argon ion laser was replaced by a solid state cw Nd:YAG laser,
emitting green light of 532 nm wavelength after frequency doubling. Similar results were
obtained with this laser type (Andri et al., 2005a). Both, argon ion as well as Nd:YAG lasers,
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have rather limited power so that it is impossible to crystallize seed layers for large area solar
cells in an industrial environment. For example, a 1 m? module would require many hours
laser treatment. Therefore, when looking for high power lasers we ended up with diode lasers,
emitting in the near infrared. However, the absorption coefficient of a-Si for 806 nm radiation,
the shortest wavelength available for high power diode lasers, at room temperature is only
about 0.3 pm1, as compared to 25 pm- for green light. Fig. 2 shows the absorption of 806 nm
radiation in amorphous silicon (electron beam deposited, hydrogen free) as calculated from
optical properties (1 and k) measured from room temperature up to 600°C and extrapolated up
to 1000°C. The maxima and minima are due to interference effects in the silicon layer.
Obviously there exists a problem for thin films, particularly at room temperature. In thin
films, only a small amount of the incoming radiation is absorbed at room temperature.
Therefore, to heat the silicon film, a rather high power density is needed. When heating
started successfully then the absorption increases and a run-off sets in which is only limited
after melting, when the reflectivity jumps up. So the process has some inherent instability,
which can be handled only when one preheats the substrate to about 600°C so that laser
heating starts at a higher absorption already. The substrate heating has another positive
effect, namely to reduce the cracking tendency of the glass substrate, for which we use a
borosilicate glass (Schott boro 33) with a thermal expansion coefficient very near to that of
silicon. Work using diode lasers for crystallization started 2006 (Andr4 et al., 2006).

For our seed layer crystallization we use LIMO line focus lasers (806 nm wavelength, 13 mm
x 0.1 mm focus and 30 mm x 0.1 mm focus) with maximum power density of up to 25
kW/cm? (Andri et al., 2006), allowing for scanning speeds up to several cm/s. Fig. 3 shows
an EBSD map of a crystallized region demonstrating large grains in the 100 pm range in 450
nm thick films. With the diode laser we can go down to 100 nm thin films. In these the
grains size is in the 30 pm range. A further problem with thin films is dewetting. This means
that holes form when the silicon film is liquid. It even happens that the holes grow to large
sizes and only a part of the substrate is covered by silicon. Dewetting can be reduced if the
wetting angle of liquid silicon on the substrate is low. This can be influenced by the barrier
layer on the glass substrate.
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Fig. 2. Absorption of 806 nm diode laser radiation in an amorphous silicon thin film on glass as
depending on film thickness. Film temperature 20°C (blue), 600°C (red), and 1000°C (black).
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and 110 nm (middle) thick. Color code for grain orientation is shown on the right.

Concerning the throughput, laser companies are just developing line focus diode lasers with
long lines (Lichtenstein 2010) which would allow crystallization of a 1 m? module within
minutes.

If seed layers thinner than 100 nm are to be crystallized diode lasers cannot be used due to
too low absorption even when preheated. We tested a pulsed green laser (JenLas ASAMA)
emitting 515 nm wavelength radiation (Andri et al., 2010). This laser has a line focus up to
100 mm long and 5 to 10 pm wide and it delivers 600 ns pulses at a repetition rate of up to 80
kHz. At a fluence of about 1.2 J/cm? the sample was shifted 1.5 pm between subsequent
pulses. In this way 60 nm thin seed layers were crystallized without any preheating with
resulting grains several pm wide and several 10 pm long (Fig. 4). Obviously, the melt
generated during each laser pulse solidifies by lateral epitaxy so the grains generated by the
previous pulse grow stepwise. Finally long grains form, which continue over many pulses.
Since the width of the melt is 5 pm in our case and the melt exists for a time interval in the
several us range, the solidification speed is in the m/s range. This value is near the
maximum following from solidification kinetics (see Sect. 5).

Fig. 4. EBSD map (inverse pole figure) of pulse laser crystallized seed layers 60 nm thick.
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3.4 Two step process - epitaxial thickening

In the two step preparation method on top of the multicrystalline seed layer the absorber of
the solar cell is prepared by epitaxial growth. Several methods have been used which can be
classified into direct epitaxial deposition and deposition as amorphous silicon followed by
epitaxial crystallization, either in the solid state by furnace or by laser annealing or via laser
melting. Particularly in the cases without melting the cleanliness of the interface between
crystalline seed and amorphous silicon to be epitaxially crystallized is an issue. Any
contaminants present, even small amounts of a monolayer, will jeopardize epitaxial
crystallization or at least increase the amount of extended defects in the epitaxial layer
appreciably. First of all, any silicon oxide has to be removed from the seed surface. This can
be achieved by HF. A 2% to 5 % solution in water is most useful. Success can be observed by
the naked eye. When HF has removed the oxide the silicon surface gets hydrogenated which
makes the surface hydrophobic and the etching solution dewets, i.e. forms droplets. Then
the HF solution can be blown off by nitrogen. The hydrogenated surface state remains stable
in ambient air at room temperature for about 1 h so that there is time enough to introduce
the sample into a deposition chamber for a-Si deposition. However, other possible con-
taminants are not so easily removed. It turned out as useful to start with an RCA cleaning
step before HF treatment. The RCA step removes e.g. organic contaminants.

3.4.1 Direct epitaxial deposition

The simplest epitaxial thickening procedure is direct epitaxial deposition of silicon on top of
the seed layer. Several processes have been investigated in the past, high temperature CVD
and, at intermediate temperature, electron beam evaporation, ECRCVD, and hot wire CVD.
The high temperature route has been reviewed recently (Beaucarne et al., 2004). The highest
efficiency reached so far with this method is 8% (Gordon et al., 2007). On an alumina substrate
seed layers were prepared by aluminium induced crystallization. Epitaxial thickening for the
p-doped absorber with rates up to 1.4 um/min was done by thermal CVD at 1130°C from
trichlorosilane. The final emitter was prepared by phosphorus diffusion, or an a-Si
heteroemitter was deposited by PECVD. Corresponding to the seed layer the grain size in the
absorber is several 10 um. It is expected that the efficiency is not so much limited by the grain
size but by intragrain defects, which have been thoroughly investigated (van Gestel et al.,
2009).

Even higher efficiencies of 11.1% were reached on seed layers crystallized by lamp heater zone
melting on graphite and high temperature epitaxy for absorber growth (Kunz et al., 2008). The
high temperature process has the advantage that it works on any grain orientation of the seed.
However, high temperature resistant substrates such as alumina, silica, glass ceramics, or
graphite are needed, which are not very feasible for large scale production.

At intermediate temperature both, electron beam evaporation, partly modified by ion assisted
deposition, or ECR-CVD (electron cyclotron resonance CVD) has been tested for epitaxy on
AIC seed layers. ECR-CVD was successfully applied at 585°C substrate temperature (Rau et
al.,, 2004). However, epitaxy worked well only on (100)-oriented grains, which is the most
common orientation following from AIC, but not the only one. At 670°C epitaxy by hot wire
CVD worked on any grain orientation with a rate of 100 nm/min. Ion assisted deposition, that
is electron beam evaporation plus some ionization of the silicon atoms, was tested for epitaxy
as well. For the deposition a temperature ramp was carefully optimized with maximum
temperature below 700°C. The deposition rate was 300 nm/min. The highest achieved open
circuit voltage of solar cells was 453 mV (Straub et al., 2005). Direct epitaxy during electron
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beam evaporation at 550°C substrate temperature has successfully been demonstrated (Dogan
et al., 2008). Solar cells prepared with this process reached 346 mV open circuit voltage and
2.3% efficiency, which is a bit low as compared to the values achieved by other methods.

3.4.2 Solid phase epitaxy in furnace

Technically the most simple way to achieve epitaxial growth is to deposit first an amorphous
layer on top of the cleaned seed layer, and then to epitaxially crystallize the layer by furnace
annealing in the solid state. The layer to be crystallized can already contain the desired doping
profile which remains during the annealing step. The main critical point with this simple
procedure is that not only an epitaxial crystallization front moves into a-Si, but also
spontaneous nucleation will occur within a-Si followed by growth of crystallites. So there
exists a competing process to the desired epitaxy. The question arises, which of the two
succeeds. The speed of the epitaxial front of course depends on temperature (described by
Jackson-Chalmers equation, see Sect. 5.1) and so does nucleation, described by classical
nucleation theory (Sect. 5.2), and growth of nuclei, the latter phenomena described together by
Avrami-Mehl equation (Sect. 5.4). An important point, which makes SPE possible, is that, if no
nuclei pre-exist in the amorphous matrix, nucleation does not start immediately. Instead it
needs some time, called time lag of nucleation, until a stationary population of nuclei evolves
(Sect. 5.3). Only after that time lag the stationary nucleation rate applies at fixed temperature,
described by classical nucleation theory, and crystal nuclei appear. So any successful epitaxy
relies on the time lag of nucleation. The thickness of an epitaxially crystallized layer is just
given by the time lag of nucleation times the speed of the epitaxial crystallization front. After
the time lag, in the virgin amorphous silicon crystalline nuclei of random orientation appear
resulting in fine grained material, such as is generated by direct furnace crystallization (see
Sect. 2) without seed. For successful epitaxy one has to make sure that within the amorphous
phase there are no nuclei present which could form during deposition already.

In the last few years we developed the technique of SPE on diode laser crystallized seed layers
on borosilicate glass substrates (Andra et al., 2008a; Schneider et al., 2010). The virgin a-Si
layers including a doping profile were deposited at high rate (typically 300 nm/min) by
electron beam evaporation at a substrate temperature in the 300°C range. At that temperature
no nuclei form within a-Si. The layer system was then annealed in a furnace under ambient air.
To control the progress of crystallization, an in situ measurement technique was installed. For
this purpose, the beam of a low power test laser was sent through the sample. The transmitted
intensity was monitored by a photocell. Since a-Si has a different optical absorption from c-5i,
the progress of crystallization can be monitored easily. In particular, the crystallization process
is complete when the transmission does not change any more. Fig. 5 shows a transmission
electron micrograph of a cross section of an epitaxially thickened silicon film.

Fig. 5. Transmission electron microscopic cross section image of a film epitaxially thickened
by furnace annealing.
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In summary we could epitaxially crystallize up to 1.6 um of a-Si at a temperature of 630°C
within 3 h. The epitaxial quality as determined by EBIC was best in (100) oriented grains
and worst in (111) grains. Moreover, the epitaxial crystallization speed depends on
orientation and on the doping level. Higher doped layers crystallize faster. Solar cells pre-
pared on these layers reached an efficiency of 4.9% after hydrogen passivation (Schneider et
al., 2010). By TEM cross section investigations it was shown that the seed layers contain only
very few extended defects such as dislocations, whereas the epitaxial layer contains much
more. It seems that the cleaning procedure of the seed surface prior to a-Si deposition is
crucial for good epitaxial quality. At least the dislocation density in the epitaxial layer could
be reduced by an additional RCA cleaning step before removal of oxide by HF. However,
this did not reflect in the achieved solar cell efficiencies.

3.4.3 Layered laser crystallization

The epitaxy method of layered laser crystallization has been developed in our group years
ago (Andrad et al. 2005b, André et al., 2008a). The principle is simple. During deposition of a-
Si on top of the seed layer excimer laser pulses are applied repeatedly, which melt the newly
deposited a-Si and a bit of the crystalline silicon beneath so that after each pulse epitaxial
solidification occurs. Again, the layer thickness to be crystallized by one laser shot is limited
by a competing nucleation process in the undercooling melt after the laser pulse. According
to our experience about 200 nm of a-5i can be epitaxially crystallized by one laser pulse. The
typical laser fluence needed is 550 m]/cm?. However, when during the whole thickening
process the thickness of the crystalline layer beneath the newly deposited a-Si increases from
the initial seed layer (say 200 nm) to the final absorber thickness (say 2 pm) the laser
parameters or the thickness of the newly deposited a-Si have to be adjusted so that the laser
pulse just melts the a-Si and bit of c-Si beneath. This adjustment is necessary because the
thermal properties of glass, c-Si, and a-Si differ so that the temperature profiles change
during the process if the laser energy would be kept constant. In the layered laser
crystallization process epitaxy works independently of the grain orientation, which is an
advantage since crystal orientation in the seed is at random. For the process, the laser pulse
has to be fed through a window in the deposition chamber onto the growing layer. In this
way the pulses can be applied without stopping deposition. For a-Si deposition we use
electron beam evaporation which has first the advantage of high deposition rate, at least an
order of magnitude higher than for PECVD, and secondly the advantage that deposition is
directed so that no deposition occurs at the laser window. Doping is achieved by co-
deposition of boron or phosphorus. In our device we can deposit and laser irradiate sub-
strates of up to 10x10 cm? The single laser spot has a size of 6x6 mm? with top hat profile. To
cover the whole substrate area the laser spot is scanned over the substrate by a scanning
mirror placed outside the deposition chamber. In order to avoid cracks in the glass substrate
heating to about 600°C helps. Upscaling the system to m? surely is a challenge but not
outside the technical possibilities. If properly optimized, about 10 laser pulses are needed at
each position during absorber deposition to prepare a 2 pm thick epitaxial film. This makes
sense only if the laser is fed into the deposition chamber and is applied without braking
deposition, as we do it in our lab scale equipment.

In the epitaxial layer prepared by layered laser crystallization the number of extended
defects like dislocations is much lower as compared to solid state epitaxy. This is because
the mobility of crystallizing atoms is much higher in the melt than in a-Si so that correct
placement is easier. The highest efficiencies achieved in solar cells prepared using the
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method were 4.8% at an open circuit voltage of 517 mV (Andri et al., 2005b; Andri et al,,
2007). These values were measured on cells without any light trapping.

3.4.4 Liquid or solid phase epitaxy by diode laser irradiation

The layered laser crystallization method described in the last section has the drawback that
up-scaling into the industrial scale is not so easy. This is due to the fact, that the laser beam
has to be fed into the deposition chamber and several pulses have to be applied at each
position. That was the motivation for us to look for a method in which the complete
absorber thickness is deposited in the amorphous state on top of the seed and to apply a
single laser treatment to epitaxially crystallize the whole system in one run after deposition
outside the deposition chamber.

The most obvious way to achieve epitaxy is via the liquid phase similar to layered laser
crystallization. The main difference is that the whole amorphous absorber precursor layer is
melted in one step down to the seed, so that epitaxial solidification is to occur after
irradiation. It is a challenge to melt about 1 pm of a-Si without completely melt the about
200 nm thin c-Si seed beneath which would hamper any epitaxy. To crystallize a layer
system more than 1 um thick, a short pulse laser is useless. To get the required energy into
the system the pulse fluence would have to be so large that ablation would occur at the
surface. Moreover, the cooling rate of the melt after a short laser pulse would be so high,
that nucleation is expected to occur in a surface near region before the epitaxial solidification
front reaches the surface. Therefore we decided to use a scanned cw diode laser for this
purpose with irradiation times in the ms range. In this case the cooling rate is low enough so
that the melt stays long enough in a slightly undercooled state with low nucleation rate until
the epitaxial solidification front reaches the surface. We succeeded in epitaxially
crystallizing 500 nm in one run. However, forming of cracks is an issue. Moreover, due to
the strong diffusion in the melt which intermixes any pre-existing doping profile, absorber
and emitter cannot be crystallized in one step.

An alternative is solid phase epitaxy in which the amorphous layer is heated by the laser to
a temperature of about 1100°C, below the melting point of a-Si. At such high temperature
the solid phase epitaxial speed was determined to several 100 nm/s high so that epitaxy of 1
pum should be complete within several seconds.

4. Post-crystallization treatment

4.1 Emitter preparation

The emitter of the final solar cell can be prepared in different ways. One is to include emitter
doping into the deposition sequence of the layer system so that no additional emitter
preparation step is needed. This way has been chosen in the CSG process and in layered
laser crystallization. It cannot be applied in case of liquid phase epitaxy of the whole layer
stack (Sect. 3.4.4) since during melting for several ms, diffusion in the liquid state would
intermix any dopand profile introduced during deposition. In this case, phosphorus doping
of a boron doped absorber as in conventional wafer cells can be performed. The only dif-
ference is that the doping profile has to be much shallower. Another variant is to use
amorphous heteroemitters. IMEC has found that this is the best emitter for their thin film
solar cells prepared by the high temperature route (Gordon et al., 2007).
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4.2 RTA and hydrogen passivation

To improve the solar cell performance some post-crystallization treatment is required. One
point is dopand activation, the other defect passivation.

In order that dopand atoms like boron or phosphorus really lead to a free carrier con-
centration higher than the intrinsic one, it is necessary that the dopand atoms are included
substitutionally in the lattice, i.e. that they rest on regular lattice positions replacing a silicon
atom. If they are included interstitially, resting not on regular lattice positions, they are
useless. If the silicon lattice forms from the melt the mobility of atoms is high enough so that
the dopand atoms can occupy lattice positions. In this case no additional means are needed
to make them active. This is not so in case of solid state crystallization. There most of the
dopand atoms are included interstitially so that they are inactive. To let them replace silicon
atoms substitutionally an additional heat treatment is needed, which is realized by a rapid
thermal annealing (RTA) step. In the CSG process, for example, the whole system is heated
to about 900°C for 2 min to achieve dopand activation (Keevers et al., 2007). It has been a lot
of speculation if this RTA step also improves the grain structure by reducing the number of
extended defects. This seems not to be the case (Brazil & Green, 2010).

In any case a hydrogen passivation step has to follow, in which different types of defects e.g.
dislocations and grain boundaries, are passivated. Usually, a remote hydrogen plasma is
applied to the layer system for 10 to 30 min at about 500°C. Crucial is that during cooling
down at the end of the process the plasma has to be applied for some time. A lot of
optimization work has been devoted to this passivation step (Rau et al., 2006), which easily
can improve the open circuit voltage of the cell by 200 mV.

5. Kinetics of phase transformation

In Sect. 5 the basics of phase transformation relevant for silicon thin film crystallization, both
from the melt and in the solid state are summarized (Falk & Andrd, 2006). The Section
divides in the propagation of already present phase boundaries and in nucleation, including
non-stationary nucleation. Kinetics of aluminum induced crystallization has already been
reviewed (Pihan et al., 2007) and is not treated in the following. The facts presented in this
section are the background for any successful crystallization of amorphous silicon, in the
furnace or by laser irradiation. Quantitative values following from the equations depend on
the material parameters of the system involved. These are rather well known for crystalline
and for liquid silicon, mostly in the whole range of temperature involved in the processes.
This is not the case for amorphous silicon, the properties of which strongly depend on the
preparation conditions. They may appreciably differ for hydrogenated a-Si prepared by
PECVD and hydrogen free a-Si deposited by electron beam evaporation. Therefore, quant-
itative predictions have to be taken with some care.

5.1 Propagation of phase boundaries

The propagation speed of already present phase boundaries into a metastable phase, i.e. the
growth of a crystal into the undercooled melt or into amorphous silicon, can quantitatively
be described by the Jackson-Chalmers-Frenkel-Wilson equation

v= er—g*/kT (1 _ehn/ ij 1)
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The prefactor vp = agyv depends on the atomic vibration frequency (Debye frequency) v, the
jump distance ag of the order of the lattice parameter of silicon and on a geometry factor y of
the order of 1. Ap>0 is the difference in chemical potential of the phases involved. For the
transition from liquid to crystalline Ap may be approximated by

Apt= Ahe(1———) ()
TmC
where Ah. is the latent heat per mole for melting and T is the equilibrium melting
temperature of 1685 K. For the crystallization of amorphous silicon Ap is given in
the literature (Donovan et al., 1983). g* is an activation energy for the jump of an atom
from the parent to the final phase and is related to the self-diffusion coefficient D
according to

2
D=0, 8/k G)
Y
Results for crystallization from the melt and in the solid state are given in Figs. 6 and 7. In
the melt the crystallization speed vanishes at the equilibrium melting point T to increase
to a maximum of about 16 m/s at 200 K undercooling. At even lower temperature the
solidification front gets slower due to the increasing influence of the activation energy. At
temperatures above the melting point the phase front runs into the crystal, i.e. the crystal
melts and the speed changes sign. In Fig. 6. also the melting speed of amorphous silicon is
shown (with opposite sign as compared to c-Si). Melting of a-Si starts at Tma, which,
depending on the deposition conditions of a-Si, is 200 to 300 K lower than the melting point
of ¢-Si.
The crystallization speed in amorphous silicon shown in Fig. 7 increases with temperature,
and reaches about 1 mm/s near the melting point of a-Si. At 600°C the speed is only about

0.2 nm/s which well correlates with the results obtained in furnace solid phase epitaxy
(Sect. 3.4.2).

Tma Tme

800 1000 1200 1400 1600 1800T/K
c—l

Fig. 6. Speed of the phase boundaries liquid-crystalline (Ic) and amorphous liquid (al) for
crystalline solidification form the melt and melting of a-5i, respectively.
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Fig. 7. Speed of a crystallization front in amorphous silicon as depending on temperature

5.2 Stationary nucleation rate

Classical nucleation theory gives the nucleation rate J, i.e. the number of nuclei appearing in
a metastable phase per volume and time interval at given temperature. The value applies
after some induction time (Sect. 5.3) and as long as not too much of the parent phase is
consumed.

:2/3 AG AG, +g*
— (3672 e ¢ o KT 4
J=E6m) el e @

In this formula Vy, is the atomic volume and j. and AG. are the number of atoms in and the
free energy of a critical nucleus of the new phase in the matrix of the parent phase,
respectively. These are given by

. 27z, O
JC=TVmA—ﬂ2 ()
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o is the interface energy between both the phases, which, however, is hard to determine
independently of nucleation phenomena, and, in addition, may depend on temperature.
Moreover, o strongly influences the nucleation rate since via Eqgs. 5&6 it enters Eq. 4 in the
third power within the exponential. For crystallization in an undercooled silicon melt the
stationary nucleation rate is plotted in Fig. 8 for a temperature dependent interfacial energy
according to o = (43,4+0.249 T/K) mJ/m? (Ujihara et al., 2001). Down to about 300 K below
the equilibrium melting point the nucleation rate is very low to change within 100 K of
further cooling by 35 orders of magnitude. Below 1200 K the nucleation rate gets rather flat
at a value of 103 m3s1 = 0.1 nm3ns?. The stationary nucleation rate of crystallization in
amorphous silicon is plotted in Fig. 9. There the values increase by 16 orders of magnitude
when temperature is increased from 600 K to 1200 K. The nucleation rate then flattens off at
107 m3s1= 0.1 pm-3s1 up to the melting point of a-Si of 1400 K.
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Fig. 8. Stationary nucleation rate for crystallization in an undercooled silicon melt
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Fig. 9. Stationary nucleation rate for crystallization of amorphous silicon

5.3 Non-stationary nucleation

When the temperature of a system is changed abruptly from a value where the parent phase
is absolutely stable and there are no nuclei present to another temperature where it gets
metastable, then a population of nuclei evolves. Finally, a stationary distribution of nuclei
emerges which leads to the stationary nucleation rate of Eq. 4. The master equation for the
population of nuclei can be solved numerically. By some approximations a closed form for
non-stationary nucleation rate has been derived (Kashchiev, 1969), which leads to the
stationary value after some time lag of nucleation, which is given by

12 kT j2
T: ———

7% AG, B, ?
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B. is the attachment rate of atoms to the critical nucleus given by

B.=ygyPe /M (8)

Here g is an accommodation coefficient of the order of 1. The result for nucleation of c-Si
from the melt is shown in Fig. 10. The time lag diverges at the equilibrium melting point and
has a minimum of 30 ps around 1350 K. At all relevant temperatures the time lag is so small
that it does not play any role in laser crystallization with pulses longer than 1 ns.

This is different for solid phase crystallization of amorphous silicon as shown in Fig. 11. The
time lag goes down from 10?3 s (or 300.000 years) at 600 K to 0.01 s at the melting point of a-
Si (1400 K). That means that below 300°C crystallization never occurs whereas in the CSG
process of furnace crystallization at 600°C the time lag is in the range of 2 h which does not
play a major role when complete crystallization takes 18 h. However, it gives an upper limit
for epitaxial growth by furnace annealing as described in Sect. 3.4.2.
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Fig. 10. Time lag of nucleation for crystallization from the melt for a fixed value of interfacial
energy o of 400 mJ/m?
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Fig. 11. Time lag of nucleation for crystallization of amorphous silicon
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5.4 Complete kinetics of transformation

Stationary nucleation together with the growth of supercritical nuclei according to the
Jackson-Chalmers equation leads to a continuous increase of the amount of the new phase
on account of the parent phase. When one takes account that during the progress of phase
transformation more and more parent phase is consumed and less volume is available for
actual transformation, one ends up with the Avrami-Mehl equation (Avrami, 1940) for the
volumetric amount of the new phase o

a=1-¢"% 9)
with the characteristic time
3
t =4f—— 10
B (10)

] is the stationary nucleation rate of Eq. 4 and v is the speed of propagation of a phase front
according to Jackson-Chalmers Eq. 1. In deriving Eq. 9 the time lag of nucleation t has been
neglected. To include this effect, one simply replaces ¢ by (f-1) in Eq. 9 for t>t. The resulting
average grain size when the parent phase has been consumed completely is given by

D= 1.037@ (11)

So the grains are the larger the higher the Jackson-Chalmers speed and the lower the
nucleation rate is, which sounds reasonable. To get large grains from an undercooled melt
one should keep the temperature in a range of not too high undercooling, where nucleation
rate is low and growth rate is high (Figs. 6 and 8). Fig. 12 shows the expected final grain size
in solid phase crystallization of amorphous silicon. It shows that in the CSG process at about
600°C (see Sect. 3.) grains of several pm are to be expected, which is in accordance with
experiments. By increasing the crystallization temperature one cannot change the grain size
appreciably. Lowering the temperature would lead to a rather high time needed for
crystallization due to higher time lag of nucleation (Fig. 11), lower nucleation rate (Fig. 9),
and lower growth rate (Fig. 7).
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Fig. 12. Average grain size after solid phase crystallization of amorphous silicon as
depending on temperature
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6. Conclusion

Multi- and polycrystalline silicon thin film solar cells receive growing interest worldwide.
Presently, the maximum efficiency reached by these types of cells is 10.4%. Different cell
concepts and preparation methods are under investigation and no clear favourite way is
identified up to now. The concepts differ in the resulting grain structure, i.e. size and
quality, but also in the preparation technologies used and the processing time needed.
Today it is not clear which of the methods will succeed in industrial production. In all the
methods, pin holes in the films are an issue since they lead to shunting of the final cells.
Another issue is dopand deployment, particularly along grain boundaries. This also may
lead to shunting, which today limits the open circuit voltage to slightly above 500 mV. A
further point is that TCO cannot easily be used as a front contact in superstrate cells since it
hardly withstands the temperatures needed for crystallization. Usually a highly doped
silicon layer is used instead, which, however, has somewhat low transparency.

Very important for thin film crystalline solar cell is a perfect light management so that about
2 pm of silicon is enough to absorb the solar spectrum. This can be achieved either by
structured substrates or by texturing the surface. In the first case, the irregular substrate
surface should not influence the crystallization behaviour. In the second case, the rough
surface should not increase surface recombination. Generally, passivation of defects and of
the surface is a crucial preparation step.

Concerning the theoretical description of the processes involved in crystallization, the basic
equations are well understood. However, there are some issues with the material
parameters involved, which, particularly for amorphous silicon, strongly depend on
deposition conditions and therefore need to be determined individually. But even if
numerical predictions may not completely coincide with experiments due to inadequate
numerical values of the materials parameters, general trends can reliably be predicted.

All the mentioned issues need further investigation. Careful study of these topics is
expected to lead to full exploitation the potential of the material. Multicrystalline thin film
cells with a ratio of grain size over film thickness similar to multicrystalline wafer cells
should deliver, if prepared correctly, comparable efficiencies. Therefore we expect the poly-
and multicrystalline silicon thin film solar cells to gain increasing significance and may
replace microcrystalline silicon cells. Multicrystalline silicon also can act as one partner in
tandem cells which would further increase the efficiency.
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1. Introduction

Scope of this chapter is to provide design criteria for spacecraft solar arrays at system level.

The design a satellite solar array is usually influenced by several constraints; mission profile,

chosen attitude, overall spacecraft configuration, mass and sizing requirements, etc.

Moreover, its design has to be harmonised with the chosen solar array power conditioning,

in order to optimize mass, dimensions, and also particular constraints coming from EMC

and thermal environments.

The chapter is basically composed of the following sections;

1. General description of the current solar cell technologies currently used in space, with
particular attention to the triple junction solar cells.

2. Mathematical model of an equivalent solar cell circuit, to be used for performance
calculations in a numerical simulation environment.

3. Mathematical description of a simplified thermal model of a solar array in order to
analyse solar array performances in orbit.

4. Short definition of cosmic radiation effects.

5. The satellite power budget, starting point for the solar array sizing

6. The impact of the power conditioning architecture on the solar array (electrical
operative point, EMC considerations).

7. The configuration of the solar array with respect to the spacecraft.

8. Some design examples for different missions and satellite configurations.

9. Numerical simulations of solar array performances as function of the mission profile
(orbit propagation, slew manoeuvres, attitudes of particular interest).

2. Solar cells for space applications

Since the beginning of the astronautic era, photovoltaic devices have been considered for the
generation of electrical power on board spacecrafts because of their high power output per
unit mass, associated with the fundamental advantage of not having moving parts, present,
instead, in all the most used electrical power generators for both terrestrial and aeronautical
applications (turbines, motors, alternators, etc.). Therefore the PV array is static, does not
produce vibrations or noise, and does not need an active cooling. The Russians were the
first, in 1958, to launch a satellite powered with silicon solar cells.
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Solar cells for space applications have to be highly efficient, capable to stand thousands of
thermal cycles in orbit where the temperature, according to the mission profile may vary
from -150 °C to more than 120 °C. They have to show a limited degradation during time due
to cosmic radiations and Ultraviolet, and they have to resist to the mechanical solicitations
mainly linear accelerations and vibrations during launch and orbital manoeuvres, because
of these constraints the cells for space are smaller than those for terrestrial applications.

In order to have the highest conversion efficiency, solar cells for space application are
developed from mono-crystalline materials. In the past silicon was the most used and the
reachable bulk efficiency was not higher than 14%. The advent of GaAs based solar cells in
the last decade of the 20th century took the efficiency up to 19%, and nowadays triple
junction solar cells show more than 30%.

Figure 1 shows a very simplified structure of triple junction cell.
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Fig. 1. Triple junction solar cell structure

While figure 2 reports the quantum efficiency for each junction, it can be clearly seen that
the increased efficiency is due to wider wavelength coverage of the absorbed radiation.
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Fig. 2. Equivalent quantum efficiency as function of wavelength

Triple junction GaAs solar cells are populating more and more solar generators worldwide,
while manufacturers are actively working on four to six junction cells as a way forward
always increasing conversion efficiency. Consequently, there is a need to improve the
understanding of the electrical dynamic behaviour of multi-junction based solar array
considering that the proper design of solar array regulators requires, among others, a good
mastering of the solar section/regulator interface. In order to better understand EMC
aspects connected to the chosen regulation philosophy, which will be discussed further, it is
worth to have a quick look at the equivalent capacitance present at the output of a triple
junction cell. The figure 3 reports the capacitance measured across strings composed of 15
cells. The cells used are produced by AZUR SPACE Solar Power GmbH. It can be observed
that at high voltages the capacitance is considerably increased. Such behaviour has to be
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taken into account when the power conditioning architecture is chosen, and the relevant
devices designed.
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Fig. 3. Capacitance identified for the 15 cells string, Gaget2 and 3G28 (AZUR SPACE
products)

3. Solar cell equivalent circuit

The mathematical model of a photovoltaic cell has to take into account the following factors
capable to influence the solar cell behaviour.

1. Intensity of the incident light.

2. Operative absolute temperature.

3. Degradation by cosmic radiation.

The solar cell model, derived from the Mottet-Sombrin’s one, is basically a current generator
driven by the value of the voltage applied at its terminal according to the equivalent circuit
reported below. Generally speaking a solar cell is a particular p-n junction where the
diffusion process (diode D1) co-exists with the generation and recombination effect of the
charge carrier (diode D2) induced by the presence of crystalline defects. This model was
tested using data relevant to the AZUR SPACE 28% solar cell, as reported in the datasheet
provided by the Manufacturer, and available on company web-site.
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Fig. 4. Equivalent Circuit of solar cell

The relevant Kirchhoff equations are:

S -V . -V Vi
10:zL—zD{exp[qk.TDj—l}—zR'{exp(gk;]—l}—R—D (1a)
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V,=Vp—-Rs i, (1b)
Where:
K=1.381x10-2 (J/°K) is the Boltzmann constant;
q=1.602x10"19 (C) is the electron charge;
ir, ip e ir are respectively the current due to illumination, and the reverse currents of the
diodes Di e Dy; they are function of the temperature.
The equations (1) give the output voltage V,, and current I, as function of the voltage drop
Vg4 over the diodes D; and D». The second and third term of (1.) represent the typical
voltage-current laws of the diodes, and the currents ip and ir are the reverse currents of the
diodes dependent from the physics of the solar cell.
In general, the solar cell is characterised by the following data provided in the
manufacturer’s data sheet, the table below gives the values relevant to the one used for
testing the model:

Igc 506.0 mA Short circuit current;

Imp 487.0 mA Maximum power current;

Vmp 2371.0 mV Maximum power voltage;

Voc 2667.0 mV Open circuit voltage;

dig/dT 0.32 mA/°K Short circuit current temperature coefficient
dImp/dT 0.28 mA/°K Max. power current temperature coefficient

deP/dT -6.1 mV/°K Max. power voltage temperature coefficient;
dV,/dT -6.0mV/°K Open circuit voltage temperature coefficient.

Such data are given in AMO (1367.0 W/m?2) conditions at Tre;=28 °C (301.15 °K) reference
temperature.

Usually the series resistance is around 300m< for a triple junction cell, while for the shunt
one 500Q maybe assumed. Such resistances may be considered in a first approximation as
constant in the operating temperature range of the cell.

The values of i, ip and ir at the reference temperature can be calculated with the (1) in the
three main point of the V-I curve; short circuit, maximum power and open circuit, by the
least square method.

The next step is to define how these currents change with temperature.

Concerning ip e ir it is possible to write:

E
iD=CD-T5/2-exp(n gTJ (2a)
-
ir =C & 2b
Ig =Lg-€Xp kT (2b)

Where Cp and Cg are constants independent from temperature, and Eg is the Energy of the
prohibited band gap:

E,=E, ———= (mA/cm?) 3)
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With Eg = 1.41 eV, a.=-6.6x10-4 eV/°K, and =552 °K.
The current iy due to illumination is given instead by

i (T)=K(T) n(T) Juy (mA/cm?) @

Where Jio is light intensity (W/ m?2), n)(T) is the efficiency of the cell, K(T) is a coefficient to
be determined as function of the temperature.

n; e ny are two coefficients depending on the adopted solar cell technology:

At this point all the terms of the equations (1) can be defined at any temperature and by
setting as input the operating voltage V, and solving the system by the Newton-Raphson
numerical scheme is possible to calculate the output current io.

Figure 5 shows the V-I curves relevant to Triple Junction AZUR SPACE solar cell starting
from the datasheet available on the web site, as function of temperature at Begin Of Life
(BOL); the black asterisks are the maximum power points calculated according to the
datasheet. In figure 6 V-I curves for different illumination levels are reported.
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Fig. 5. Computed V-I curves as function of temperature using AZUR SPACE 3G 28% data
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Fig. 6. Computed V-I curves as function of illumination using AZUR SPACE 3G 28% data
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4. Solar panel thermal model

What said above clearly highlights the need of a thermal model of the solar panel taking into
consideration the heat exchange on both sides of it in case of a deployable one; or usually
considering the rear side as adiabatic in case of the panel is body mounted. The panel is
considered as rigid, with honeycomb structure on which the solar cells are applied; the
following table reports the components recognizable in solar panel cross-section:

Components from Thickness,
front to rear side pm

Coverglass 150 - 500
Coverglass adhesive 50 - 100
Solar cell 100 - 200
Cell adhesive 100
Kapton insulation 50
Face skin (Carbon fibre) -
Adhesive 100
Honeycomb (Aluminium) Upto4cm
Adhesive 100
Face skin (Carbon fibre) -
Black paint 50

Table 1. Solar panel composition

The panel temperature is computed taking into account the direct sun radiation, the albedo
radiation, the irradiation to deep space, and irradiation between the earth surface and the
panel itself. The sun illumination is variable during the year and considering only missions
around the earth it may range between 1315.0 (summer solstice) and 1426 W/m2 (winter
solstice), while the albedo of the earth surface is about 30% of the incident sun illumination.
The panel exchanges heat with the deep space and this is seen as a black body at 3°K, as well
as the earth irradiates as a black body at 250°K. The following simplifying assumptions can
been made; a deployed solar panel does not exchange heat with the outer surfaces of the
satellite body, a body mounted solar panel is adiabatically isolated from the rest of the
satellite body and finally the panel surface temperature is considered as uniform. The
conduction across the panel also plays an important role, and it has to be taken into account
in case of a deployed solar panel. At a first glance, the in-plane conductivity may be
neglected, this because under the hypothesis of uniform temperature over the panel, the
heat exchange between adjacent cells is basically zero.

The thermal equilibrium is computed by solving the differential equation which takes into
account the different heat exchange modalities.

daT

c- E = QRad + QAZIJ + QEarth + QSpuce + Qcond (5)

Where:

Qrag = (1 -7)cos9-] (6)
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It is the contribution of the direct sun radiation ] that is not converted into electrical power
by the photovoltaic cell;

Qulb:a(l—ﬂ)'F'Al'Fl—z'] @)

It is the contribution of the albedo radiation;

QEurth 20'-8~F12 (TE4 _T4) (8)

It is the heat exchanged with the Earth surface.

QSpace:‘y'g'(l_F12)'T4 (9)

It is the heat released to the deep space.

(Tfront - Treur) k

Qcond = Ax

(10)
Is the heat transmitted by conduction between the front and rear faces of the panel at Tont
and Trear temperature respectively.

The parameters appearing in these equations have the following meanings:

C = thermal capacitance of the panel per unit area, main contribution is provided the
honeycomb structure;

a = solar cell absorptivity;

¢ = solar cell emissivity;

Al = albedo coefficient, about 0.3 for earth;

F = albedo visibility factor;

F12 = View factor between radiating surface and planet

o = Stephan-Boltzmann, constant: 5.672x10-8 W /(m?2x°K4);

Tg = Black body equivalent temperature of the earth;

& = incidence angle of the sunlight on the panel;

k = panel transverse thermal conductivity;

Ax =panel thickness;

The radiating view factor of a flat surface with respect to the Earth surface is function of the
altitude h, earth radium Re and the angle A between the nadir and the normal to the panel.
The albedo view factor is computed according to the following formulas:

Ey = [1 —cos(ﬂgpp )]cos(ﬂ) (11)
Where [ is the angle between the nadir and the earth-sun direction:
. Ry
= 12
Bapp arcsm[h TR, ) (12)

The integration in the time domain of the equation (5) gives the actual temperature of the
panel along the propagation of the orbit in eclipse and sunlight, taking into account the
orientation of the panel itself with respect to the earth and the sun. The thermal model
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exposed so far is sufficient for the design of a solar array for space application at system
level.
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Fig. 7. View Factors Fis as function of H=h/Rg, parameter:i

Albedo visibility factor as function of altitude, for different values of Beta angle
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Fig. 8. Albedo Visibility factor F as function of h for different 3 value

5. Degradation due to space environment

Space is a hostile environment for the electronic components in general and solar cells in
particular. The sun radiates energy in almost the whole electromagnetic spectrum, from
radio waves to gamma rays, and abundant charged particles impinging on a surface cause
damages which cumulate over the mission lifetime (fluence ®). The behaviour of solar cells
in a radiation environment can be described in terms of the changes in the engineering
output parameters of the devices. The radiation usually of interest in the study of
degradation of materials and devices consists of energetic or fast massive particles (i.e.
electrons, protons, neutrons or ions). The major types of radiation damage phenomena in
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solids which are of interest to the solar array designer are ionisation and atomic
displacement.

Ionisation occurs when orbital electrons are removed from an atom or molecule in gases,
liquids, or solids. The measure of the intensity of ionising radiation is the roentgen. The
measure of the absorbed dose in any material of interest is usually defined in terms of
absorbed energy per unit mass. The accepted unit of absorbed dose is the rad (100 erg/g or
0.01 J/kg). For electrons, the absorbed dose may be computed from the incident fluence @
(in cm?) as: Dose (rad) = 1.6x108 dE/dx @, where dE/dx (in MeV cm? g1) is the electron
stopping power in the material of interest. In this manner, the effects of an exposure to
fluxes of trapped electrons of various energies in space can be reduced to an absorbed dose.
By the concept of absorbed dose, various radiation exposures can be reduced to absorbed
dose units which reflect the degree of ionisation damage in the material of interest. This
concept can be applied to electron, gamma, and X-ray radiation of all energies. Several
ionisation related effects may degrade the solar cell assemblies. The reduction of
transmittance in solar cell cover glasses is an important effect of ionising radiation.

The basis for solar cells damage is the displacement of semiconductor atoms from their
lattice sites by fast particles in the crystalline absorber. The displaced atoms and their
associated vacancies after various processes form stable defects producing changes in the
equilibrium of carrier concentrations and in the minority carrier lifetime. Such
displacements require a certain minimum energy similar to that of other atomic movements.
Seitz and Koehler [1956] estimated the displacement energy is roughly four times the
sublimation energy. Electron threshold energies up to 145 keV have been reported. Particles
below this threshold energy cannot produce displacement damage, therefore the space
environment energy spectra are cut off below this value. The basic solar cell equations (1)
may be used to describe the changes which occur during irradiation. This method would
require data regarding the changes in the light generated current, series resistance, shunt
resistance, but most investigations have not reported enough data to determine the
variations in the above parameters. The usual practice is then to reduce the experimental
data in terms of changes in the cell short circuit current (Is), open circuit voltage (Voc), and
maximum power (Pma). The variation of common solar cell output parameters during
irradiation can be described as shown for I in the following case:

I =Ixo-Clog (1+ @/ @) (13)

Where @, represents the radiation fluence at which I starts to change to a linear function of
the logarithm of the fluence. The constant C represents the decrease in I per decade in
radiation fluence in the logarithmic region. In a similar way, for the V. it can be written;

Voe = Vo - C' log (1 + @ / ). (14)

And for the maximum power;

Prax = Pmaxo - C" lOg (1 + (D/(DX) (]_5)

In the space environment a wide range of electron and proton energies is present; therefore
some method for describing the effects of various types of radiation is needed in order to get
a radiation environment which can be reproduced in laboratory. It is possible to determine
an equivalent damage due to irradiation based upon the changes in solar cell parameters
which are in some way related to the minority carrier diffusion length.
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The I, variation in each environment is described by the equation for I. In this case, two
constants, C and @, are required to describe the changes in I. It has been shown that the
constant C, under solar illumination, does not greatly vary for different radiation
environments. For electron irradiations in the 1 MeV and greater range, C is about 4.5 to 5.5
mA cm?/decade. In case of proton and neutron, C approaches 6 to 7 mA cm2 /decade.

For solar cells with the same initial I, the constant @ is a measure of the damage
effectiveness of different radiation environments. The constant @ for a particular radiation
can be determined graphically on a semi-log plot at the intersection of the starting I, and the
extrapolation of the linear degradation region.

5

160 o n/p SOLAR CELLS, 259

"f.é Cn‘n|
Ixn

2 E \% \ |4Y T
= Ay, T

= RS I

"‘g » %r%\‘ ’ _’ﬂ“hy

2 \ W,\?

+0

(1} 14 s \0‘5 .m17 10"

PARTICLE OF PHOTON FLUENGE, o!

Fig. 9. Variation of solar cell short circuit current with fluence for various radiations

It is the practice to define an arbitrary constant referred to as the critical fluence @.. One
method of defining this value is that fluence which degrades a solar cell parameter 25%
below its BOL state. But such a parameter is valid only when comparing cells with similar
initial parameters. To eliminate this problem, critical fluence may be alternatively defined as
that fluence which will degrade a cell parameter to a certain value. By use of the critical
fluence or the diffusion length damage coefficient, it is possible to construct a model in
which the various components of a combined radiation environment can be described in
terms of a damage equivalent fluence of a selected mono-energetic particle. 1 MeV Electrons
are a common and significant component of space radiation and can be produced
conveniently in a test environment. For this reason, 1 MeV electron fluence has been used as
a basis of the damage equivalent fluences which describe solar cell degradation.

The degradation due to radiation effects on solar cell cover-glass material in space is
difficult to assess. The different radiation components of the environment act both
individually and synergistically on the elements of the shielding material and also cause
changes in the interaction of shielding elements. However, the most significant radiation
effects in cover materials involve changes in the transmission of light in the visible and near
infrared region.

The methods for estimating solar cell degradation in space are based on the techniques
described by Brown et al. [1963] and Tada [1973ab]. In summary, the omni-directional space
radiation is converted to a damage equivalent unidirectional fluence at a normalised energy
and in terms of a specific radiation particle. This equivalent fluence will produce the same
damage as that produced by omni directional space radiation considered if the relative
damage coefficient (RDC) is properly defined to allow the conversion. When the equivalent
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fluence is determined for a given space environment, the parameter degradation can be

evaluated in the laboratory by irradiating the solar cell with the calculated fluence level of

unidirectional normally incident flux. The equivalent fluence is normally expressed in terms

of 1 MeV electrons or 10 MeV protons. The three basic input elements necessary to perform

degradation calculations are:

1. degradation data for solar cells under normal incidence 1 MeV electron irradiation;

2. effective relative damage coefficients for omni-directional space electrons and protons
of various energies for solar cells with various cover-glass thicknesses;

3. Space radiation environment data for the orbit of interest.

The equivalent 10 MeV proton fluence can be converted to equivalent 1 MeV electron

fluence as follows: @1peve = 3000 Pitomevp -

In cases when the cell degradation is entirely dominated by proton damage, the cell

degradation could be estimated more accurately by calculating the equivalent 10 MeV

proton fluence and using 10 MeV proton cell damage data, than by using the equivalent 1

MeV electron fluence and electron data.

To use cover-glass darkening data, a procedure is necessary to evaluate the absorbed dose

produced by the various radiation components of the space environment. The procedure is

similar to that used for equivalent fluence, with the exception that the absorbed dose varies

with depth in the cover material.

6. The power and energy budget

The starting point for the solar array sizing is the correct identification of the power demand
throughout the whole mission of the spacecraft.

Such power demand may change during the satellite lifetime either because of different
operational modes foreseen during the mission or, more simply, because of degradation of
the electrical performances of the electrical loads (in majority electronic units).

Taking into consideration what just said, an analysis of power demand is performed,
including peak power, of all the loads installed either in the platform or as payload for each
identified phase of the mission. Because of presence of sun eclipses, and possible
depointings along the orbit, an analysis of the energy demand is also performed, this
because in case of insufficient illumination the on board battery will supply the electrical
power, and the solar array has to be sized in order to provide also the necessary power for
its recharge. The power budget is based on peak power demands of the loads, while the
energy budget is based on average consumptions.

It is good practice consider power margins both at unit and electrical system level.

The consumption of each unit is calculated considering the following criteria:

e 20% margin with respect to expected power demand if the unit design is new.

e 10% margin if the unit design has a heritage from a previous similar one.

e 5% margin if the unit is recurrent.

Several electronic units work in cold or hot redundancy; this has to be taken into account
when summing the power demands.

Once the power demand is defined including the margins above, it is advisable to add 20%
extra margin at system level and defined at the beginning of the project. Such margin is
particularly useful during the satellite development in order to manage eventual power
excesses of some units beyond the margins defined at unit level. In this way eventual
Request For Deviation (RFD) issued by the subcontractors can be successfully processed
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without endangering the whole spacecraft design. This is particularly true for scientific
missions, where many times the development of the instruments may reveal so challenging
that an excess of power demand cannot be excluded a priori.

At this point harness distribution losses are introduced, 2% of the power demand defined
with all margins at unit and system level may be a good compromise between losses
containment and harness mass.

The Power Control and Distribution Unit (PCDU) is the electronic unit devoted for the solar
array and battery power conditioning and regulation, power distribution and protection,
execution of received telecommands (i.e. switch on/off of the loads) and telemetry
generation. Its power consumption without considering the efficiencies of primary bus
power converters depends on the management of the digital interfaces with the on-board
computers, the control loop and protection electronics, the value of such consumption is not
immediate to calculate but it can be said that a PCDU capable to manage 1kW can consume
about 30W. However it consumption strongly depend on the number of implemented
distribution lines, and relevant electronic protections.

Now its time to add the power needed for the recharge of the battery, this power strongly
depend on the mission profile, and many times the maximum discharge of the battery
occurs at launch, from lift-off up to the successful sun acquisition by the satellite with
optimal sun pointing of the solar panels. Some times due to the complexity of the satellite
design and mission profile it is not possible to have a full recharge of the battery in one orbit
before the next eclipse, then the power allocated for such incumbency has to assure a
positive battery recharge trend throughout a limited number of orbits.

The power delivered by the solar array is conditioned by suitable power converters in order
to provide it to the loads with a regulated voltage, or at list with the voltage varying
between a maximum and minimum value. These converters may have an efficiency between
98.5% and 95% and the choice of their topology is made according to several criteria and
constraint dictated by the overall satellite system design. Such efficiencies are taken into
account adding up to an additional 5% to the budget defined so far.

The harness losses between solar array and PCDU may be calculated having as objective 1V
voltage drop at the maximum required power; again, considerations about the harness mass
can provoke the change of such objective.

Finally, in case of the European ECSS standard (ECSS-E-ST-20C) is considered as applicable,
an additional 5% margin on power availability shall be assured at the satellite acceptance
review End of Life (EOL) conditions and one solar array string failed.

7. Solar array sizing; impact of the power conditioning and electromagnetic
constraints

The definition of the solar array, conceived as a set of solar cells connected in series to form
a string and strings connected in parallel cannot be made without considering the power
conditioning device placed at its output in order to have the electrical power delivered
within a certain voltage range. This is not the suitable seat for a complete examination of all
the possible power conditioning and power architecture solutions, what can be said is that
there are two main concepts: the Direct Energy Transfer (DET) and the Maximum Peak
Power Tracking (MPPT). These two methods of regulation have an important impact on the
solar array design not only from the sizing point of view, but also from the electromagnetic
compatibility (EMC) one. The following section will detail the impact of the adopted power
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conditioning concept, and some sizing constraints mainly raised by the space environment
such as electrostatic discharges and earth magnetic field.

7.1 Regulation based on Sequential Switching Shunt Regulator (SsR)

The first concept is based on the use of a shunt regulator; the figure below shows the electric
schematic of a cell of a Sequential Switching Shunt Regulator (S°R), several solar array
strings can be connected in parallel to the input of the regulator’s cell; the voltage at the
terminals of the output capacitor (Main Bus capacitor) is regulated by the switching of the
MOSFET contained in the blue oval.

Fig. 11. Solar array working points as function of required power

The operating voltage of the solar array is constant and equal to main bus nominal voltage
plus the voltage drops due the two diodes in series along the line, the solar array harness,
and the blocking diode placed at the string positive output. In case of a fully regulated
power bus, this operating voltage remains fixed during both sunlight and eclipse periods
throughout the orbit; if the power bus is instead a battery regulated one it implies that the
bus voltage decreases during eclipse periods, when the battery discharges, provoking a
migration of the operating point of the solar array towards the short circuit one.

Supposing a power need of 280W, Figure 11 shows that a solar array composed of 20 strings
of 18 cells (18s - 20p), at the eclipse exit (Varray= 27V) cannot provide the required power. In
this condition the battery keeps discharging, lowering further down the operating voltage.
This power bus lock-up has to be avoided increasing the number of strings in parallel.
Adding 5 more strings (i.e. 25% more) the solar array can deliver 320W at 27V when cold;
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therefore 40W become available to assure the battery charge. However, this increase might
not be enough for assuring a full recharge of the battery in one orbit, or a positive recharge
trend through several orbits; and an assessment of the energy budget by numerical
simulation becomes necessary, taking into account orbital and attitude constraints.

7.2 Regulation based on Maximum Peak Power Point Tracker (MPPT)

The MPPT concept is based on the use of a switching dc-dc converter; usually it has a buck
topology, where the primary voltage at solar array side is always higher of the secondary
one on the distribution bus. Figure 12 shows an example of this type of converter. There are
three control loops; a conductance control of the output current, an output voltage
controller, and the Maximum Peak Power Tracker which regulates the output voltage of the
solar array around the maximum power point in case of maximum power demand. In all
the cases the required power is lower than the maximum available one the operating voltage
of the solar array is kept between the maximum power voltage and the open circuit one.

Fig. 12. Low ripple Buck converter topology

When this power conditioning concept is applied the solar array operating voltage is always
independent from the bus one. Hence the phenomenon of the lock-up mentioned for the S3R
is not present and the solar array does not need to be sized in order to cope with such issue.

‘Solar Array performances with MPPT
T T

Power W]

Fig. 13. Solar array P-V curves and required power, MPPT power conditioning
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Figure 13 clearly shows that the original array composed of 20 strings is now capable to
deliver the needed power in both hot and cold conditions, providing power to the loads
(280W) and the additional 40W for the recharge of the battery.

Clearly from the sizing point of view of the array, the MPPT provides unquestionable
benefits, but the price to be paid consist in additional mass (inductances and capacitances, as
it can be seen in figure 12), and higher complexity because of the presence of three control
loops.

7.3 Electromagnetic Compatibility (EMC)

The design of a spacecraft solar array and its power conditioner has to satisfy several
requirements, not only in terms of mass, dimensions and power output, but also in terms of
electromagnetic compatibility. This is particularly true for scientific mission, when
instruments highly sensitive to electromagnetic fields may be boarded. In these cases it
becomes crucial for the success of the mission to know which electromagnetic fields are
generated at solar array level due to the circulating current and its frequency content, once
this is connected to the power conditioning unit. The wires connecting the solar array to the
PCDU, via the Solar Array Driving Mechanism (SADM) when necessary, are always twisted
pairs (positive and return), but the return connections of the strings are routed on the rear
side of the panel, they are not twisted of course, hence the solar array can behave as a
transmitting antenna at frequencies which may result incompatible with some of the
equipments on board.

Power Bus

Section #1

String #1 75 String #2 smng #m fpine #m

|
Vius

Fig. 14. Solar array electrical scheme

These issues are strongly dependent on the power conditioning approach adopted.

In the case of the S3R, with reference to figure 10, it can be seen that within the blue oval
there is the shunt switch (MOSFET) together with a linear regulator in order to limit the
current spikes at the regulator input when the MOSFET switches ON/OFF. Such spikes are
strongly dependent on the total output capacitance of the strings connected in parallel and
hence from the capacitance of the single triple junction solar cell. Fewer cells are in a string,
or more strings in parallel, higher is this capacitance. The linear regulator can reduce the
amplitude of the spikes by a suitable sizing of the dump resistor. For sake of completeness,
the inductances present in the circuit diagram are the parasitic ones. Figure 15 shows the
frequency spectrum of the current circulating in the harness between solar array and power
regulator for different values of the dump resistor. The next figure 16 instead shows the
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frequency spectrum of the current for the same solar array section when the power
conditioning is made by a buck converter with a MPPT control loop. It can be immediately
seen that in case of MPPT power conditioning the current ripple on the solar array harness
is much lower at low frequencies, not higher than 8 mA; and therefore such solution may be
interesting when the power subsystem has to cope to very stringent requirements from
EMC point of view.

120mA.
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Fig. 15. Frequency spectrum of Solar Array output current for S’R power conditioning
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Fig. 16. Frequency Spectrum of Solar Array output current for MPPT power conditioning

7.4 Effect of the Earth magnetic field
The interaction between the Earth magnetic field B and the currents circulating in each

string generate a torque disturbing the desired attitude of the whole spacecraft. The
magnetic moment M due to the current is given by

M=I-A (16)

Where I is the current and A is the area of the current loop; in the case of the solar array this
area corresponds in a first approximation to cross section of the panel substrate; on the front
face of it the cells are mounted, on the rear face the return harness is implemented.

The resulting torque is
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T=MxB=M-B-sind (17)

The direction of the torque is such that the dipole tends to orient itself parallel to lines of
force of B, minimizing the potential energy and achieving a stable position.

This torque has to be in principle neutralised by the Attitude and Orbit Control System of
the satellite, which implies the usage of thrusters (i.e. fuel consumption) or increased
authority of magneto-torques and/ or reaction wheels (electrical power and mass impact).
Clearly there are two ways for the minimisation of this torque; the first one is the
minimisation of the areas of the current loops; the second one concern the layout of the solar
array strings; adjacent strings can be disposed on the panels in opposite directions, such that
the individual torques generated are balanced. With this solution, solar cells having the
positive terminal at the string open circuit voltage will lay very close to cells having the
negative terminal at 0V. And this opens the door to another issue to be faced.

7.5 Electrostatic Discharges (ESD)

The space plasma is the cause of the accumulation of electrostatic charges on the spacecraft
surfaces. The energy of the plasma changes with the altitude; it is around 10,000 eV at about
36,000 km (Geostationary Orbits, GEO) decreasing to 0.1 eV for below 1,000 km (Low Earth
Orbits, LEO), within the Van Allen Belts. For what concern the solar arrays it can be said
that the interconnections between solar cells and the cell edges are exposed to plasma, and
the output voltage resulting at the terminals of a string plays an important role. The worst
scenario occurs at BOL, at the minimum operative temperature (eclipse exit). In these
conditions the open circuit voltage is at the maximum value, if triple junction solar cells are
used and a string is for instance composed of 34 cells, this voltage can be above 90V; this is
the maximum voltage between two adjacent cells.

The value of the maximum current that can flow through a conductive part of the array
(usually the current of a single string if each is protected by a diode) is also important;
indeed it has been proofed that in order to have a self sustained secondary arc, minimum
value of the current for a particular voltage is needed. In case of ECSS standard applies, in
particular “Spacecraft Charging - Environment Induced Effects on the Electrostatic
Behaviour of Space Systems (ECSS-E-20-06)”, then it can be said that no tests are required to
prove the safety of the solar array to secondary arcing when the maximum voltage-current
couple available between two adjacent cells on the panel, separated with 0.9mm as nominal
value, is below the threshold in the following table:

VOLTAGE | CURRENT COMMENTS

70V 0.6 A No self sustained secondary arcing possible
50V 15A No self sustained secondary arcing possible
30V 2A No self sustained secondary arcing possible
10V - Voltage is too low to allow any arcing

Table 2. ESD limit conditions

An inter-cell gap between strings of adjacent sections may be defined at 2 mm, cell to cell,
that means 1.85 mm between cover-glasses. Finally, taking into account tolerances of the
tools used during manufacturing of the solar array, it results that the distance between
adjacent strings is always higher than 1.6 mm
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8. Solar array configurations

The solar arrays mounted on a satellite can have very different shapes, accommodations and
dimensions. The configuration of a solar panel is the result of several design iterations made
at satellite level, considering the mission requirements, the needed power, the dimensions,
mass, and the spacecraft attitude to be kept during the whole lifetime and in all the possible
satellite working modes. However three or four main configurations of the solar array can
be identified.

8.1 Spinning satellite

The first configuration is the one characterising a spinning satellite. The satellite usually has
cylindrical shape with the symmetry axis as the rotation one. This configuration was the first
one to be adopted; the available power is not elevated with respect to the panel surface,
indeed the equivalent active area results from the division of the actual area of panel by m.
The satellite Meteosat is a good example; this configuration is nowadays rarely used, but in
some cases is still interesting for scientific satellites like those of the Cluster mission.

s 52
Fig. 17. Solar Array for spinning Satellite, Meteosat Second Generation (Credits: ESA - MSG
Team)

8.2 Body mounted panels

The second configuration foresees the panels body mounted to the spacecraft walls. The
panels are rigidly fixed to the structure and their orientation towards to the sun is never
optimal.

Fig. 18. Body mounted solar array, GOCE (Credits: ESA - AOES Medialab)

This solution has been recently adopted for earth observation and scientific satellites with a
reduced power need, no more than 1 kW. In case of earth observation satellites the nadir-
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pointing attitude of the instruments results in highly variable illumination of the panel,
therefore the computation energy budget can be quite challenging because the power
subsystem may have power coming from both solar array and battery pack at the same time
along the orbit. This behaviour may significantly reduce the useful time for the recharge of
the battery in sunlight, and an oversized solar panel may be needed. The ESA spacecraft
GOCE is a good example of such body mounted panels; two of them are installed on the
fixed “wings” of the satellite, the other two are on the “fuselage”. It is worth to note that the
temperatures on the solar panels are very different between one another, this because of the
different illumination levels and different thermal exchange of the wings (remaining colder)
with respect to the fuselage (hotter panels). Such configuration, dictated by many other
requirements at satellite level, can have a huge impact in the complexity of the power
conditioning concept to be adopted.

8.3 Deployable wings

The third one is the classical double deployable wing. This solution is classical for
telecommunication geostationary satellites. Each wing is moved by a Solar Array Driving
Mechanism having the rotation axis perpendicular to the orbital plane. The illumination is
optimized by the automatic orientation of the panels. This kind of configuration is the best
solution when several kilowatts are needed, as in the case of recent telecom satellites. Each
wing is then composed of several panels kept folded at launch, and then progressively
deployed by suitable mechanisms at early phase of the mission. The satellite Hylas-1 gives a
good example for such solution.

Fig. 19. Deployable Solar panels, Hylas-1 (Credits: ESA - J. Huart.)

9. Design and simulation examples

The following two examples will show how a spacecraft solar array, composed of one or
more panels having different orientations, provide the needed power during the mission.
The examples reported consider body mounted panels, having a fixed orientation with
respect to the satellite body axes. This kind of panels is typically used for small and medium
satellites, with a power demand less than 1 kW. If on one hand they are relatively cheap
and easy to realise, on the other they may require additional efforts for the proper
assessment of the energy budget throughout the orbits. This is particularly true in case of
the power bus is an unregulated one, having wide voltage variations because of the battery
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charge and discharge cycling. In conclusion their design may be particularly challenging
because of their typical small size, many times conditioned by the allowed dimensions and
mass of the satellite, and the irregular illumination along the orbit.

The first example concerns an Earth observation satellite made as a cube. Three lateral sides
are covered by solar cells; the fourth one accommodates the instruments and is Nadir
pointing. The last two sides of the cube are parallel to the orbital plane. This configuration of
the satellite is such that the illumination of each panel results to be almost sinusoidal, when
the sun-light is incident on the panel itself. The temperatures will follow the same type of
law, and the available electrical power as well. The orbit is sun-synchronous, and the
transmitters are working when the ground stations are visible. The satellite is small; its
required power is about 160W, and 60W are consumed by two different transmitters at
different transmission frequencies. Each panel accommodates 8 strings of 18 cells each; the
power conditioning is based on the S3R regulator with a battery power bus (battery directly
connected to the distribution bus. This architecture is the one which can be prone to the
lock-up of the power bus previously described, due to over-discharge of the battery after
eclipse periods. The problem is however mitigated by the possibility to have a sun-bathing
mode when the satellite passes over the oceans and in any case in the southern hemisphere.
In this operative mode two of the three panels will have the common edge oriented towards
the Sun, the sunlight incidence will be 45 deg. Figure 20 shows when these sun-bathing
phases can occur (red ground-track).
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Fig. 20. Satellite ground track

As said, the required power is mainly function of the duty cycle of the transmitters when the
ground stations are visible. In this example the three ground stations, typically used for
earth observation missions are Kiruna (light blue), Fairbanks (magenta), and Redu (yellow).
Figure 21 shows when these stations are visible, together with the eclipse periods (blue
ground track). The illuminations of the panels for 24 hours (14 orbits) simulation are
reported in figure 22. It can be clearly seen when the sun bathing occurs: panel #3 shows a
constant illumination of about 950 W, while the panel #2 (magenta) has a slight increase due
to the albedo effect; the panel #1 results to be not illuminated.
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Fig. 21. Ground station visibility and eclipses

Figure 23 shows the calculated temperatures for the three panels. Finally, figure 24 reports
the available power from the array, the power exchanged by the battery, and the power
required by the loads; from this plot it can be clearly seen the power delivered by the battery
is adequately balanced by the power used for recharging them.
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Fig. 22. llumination of solar panels over 24 hours period
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Fig. 23. Temperature of solar panels over 24 hours period
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Fig. 24. Power Balance

The second example concern the design of a body mounted solar array which output power
is conditioned by a MPPT control system. This is the case of LISA Pathfinder, which solar
array is composed of 39 strings of 24 cells each, for 650W required power in EOL conditions.
The nominal attitude during the mission is sun pointing, and the limited surface available
for the solar array is due to mission and spacecraft configuration constraints. At a certain
stage of the project it was decided to separate the solar panel from the rest of the structure
by dedicated supports. This solution introduced the possibility to have different working
temperatures between the strings and cells belonging to the same string, because of different
thermal exchange modalities among centre and periphery of the panel.

Fig. 25. LISA Pathfinder artistic impression

Therefore it was worth to analyse whether a temperature gradient of 30 °C between centre
and periphery may originate knees in the I-V curve that may be recognised as false
maximum power points by the MPPT control loop, leading to a block of the working point
of the array in a non optimal position. Figure 26 shows the layout of the solar cells within
their strings, adjacent rows of cells of the same colour belong to the same string. The
resulting I-V curve (green) of the whole array is showed in figure 27, as term of comparison
the two V-I curves calculated considering constant temperature are also reported as term of
comparison. To be observed that the cell with the lowest temperature in a string rules
the maximum current flowing trough the string itself. From the plot it can be concluded
there are no knees between the open circuit voltage and the maximum power knee such
to provoke the lock of the MPPT tracker around a false maximum power working
condition.
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Fig. 26. Solar array layout

Figure 28 shows the illumination and the temperature reached by the solar panel in the first
orbits after launch, the temperature over the panel is now considered as constant. It can be
observed that the illumination takes into account also the contribution of the albedo just
before and after an eclipse (no illumination), as expected from a solar panel always pointing
towards to the sun throughout the orbit.

The figure 29 shows now the extended temperature profile over a period of 24 hours,
together with output voltage and current; to be observed that from the fourth orbit onwards
the temperature shows an slight increase after 70% of sunlight period has elapsed; this
happens because when the battery is fully charged; the maximum power is not required
anymore, the operating voltage of the array shifts toward the open circuit value. At the same
time it can be seen that the output current decreases. This temperature increase is due to the
difference between the maximum available power and the required one; the unused power
warms up the array.
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Fig. 27. LISA Pathfinder Solar array, V-I curve
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Fig. 28. Solar Array Illumination and temperature, launch phase and first 3 orbits
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Fig. 29. Solar array temperature, output voltage and current

Finally, figure 30 shows the Depth Of Discharge (DOD %) of the battery from launch. The
DOD is progressively recovered the first four orbits. After the fourth one, a stable charge-
discharge cycling is reached.
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LISA-PF; Battery Depth of Discharge, first mission day

Fig. 30. Battery Depth of Discharge (DOD %) for launch phase and first mission day.

10. Conclusions

Objective of this chapter was to provide guidelines for the design at system level of a solar
array for satellites. Such kind of application has to be compliant with severe requirements
mainly dictated by the harsh space environment mainly in terms of temperature levels,
cosmic radiations which provoke wide variations of the performances together with their
continuous degradation. Mass and size of the panels are main constraints with respect to the
required power as well as optimal orientation towards to the sun, several times limited by
other requirements at spacecraft and mission level. The actual state of the art is represented
by triple junction solar cells capable to have a bulk efficiency of more than 30%.

Typical accommodations of these arrays have been illustrated and a few design examples
provided. These examples have been chosen among those may be considered as particularly
challenging with respect to the required power and energy budgets coupled with mission
constraints.
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1. Introduction

Energy-related concerns about traditional resources include the depletion of fossil fuel, a
dramatic increase in oil prices, the global warming effect caused by pollutant emissions
from conventional energy resources, and the increase in the energy demand. These concerns
have resulted in the recent remarkable growth of renewable energy industries [1-3].
Furthermore, renewable energy has become a significantly important research area for
many researchers as well as for governments of many countries as they attempt to ensure
the safety, long-term capability, and sustainability of the use of global alternative energy
resources [2]. Renewable energy resources include solar, geothermal, wind, biomass, ocean,
and hydroelectric energy. [4] In particular, both solar (i.e. photovoltaics) and wind energy
are considered to be leading technologies with respect to electrical power generation.

The study of photovoltaics (PV) has been carried out since the 1980s” and is currently the
most significant renewable energy resources available. According to the Renewable Energy
Policy Network for the 21st Century (REN21), there has been a strong growth in the use of
PV of 55 % and the worldwide solar PV electric capacity is expected to increase from 1,000
MW in 2000 to 140,000 MW by 2030 [5]. Moreover, it is forecast by the European Renewable
Energy Council that this renewable electric energy could become sufficient to cover the base
load and half of the global electricity energy demand by 2040 [6]. Generally in the PV
industry, crystalline silicon has generally occupied about 95 % of the market share of
materials, while only 5 % of all solar cells use amorphous silicon [7]. However, in order to
improve the cost efficiency of solar cells by using less material, the thin-film PV module
with amorphous silicon has become an active research and development (R&D) area [8]. In
particular, solar cells that use amorphous silicon have the advantage of being able to
generate a higher energy output under high temperatures than crystalline silicon solar cells,
which are less affected by the temperature increase with respect to performance of electricity
output than are the crystalline silicon solar cells. Moreover, installed at the rooftop and on
the exterior wall of the building, a thin-film solar cell can be conveniently used as a fagade
that generates power for the entire building. This system is known as a building integrated
photovoltaic system (BIPV). The thin-film solar cell can also provide the advantage of heat
insulation and shading when incorporated into a harmonious building design. Therefore,
the thin-film solar cell is expected to be a very bright prospect as a new engine for
economical growth in the near future. Currently in Korea, many researchers are conducting
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vigorous research on PV with respect to the application of crystalline silicon solar cells. An
example of such research includes the evaluation of the power output of PV modules with
respect to the ventilation of the rear side of the module. However, research on the
transparent thin-film solar cell as a building facade application including windows and
doors is only in its early stages.

Therefore, the objective of this study is to establish building application data for the
replacement of conventional building materials with thin-film solar cells. In this study, an
evaluation is carried out on the performance of the thin-film solar cell through long-term
monitoring of the power output according to the inclined slope (the incidence angle). This is
conducted by using a full-scale mock-up model of the thin-film solar cell applied to a double
glazed system. In addition, the aim of the application data of the thin-film solar cell is to
analyze the effect of both the inclined slope and the azimuth angle on the power output
performance by comparing this data with the simulation data for PV modules[9].

2. Methodology

In this study, a full-scale mock-up model was constructed in order to evaluate the power
output performance of a PV module laminated with a transparent thin-film solar cell. A
mock-up model was designed for a PV module that had a range of inclined slopes, and was
used to measure the power output according to the slope (incidence angle) and the azimuth
angle. The collected experimental data was then compared with the simulated data for a
power performance analysis.

A commercialized single plate transparent thin-film solar cell with amorphous silicon was
used in this study (KANEKA, Japan). This was modified into a double glazed PV module in
order to install the mock-up model for this study.

Using the full-scale mock-up model, the system output was monitored for 9 months. A
computer simulation (TRNSYS, University of Wisconsin, USA) of the PV module was also
performed at the same time, and empirical application data was calibrated for the statistical
analysis of power performance based on the inclined slope and the azimuth angle. In
particular, the annual power output of the PV module was obtained by analyzing the data
obtained from the remaining 3 months on the basis of the 30 years” standard weather data in
Korea.

3. Double-glazed PV module

In Korea, it is an obligatory requirement that building materials such as windows and doors
for a residence should be double glazed in order to ensure adequate heat insulation.
Moreover, as the demand for energy efficiency buildings increases, the efficiency of double
glazed window systems is improving with respect to heat insulation, as is the efficiency of
exterior wall systems of buildings. Therefore, the photovoltaic characteristic of thin-film
solar cells was measured in terms of the transmittance of the cell prior to evaluation of the
PV module (Figure 1). The results of this measurement showed an average transmittance of
10 % at the range of visible radiation between 390 nm and 750 nm.

Using this thin-film solar cell, a single plate PV module was manufactured to a thickness of
10 mm, and the PV module was then modified as a double glazed module of 27 mm thick,
consisting of a 12 mm air space and a 5 mm thick layer of common transparent glass, as
shown in Figure 2.
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Fig. 2. Preparation for single plate of double-glazed PV module using transparent
amorphous silicon (A-5i) thin-film cell.

From the performance evaluation of the heat insulation, the prepared PV module exhibited
a 2.64 W/m?2-C thermal transmittance, as shown in Figure 3. However, it showed an 18 %
solar heat gain coefficient (SHGC), which was much lower than that measured for the
common double glazed window. WINDOW 6.0 and THERMb5.0 (LBNL, USA) were used to
analyze the heat insulation of the standard type of double glazed PV module widely used
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for the heat insulation of building windows and doors. This analysis allowed for the
evaluation of heat transfer under a two dimensional steady state for the user defined fitting

system at a given circumstance.

Lo 0068

L 0075

SHEE 2180

UL g 2554

Ciear Single Giass Suum
Air 120
PV Giass 10mim
Fig. 3. Optical and thermal characteristics of double-glazed PV module (T_sol is the solar
transmittance, T_vis is the transmittance of visible radiation, SHGC is the solar heat gain
coefficient, and U_value is the thermal transmittance of PV module).module

Figure 4 shows a plane figure of a 10 mm thick and 980 x 950 mm single plate PV module,
and a PV module consists of 108 cells in series. The electrical characteristics of the prepared

PV module are listed in Table 1.

r
+|1¢-14mm

»|l«16mm 980mm

Fig. 4. Plane figure of a single plate PV module.

4. Full-scale mock-up model

A full-scale mock-up model was constructed with the dimensions of 8 m long, 5 m wide,
and 3.5 m high, as shown in Figure 5. In order to demonstrate the impact of the inclined
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Item Specification
Module thickness (mm) 10
Module efficiency (%) 7
Maximum power output (W) 440
Maximum voltage (V) 59.6
Maximum electric current (A) 0.74
Open circuit voltage (V) 91.8
Short circuit current (A) 0.972

Table 1. Specification of the tested thin-film PV module

slope (incidence angle) on the power output, the inclined angles were varied on the mock-
up by installing both a tilted roof at 30° and a common roof without any slope. The mock-up
faced south in order to maintain a compatible solar irradiance with the location of Yongin,
Gyeonggi, Korea. Two separated spaces were prepared in order to test the thin-film PV
module (Test room A in Figure 5(a)) and the common double glazed window (Test room B
in Figure 5(a)) as a reference. The spaces were 2 m long, 3 m wide, and 2.7 m high. The
double glazed PV module and the common double-glazed window were installed in each
separated test room at different inclined angles (0 °, 30 °, and 90 °).

A mock-up model was also constructed in order to monitor the electric current, voltage,
power, temperature, and solar irradiation depending on the inclined angle of the PV
module. The double glazed thin-film PV module revealed only a 10 % transmittance (See
Figure 1), but this was as sufficient as the common double glazed window for observing the
outside.

5. Power performance of PV module

5.1 PV module performance measured in mock-up model

The total solar irradiance and power output of the PV module, depending on the inclined
angle of double glazing, were monitored through the mock-up model for 9 months from
November 2006 to August 2007. Data obtained from the mock-up was collected based on
minute-averaged data, and the final data of 12,254,312 was statistically analyzed based on 56
variables. Firstly, daily data was rearranged into monthly data. Secondly, minute-based data
was averaged and combined into an hourly data. Finally, each group was analyzed in terms
of an arithmetic mean, standard deviation, minimum, and maximum value. The empirical
data in this study was limited in DC output, which was obtained from the load using
resistance without an inverter. Thus, it is assumed that there may be a number of differences
between the data measured in this study and the empirical data controlled by maximum
power peak tracking (MPPT) using an inverter.

Figure 6 shows the hourly data, which was yearly-averaged, of the intensity of solar irradiance
and DC output depending on the inclined angle of the double glazed PV module. Based on the
data measured at noon, the inclined slope of 30 ° (SLOPE _30) revealed an insolation of 528.4
W/m2, which shows a greater solar irradiation than that for the slopes of 0 © (SLOPE_0, 459.6
W/m2) and 90 ° (SLOPE_90, 385.0 W/m?2), as shown in Figure 6(a). Consequently, the average
power output at noon also exhibited 19.9 W for SLOPE_30, which was higher than that shown
in the data for SLOPE_0 (15.76 W) and SLOPE_90 (8.6 W) (See Figure 6(b)).
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Fig. 5. Full-scale mock-up model: (a) a floor plan view, (b) a cross-sectional view, and (c)
photographs of mock-up model.

5.2 Effect of intensity of solar irradiance

Figure 7 depicts the relationship between the solar irradiance taken from the PV module and
the DC power output depending on the inclined angle of the module. For all PV modules,
the power output increased with an increase in solar irradiance. While the increase rate of
power output was particularly retarded under the lower solar irradiance, there was a very
steep increase of power output under the higher solar irradiance (See Figure 7).
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Fig. 6. Monitoring data of PV module depending on the slope through the mock-up model:
hourly data averaged yearly: (a) solar irradiance and (b) power output.

By observing the degree of scattering for each inclined PV module as shown in Figure 7,
there was a higher density of power output distribution for SLOPE_30 under the higher
solar irradiance. On the other hand, the lowest distribution of power output was revealed
for SLOPE_90, even under the higher solar irradiance. The monthly-based analysis revealed
that a double glazed PV module inclined at 30 ° (SLOPE_30) produced the greatest power
output due to the acquisition of a higher solar irradiation. This result can also be achieved
from a PV module with an incidence angle of 40.2 °, implying that it is more efficient to
acquire solar irradiation than any other factor (See Figure 7(b)).

In the case of SLOPE_O, there were significant differences in power output with respect to
solar irradiance depending on monthly variation (See Figure 7(a)). Specifically, the
maximum solar irradiance in December is only 500 W/m? resulting in a power output of 10
W. On the other hand, the maximum solar irradiance of 1,000 W/m?2 with over 50 W power
output was recorded for June. This high efficiency of power performance for SLOPE_0
during the summer could be due to the incidence angle of 36.1 °, which was low enough to
absorb solar irradiation.

The reverse tendency of power output for SLOPE_0 was shown for SLOPE_90, which was
installed at the horizontal plane. Specifically, a maximum power output of above 30 W was
observed. This was due to a quiet efficient solar irradiance with the maximum solar
irradiation gain of over 900 W/m?2 occurring in December. However, a lower solar
irradiance of around 500 W/m? with less than 10 W power output was observed during the
summer months from June to August. This can be explained by the difference in the
incidence angle of the PV module depending on the inclined slope, i.e., the lower incidence
angle of 36.6 ° for SLOPE_90 was observed during the winter, particularly in January, while
the higher value of 84.6 ° was observed during the summer, especially in June. This implies
that solar irradiation capable of producing a much higher power output can be easier to be
achieved with a lower incidence angle of solar radiation to the PV module.

5.3 Monthly based analysis of power performance
Figure 8 shows the amount of solar irradiation and power output accumulated for each
month depending on the inclined angle of the PV module. A fairly effective solar irradiance
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of 147.7 kWh/m? was obtained from SLOPE_30 during May, and the lowest value of 75.3
kWh/m?2 was obtained in December (See Figure 8(a)). The horizontal module of SLOPE_0
resulted in the highest solar irradiance in June and the lowest value in January. On the other
hand, the PV module installed at the vertical window exhibited the highest solar irradiance
(115 kWh/m?) in January and the lowest (50.2 kWh/m?) in August. This can be explained
by the highly effective solar irradiance of both of the PV modules that were installed
horizontally (SLOPE_0) and tilted at a slope of 30 °. This was due to the smaller incidence
angle, defined as the angle between the incident solar ray and the normal line, close to the
horizontal plane during the summer and related to the height of the sun, while the PV
module installed vertically (SLOPE_90) obtained an effective solar irradiance due to the
smaller incidence angle during the winter.

An analysis was also carried out on the monthly power performance depending on the
inclined angle of the PV module, as shown in Figure 8(b). From the monthly data in Figure
8(b), it can be seen that the most effective power output during the summer, particularly for
June, was obtained at SLOPE_30 and SLOPE_0. However, the highest power output was
obtained at SLOPE_90 for January. This could be due to the variation of solar irradiance
from each PV module from the different incidence angles based on the height of the sun.

In this study, the best power performance among all the tested PV modules was that
obtained by the PV module tilted at an angle of 30 ° (SLOPE_30), comparing with those
installed horizontally (SLOPE_0) and vertically (SLOPE_90).
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Fig. 8. Monitoring data of PV module depending upon the slope through the mockup
model: monthly accumulated data of (a) solar irradiance and (b) power output.

5.4 Hourly based analysis of power performance

Figures 10~12 show the statistically analyzed monthly power generation data of PV module
depending the inclined slope. The name of each part is provided for the better
understanding in Figure 9. m sign in each box indicates Mean value, o and 4 signs indicate
the range of Mean+S.D (Standard Deviation), Whisker I sign indicates the range between
maximum and minimum values. For example, in the first graph of Figure 10, the mean
value at 12pm in January is approximately 20W, S.D. (Standard Deviation) is 5~30W,
maximum value is 40W and the minimum value is OW. The statistical data on how much
power is generated in each hour can be easily understood with these graphs. Furthermore,
the maximum and minimum ranges can also be easily analyzed, enabling the comparison of
characteristic behaviors depending on the inclined angle.
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In case of vertical PV module, the power generation turns out be significant in Janurary due
to a farily effective solar irradiance. It showed the power generation of 20W on average at
noon. On the other hand, in June when there is no high solar irradiance due to high
incidence angle, the power generation was less then 10W on average at noon. The inclined
slope of 30 ° showed the best power generation during the measurement period. Especially
the power generation was the greatest in June with 30W on average at noon.
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In case of horizontal PV module, it showed effective power generation performance in the
summer similar to the case of the inclined slope of 30 °, showing more than 30W generation
on average at noon. However, the generation barely exceeded 10W in December due to high
incidence angle and low solar irradiance. The hourly average power generation depending
on each inclined angle is illustrated in Figure 13. In case of inclined angle (SLOPE_30), it
showed power generation of 20W on average at noon, while the horizontal PV module
showed 15W on average. Vertical PV (SLOPE_90) showed the low generation performance
of 8W on average. Table 5.5 summarizes the hourly average power generation, voltage and
electric current.
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Fig. 13. Annual hourly averaged power generation

5.5 Analysis of power performance through simulation

In this study, TRNSYS (Ver. 14.2, Solar Energy Laboratory, Univ. of Wisconsin, USA) was
used as a simulation program to analyze the performance of power output for a double
glazed PV module. Generally, TRNSYS has been widely used to compute the hourly data for
power output, solar irradiance, temperature, and wind speed for both PV systems and solar
heat energy systems [10]. From the simulation program, the relative error was verified, and
a comparison was then made of the power output from the experimental and the computed
data, as shown in Figure 14. In addition, the experimental data from the PV module with an
inclined angle of 30 ° (SLOPE_30) was compared with the simulated data in terms of the
annual power output: 1,060 kWh/kWp was obtained from the experiment and 977
kWh/kWp was estimated from the computational simulation. This computed data showed
a relative error of 8.5 %, which is considered to be a reliable result within the error tolerance.
Thus, the computational simulation was conducted to demonstrate the power output
performance of a PV module installed at various inclined angles.
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Fig. 14. Power output data calibration by comparing the experimental data to the computed
data obtained from the simulation program (TRNSYS).

Power performance analyses were performed of PV modules facing south (azimuth = 0 °)
depending on the different inclined angles of 0 °, 10 °, 30 °, 50 °, 70 ©, and 90 °. The data set
consisted of the experimental data for 0 °, 30 °, and 90 ° and the computed data for 10 °, 50 °,
and 70 °. Figure 15 illustrates the monthly power output depending on the inclined angle
ranging from 0 ° to 90 ° south (azimuth = 0 °). PV modules that were tilted at an angle below 30
© showed a relatively good power performance of over 6 kWh in the summer, while those with
an inclined angle above 50 © demonstrated a power performance of less than 6 kWh. The most
effective annual power output data of 977 kWh/kWp was obtained at an inclined angle of 30 ©
(SLOPE_30), as shown in Figure 16. On the other hand, the lowest annual power output of 357
kWh/kWp was obtained from the PV module with a slope of 90 ° (SLOPE_90), which was 37
% of the annual power output of SLOPE_30. From Figure 16, it can be seen that the annual
power output performance was effective in the order of SLOPE_10 (954 kWh/kWp), SLOPE_0
(890 kWh/kWp), SLOPE_50 (860 kWh/kWp), and SLOPE_70 (633 kWh/kWp).

The power generation performance depending on the angle of the azimuth was also
estimated for PV modules with different inclined slopes, as shown in Figure 17. Similarly, a
PV module inclined at an angle of 30 ° showed the most effective power output data for all
directions in terms of azimuth angles, and the lowest data was obtained from that with an
inclined angle of 90 °. For the PV module inclined at an angle of 30 °, the best power
performance among the analyzed PV modules facing various directions was obtained for
the PV module that was installed to the south (azimuth = 0 ©). It can be seen from Figure 17
that different azimuth angles affected the power performance of PV modules: that is, the
power performance decreased as the direction of the PV module was changed from the
south to the east and west, in comparison to the PV modules that were inclined at the slope
of 30 °, as listed in Table 2.
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Angle of azimuth (°) | Direction Power performance efficiency? (%)
0 South 100

30 Southwest 30 © 99

60 Southwest 60 ° 93

90 West 83

270 East 78

300 Southeast 60 © 88

330 Southeast 30 © 96

a. Power performance efficiency was calculated from the percent of power output at each azimuth angle
on the basis of the power output data of PV module to the south.

Table 2. Power performance efficiency of PV module with a slope of 308 depending on
azimuth angle

It can be seen from Figure 17 that for the annual power performance of several PV modules,
the power output increased with an increase of the inclined angle below 30 °, and decreased
with an increase of the inclined angle above 30 °. In particular, at inclined slopes above 60 °
there was a steep decline of power performance with the increase of the inclined slope, as
shown in Figure 17. This could be due to the incidence angle modifier correlation (IAM) of
glass attached to the PV module, which showed a similar tendency in IAM depending on
the inclined angle [11], as can be seen in Figure 18. Actually, IAM should be computed as a
function of incidence angle (8) when estimating the power output of the PV module, by
using the following Equation (1) [11]:
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Fig. 18. Correlation of incidence angle modifier given by King et al. (1994).

Accordingly, a characteristic of the glass attached to the PV module is considerably
influential so that the solar transmittance (Tsol) remarkably decreases with an increase in
the inclined slope of the PV module from the higher incidence angle. Therefore, the solar
transmittance efficiency can significantly affect the power output of the PV module.

6. Power efficiency of PV module

6.1 Hourly based analysis of the power efficiency
The power efficiency can be calculated by multiplying total irradiation by the PV window
area. Annual averaged power efficiency is illustrated in Fig. 19.

E use,t

Nsz = AaX HT

ns,- ; Power Efficiency

Euser ; Power Output(Wh)

A, ; PV windows area (m?2)

H. ; Total irradiation on the PV windows

Annual average power efficiencies of the inclined slope of 30 ° (SLOPE_30), horizontal PV
module (SLOPE_0) and vertical PV module (SLOPE_90) turned out to be 3.19%, 2.61% and
1.77%, respectively, indicating that the inclined slope of 30 © showed the greatest efficiency.
On the other hand, the horizontal PV showed the highest instantaneous peak power
efficiency of 6.0% followed by those of the inclined slope of 30 © (5.6%) and vertical PV
(4.0%) angles. In terms of the monthly average power efficiency depending on each
inclination angle, the inclined slope of 30 ° (SLOPE_30) showed 3.82% in June and the
horizontal PV (SLOPE_0) showed 3.63% in July. The inclined slope of 30 © showed 2.15 % of
efficiency and the horizontal PV showed 0.81% in December. On the other hand, the vertical
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PV (SLOPE_90) showed the peak efficiency of 2.38% in February and lowest efficiency of
0.80% in June. The inclined slope of 30 © (SLOPE_30) showed the greatest annual average
power efficiency of 3.19%, followed by horizontal and vertical PV modules showing
efficiencies of 2.61% and 1.77%, respectively.
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Fig. 19. Annual hourly averaged power efficiency

6.2 Effect of power efficiency by the intensity of solar irradiance

Assuming the solar irradiance of 900 W/m?, the power efficiencies of the inclined slope of 30°
and horizontal PV reached 5%, while the vertical PV partially exceeded 3%. The inclined slope
of 30 ° and horizontal PV showed relatively high power efficiency even under high solar
irradiance conditions, while the efficiency of vertical PV significantly dropped after reaching
500W/m2. The inclined slope of 30 © and horizontal PV can obtain relatively uniform solar
irradiance throughout the year and thus the high power efficiency can be achieved over the
large range of solar irradiance, while the vertical PV absorb the low solar irradiance during the
winter period and thus the power efficiency is reduced in those low irradiance conditions.

6.3 Power efficiency by the temperature variation

The correlation between the power efficiency and the PV surface temperature variation is
illustrated. Under the low solar irradiance, the data is scattered and thus did not show the
clear correlation. However, it showed the clear correlation between PV efficiency and the
surface temperature under the solar irradiance higher than 600W/m?, i.e., the PV efficiency
is improved at higher surface temperature. This is due to the fact that the higher surface
temperature enhances the power efficiency in case of amorphous PV as opposed to
crystalline silicon solar cell (c-Si solar cell).
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6.4 Power efficiency by the solar incidence angle

The PV efficiencies of each inclination angle under different solar incidence angle and solar
irradiance are illustrated in the figures below. In case of vertical PV module (SLOPE_90), the
power efficiency showed constant value until the solar incidence angle of 65° and it started
to rapidly drop after 65°. These characteristics are considered to be the effect of absorbed
solar insolation (incident angle modifier) depending on the solar incidence angle reaching
the PV module glass wall. This phenomenon did not take place in case of the inclined slope
of 30 ° (SLOPE_30) due to the low PV efficiency at the solar incidence angle higher than 65°.
Likewise, the horizontal PV module was not affected by incident angle modifier as well in
most of the solar radiation conditions except for the high solar incidence angle of greater
than 65° and the low solar insolation of less than 400W/m? where the efficiency was rather
decreased.

It turns out that the power efficiency of PV module is largely affected by the solar incidence
angle, solar azimuth and altitude. Furthermore, the rapid decrease in the PV efficiency
during the summer period is due to the reduced solar transmittance through the window
system at the solar incidence angle higher than 70°, showing the impact of the front glass of
PV module on the power efficiency.
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7. Conclusion

This study evaluated a transparent PV module in terms of power generation performance

depending on installation conditions such as the inclined slope (incidence angle) and the

azimuth angle. The objective of this evaluation was to provide useful data for the
replacement of traditional building windows by BIPV system, through the experimental
results measured in the full-scale mock-up system.

1. The annual power output of the PV module was measured through the mock-up model.
The PV module that was installed at a slope of 30 ® exhibited a better performance of 844.4
kWh/kWp annual power output than the vertical PV module with a slope of 90 °.

2. The experimental data was compared with the computed data obtained from the
simulation program. The computed data is considered to be reliable with a relative
error of 8.5 %. The best performance of annual power output was obtained from the PV
module with a slope of 30 ° facing south, at an azimuth angle of 0 °. The inclined angle
was one of the factors that significantly influenced the power generation performance
of the PV module, which varied within a range of 24 % on average and provided a
maximum difference of 63% in the power output at the same azimuth angle.

3. In terms of the computed power output from a slope of 30 ° depending on the azimuth
angle, the PV module facing south exhibited the most effective performance compared
to other azimuth angles. The direction in which the PV module faces can also be a very
important factor that can affect the power performance efficiency by 11 % on average
and by a maximum of 22 %, depending on the azimuth angle.
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1. Introduction

Thin film solar cells based on polycrystalline Cadmium Telluride (CdTe) reached a record
efficiencies of 16.5% (Wu et al. 2001a) for laboratory scale device and of 10.9% for terrestrial
module (Cunningham, 2000) about ten years ago. CdTe-based modules production
companies have already made the transition from pilot scale development to large
manufacturing facilities. This success is attributable to the peculiar physical properties of
CdTe which make it ideal for converting solar energy into useful electricity at an efficiency
level comparable to silicon, but by consuming only about 1% of the semiconductor material
required by Si solar cells. Because of the easy up-scaling to an industrial production as well
as the low cost achieved in the recent years by the manufacturers, the CdTe technology has
carved out a remarkable part of the photovoltaic market. Up to now two companies (Antec
Solar and First Solar) have a noticeable production of CdTe based modules, which are
assessed as the best efficiency/cost ratio among all the photovoltaic technologies.

Since the record efficiency of such type solar cells is considerably lower than the theoretical
limit of 28-30% (Sze, 1981), the performance of the modules, through new advances in
fundamental material science and engineering, and device processing can be improved.
Further studies are required to reveal the physical processes determining the photoelectric
characteristics and the factors limiting the efficiency of the devices.

The turning point for obtaining the aforementioned high efficiency values was the
application of a Cl-based thermal treatment to the structures after depositing the CdTe layer
(Birkmire & Meyers, 1994; McCandless & Birkmire, 1991). The device performance
improvement is due to a combined beneficial effect on the materials properties and on the p-
n junction characteristics. CdTe grain size increase (Enriquez & Mathew, 2004; Luschitz et
al., 2009), texture properties variations (Moutinho et al., 1998), grain boundary passivation,
as well as strain reduction due to S diffusion from CdS to the CdTe layer and
recrystallization mechanism (McCandless et al., 1997) are the common observed effects.
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In the conventional treatment, based on a solution method, the as-deposited CdTe is coated
by a CdCl; layer and then annealed in air or inert gas atmosphere at high temperature.
Afterwards, an etching is usually made to remove some CdCl, residuals and oxides and to
leave a Te-rich CdTe surface ready for the back contact deposition. This etching is usually
carried out with a Br-methanol solution or by using a mixture of HNO3 and HPOs.
Alternative methodologies avoiding the use of solutions have been developed: the CdTe
films are heated in presence of CdCl, vapor or a mixture made by CdCl, and Cl, vapor, or
HCl (Paulson & Dutta 2000). Vapor based treatments reduce processing time since
combining the exposure to CdCl, and annealing into one step.

All these post-deposition treatments have been demonstrated to strongly affect the
morphological, structural and opto-electronic properties of the structures. The changes
induced by the chlorine based treatments depend on how the CdTe and CdS were
deposited. For example, in CdTe films having an initial sub micrometer grain size, it
promotes a recrystallization mechanism, followed by an increase of the grains. This
recrystallization process takes place in all CdTe films having specific initial physical
properties, and does not depend on the deposition method used to grow the films.
Recrystallization together to grain size increase has been observed in CdTe films deposited
by Closed Space Sublimation (CSS), Physical Vapor Deposition (PVD) or Radio Frequency
Sputtering. The chlorine based treatment may or may not induce recrystallization of the
CdTe films, depending on the initial stress state of the material, and the type and conditions
of the treatment. For this reason, the recrystallization process wasn’t observed in CSS
samples which are deposited at higher temperatures and have an initial large grain size,
while, for example CdTe films deposited by Sputtering that are characterized by small
grains lower than 1lum in size, an increase up to one order of magnitude was obtained
(Moutinho et al., 1998, 1999). The driving force for the recrystallization process is the lattice-
strain energy at the times and temperatures used in the treatment.

Changes in structural properties and preferred orientation are also observed. The untreated
CdTe material usually grows in the cubic zincblende structure, with a preferential
orientation along the (111) direction. Depending on the deposition method, these texture
properties can be lost, in place of a completely disoriented material. The Cl-based annealing
induces a lost of the preferential orientation as demonstrated by literature X-Ray Diffraction
(XRD) works explaining in terms of o value calculation (Moutinho et al. 1998, 1999).
However, this treatment is important even in films that do not recrystallize because it
decreases the density of deep levels inside the bandgap and changes the defect structure,
resulting in better devices.

Maybe the crucial effect of the treatment is related to the p-n junction characteristics. This
treatment promotes interdiffusion between CdTe and CdS, resulting in the formation of
CdTeS alloys at the CdTe-CdS interface. The CdTe;S« and CdS;yTey alloys form via
diffusion across the interface during CdTe deposition and post-deposition treatments and
affect photocurrent and junction behavior (McCandless & Sites, 2003).

Formation of the CdS;.,Tey alloy on the S-rich side of the junction reduces the band gap and
increases absorption which reduces photocurrent in the 500-600 nm range. Formation of the
CdTe1Sx alloy on the Te-rich side of the junction reduces the absorber layer bandgap, due
to the relatively large optical bowing parameter of the CdTe-CdS alloy system.

Despite the promising results, the transfer to an industrial production of the commonly
adopted CdCl; based annealing may increase the number of process steps and consequently
the device final cost (Ferekides et al., 2000). Since CdCl, has a quite low evaporation
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temperature (about 500°C in air), it cannot be stored in a large quantity, since it is dangerous
because it can release Cd in the environment in case of fire. Secondly, CdCl; is soluble in
water and, as a consequence, severe security measures must be taken to preserve
environmental pollution and health damage. Another drawback is related to the use of
chemical etchings, such as HNO3 and HPO; or Br-Methanol solution, implying that a proper
disposal of the used reagents has to be adopted since the workers safety in the factory must
be guaranteed. In order to overcome the aforementioned drawbacks, we substituted the
CdCl; based process with an alternative, completely dry CdTe post-deposition thermal
treatment, based on the use of a mixture of Ar and a gas belonging to the Freon family and
containing chlorine, such as difluorochloromethane (HCF.Cl)(Bosio et al., 2006, Romeo N. et
al., 2005). This gas is stable and inert at room temperature and it has not any toxic action.
Moreover, the post-treatment chemical etching procedures have been eliminated by
substituting them with a simple vacuum annealing.

The only drawback in using a Freon gas could be that it is an ozone depleting agent, but, in
an industrial production, it can be completely recovered and reused in a closed loop. In this
paper, it will be demonstrated how the CdTe treatment in a Freon atmosphere works as well
as the treatment carried out in presence of CdCl.

This method was successfully applied to Closed Space Sublimation (CSS) CdS/CdTe solar
cells, by obtaining high-efficiency up to 15% devices (Romeo N. et al., 2007). This original
approach may produce modifications on the material properties, different than the usual
CdCly-based annealing. For this reason, in this work, the efforts are focused on the
investigation of the peculiar effects of the treatment conditions on the morphology,
structural and luminescence properties of CdTe thin films deposited by CSS on Soda-Lime
glass/TCO/CdS. All the samples were deposited by keeping unmodified the growth
parameters (temperatures and layer thicknesses), in order to submit as identical as possible
materials to the annealing. Only the HCF,Cl partial pressure and the Ar total pressure in the
annealing chamber have been varied.

The aim of the present work is to correlate the effect of this new, all dry post-deposition
treatment, on the sub-micrometric electro-optical properties of the CSS deposited CdTe
films, with the effect on the device performances. Large area SEM-cathodoluminescence
(CL) analyses have allowed us to observe an increase of the overall luminescence efficiency
and in particular a clear correlation between the defects related CL band and the HCF,Cl
partial pressure in the annealing atmosphere. By the high spatial (lateral as well as in-depth)
resolution of CL, a sub-micrometric investigation of the single grain radiative recombination
activity and of the segregation of the atomic species, coming from the Freon gas, into grain
boundary has been performed.

The HCF2Cl partial pressure has been changed from 20 to 50 mbar, in order to discriminate
the Freon gas effect from the others annealing parameters. A clear correlation between the
CL band intensities and the HCF,Cl partial pressure has been found and a dependence on
the lateral luminescence distribution has been observed.

The results obtained from the material analyses have been correlated to the performances of
the solar cells processed starting from the glass/ITO/ZnO/CdS/CdTe structures studied.
Electrical measurements in dark and under illumination were carried out, in order to
determine the characteristic photovoltaic parameters of the cell and to investigate the
transport processes that take place at the junction. In particular the device short circuit
current density (Jsc), open circuit voltage (Voc) fill factor (ff) and efficiency (n) have been
measured as a function of the HCF,Cl partial pressure. The most efficient device obtained by
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this procedure, corresponding to 40 mbar HCF,Cl partial pressure in the 400mbar Ar total
pressure, has N1=14.8%, Jsc=26.2mA /cm?, Voc = 820mV and {f=0.69.

The solar cells were then submitted to an etching procedure in a Br-methanol mixture at
10% to eliminate the back contacts and part of the CdTe material in some portion of the
specimens. On the beveled surface, CL analyses have been performed again in order to
extract information as close as possible to the CdTe/CdS interface and to compare the
results to the depth-dependent CL analyses.

Finally, a model of the electronic levels present in the CdTe bandgap before and after the
HCEF,(Cl treatment has been proposed as well as a model of the interface region modifications
due to the annealing.

2. Materials growth and devices preparation

CdTe is a II-VI semiconductor with a direct energy-gap of 1.45eV at room temperature that,
combined with the very high absorption coefficient, 104-105 cm-! in the visible light range,
makes it one of the ideal materials for photovoltaic conversion, because a layer thickness of
a few micrometers is sufficient to absorb 90% of incident photons. For thin film solar cells is
required a p-type material, which is part of the p-CdTe/n-CdS heterojunction. The electrical
properties control was easily developed for single-crystal CdTe, grown from the melt or
vapor, at high temperature (above 1000°C), by introducing doping elements during growth.
On the contrary, in polycrystalline CdTe, where grain boundaries are present, all metallic
dopants tend to diffuse along the grain boundaries, making the doping unable to modify the
electrical properties and producing shunts in the device.

CdTe solar cell is composed by four parts (Fig. 1) deposited on a substrate like Soda-Lime

Glass (SLG):

1. The Front Contact is composed by a Transparent Conducting Oxide (TCO) that is a
doped metallic oxide like InyOs3:Sn (ITO)(Romeo N. et al, 2010) , ZnO:Al
(AZO)(Perrenoud et al., 2011), CdSnO4 (CTO)(Wu, 2004), SnOx:F (FTO) (Ferekides et al.,
2000), etc.; and a very thin layer of a resistive metal oxide like SnO, (Ferekides et al.,
2000), ZnO (Perrenoud et al., 2011; Romeo N. et al. 2010), ZnSnO4 (Wu et al. 2001b).
The role of the latter film is to hinder the diffusion of contaminant species from TCO
and SLG toward the upper layers of the cell such as the window layer (CdS) or the
absorber one (CdTe). Moreover it separates TCO and CdS in order to limit the effects of
pinholes that could be present in CdS film.

In our work, TCO is made by 400nm thick ITO film and 300nm thick ZnO both of them
deposited by sputtering. ITO showed a sheet resistance of about 5Q/cm?, while the
resistivity of ZnO was on the order of 10°Q cm.

2. The Window Layer is usually an n-type semiconductor; Cadmium Sulphide (CdS) is the
most suitable material for CdTe-based solar cells, thanks to its large bandgap (2.4eV at
room temperature) and because it grows with n-type conductivity without the
introduction of any dopants. Here, CdS film was deposited by reactive RF sputtering in
presence of Ar+10%CHF; flux. Its nominal thickness was 80nm.

3. The Absorber Layer is a 6-10pm thick film. The deposition techniques and the treatment
on CdTe will be explained deeply later.

4.  The Back Contact is composed by a buffer layer and a Mo or W film. The utility of the
buffer layer is to form a low resistive and ohmic contact on CdTe.
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The cell is completed by a scribing made on the edge of all the cells in order to electrically
separate the front contact from the back one.

= ———

Bufler + Mo [ayer

Glass substrate

e Wa B

Solar light

Fig. 1. Schematic representation of the CdS/CdTe solar cell heterostructure. The layers
succession and thicknesses are the ones used in the present work.

2.1 CSS Growth of CdTe layers

CdTe thin films have been deposited by several deposition techniques such as High Vacuum
Evaporation (HVE)(Romeo A. et al, 2000), Electro-Deposition (ED)(Josell et al., 2009;
Kosyachenko et al.,, 2006; Levy-Clement, 2008; Lincot, 2005), Chemical Vapour Deposition
(CVD)(Yi & Liou, 1995), Metal-Organic Chemical Vapor Deposition (MOCVD)(Barrioz, 2010;
Hartley, 2001; Zoppi, 2006), Spray Pyrolysis (Schultz et al., 1997), Screen Printing (Yoshida, 1992
& 1995) Sputtering (Compaan et al., 1993; Herndndez-Contreras et al., 2002; Plotnikov et al.,
2011) and Close Spaced Sublimation (CSS)(Chu et al., 1991; Romeo N. et al., 2004; Wu, 2004).
Among these techniques, CdTe deposited by CSS allowed to obtain best results for solar
cells (world record photovoltaic solar energy conversion ~16.5%; Wu, 2004).

CSS is a physical technique based on a high temperature process. The apparatus is showed
in Fig. 2 and it is composed by a vacuum chamber inside which the substrate and the source
are placed at a distance of few millimeters (2-7mm). The difference in temperature between
the substrate and the source is kept around 50-150°C. Deposition takes place in presence of
an inert gas (Ar) or a reactive one (O, etc.) with a total pressure of about 1-100mbar. The gas
creates a counter-pressure which reduces re-evaporation from the substrate and forces the
atoms from the source to be scattered many times by the gas atoms before arriving to the
substrate, so that the material to be deposited acts like it has a higher dissociation
temperature and higher temperature respect to sublimation under vacuum are necessary.
CSS allows to obtain CdTe film with a very high crystalline quality and grains of about one
order of magnitude larger (~10um) than films deposited by other deposition techniques
(Sputtering, HVE, etc.) and, for this reason, with a low lattice defect density (Romeo A. et al.,
2009).
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Fig. 2. Picture of the CSS setup used for growing the CdTe films studied (left); Detail of the
growth region of the CSS chamber (right).

In our work, CdTe was deposited in Imbar Ar atmosphere, keeping the substrate and
source temperatures at 500°C and 600°C respectively. The CdTe thickness was 6-8 pm.

The high substrate temperature (~500°C) favors the formation of a mixed compound
CdSyTe1.x at the interface between CdS and CdTe directly during CdTe deposition, as shown
in the phase diagram (Lane et al., 2000). The mixed compound formation, by means of S
diffusion toward CdTe and Te diffusion toward CdS, is advantageous in order to get high
efficiency CdS/CdTe solar cells. In fact, its formation is required in order to minimize defect
density at the interface acting as traps for majority carriers crossing the junction, caused by
the lattice mismatch between CdS and CdTe that is about 10%.

2.2 HCFClI post-deposition thermal treatment

The Cl-treatment on CdTe surface is a key point in order to rise the photocurrent and so the
efficiency of the solar cell.

During Cl-treatment CdTe goes in vapor phase as explained by the following reaction
(McCandless, 2001):

CdTe(s)+CdCly(s) = 2Cd(g)+Y2Tex(g)+Clz(g) — CdCly(s)+CdTe(s), (1)

where s is the solid phase and g is the vapor phase.

After the treatment small grains disappear from CdTe surface and at the same time an
increase in grain dimensions and an improvement in crystal organization can be observed.
Also an improvement, in the crystal organization of the mixed compound CdS,Te1.,, at the
junction, formed during CdTe deposition, can be observed.

Usually Cl-treatment is carried out by depositing on CdTe surface a CdCl, (thickness more
than 100nm) film by evaporation (Potter et al., 2000; Romeo A. et al. 2000; Romeo N. et al.
1999) or by dipping CdTe in a CdCl,-methanol solution (Cruz et al., 1999), then an annealing
at ~380-420°C in an Ar atmosphere or in air is required and finally, an etching in Br-
methanol or an annealing in vacuum is carried out in order to remove CdCl, residuals on
CdTe surface. The main drawback of this treatment is that CdCly, being very hygroscopic,
could be dangerous either for people and for the environment since it can release free Cd.
We have proposed a new treatment by substituting CdCl,, or CdClo-methanol solution, and
the following etching with a treatment at 400°C in a controlled atmosphere containing a gas
belonging to the Freon® family which can free Cl at high temperature. This gas is very
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stable and inert at the room temperature; moreover, in the case of an industrial production,
it can be re-used in a closed loop without releasing it in atmosphere.

We suppose that the following reaction happens at 400°C during the treatment (Romeo N. et
al., 2006):

CdTe(s) + 2Clx(g) —» CdCly(g)+TeClx(g) — CdTe(s)+2Clx(g). (2)

After that, an annealing is carried out at the same temperature of the treatment for few
minutes in vacuum (10-mbar) in order to let CdCl, residuals re-evaporate and to obtain a
clean CdTe surface ready for the back contact deposition.

In this work, the TCO/CdS/CdTe system is placed in an evacuable quartz ampoule. Before
each run, the ampoule is evacuated with a turbo-molecular pump up to 10-¢mbar. As a source
of Cl, a mixture of Ar+HCF,Cl is used. The samples were prepared by changing the HCF,Cl
partial pressure. The first one was an untreated sample, while the other four ones were made
by choosing four values of HCF>Cl partial pressure that are 20, 30, 40, and 50 mbar and
keeping the total pressure (Ar+HCF,Cl) at 400 mbar. An additional specimen, annealed at
30mbar HCF,Cl partial pressure, but with a larger total Ar+HCF,Cl pressure of 800mbar, has
been prepared, in order to study the effect of the total pressure on the recrystallization
mechanisms. The Ar and the HCF>Cl partial pressures were independently measured by two
different capacitance vacuum gauges and monitored by a Varian Multi-Gauge. The quartz
tube is put into an oven where a thermocouple is installed in order to control the furnace
temperature, which is set at 400°C. The annealing time is 10min for all samples studied in this
work. After the treatment, a vacuum for about 10min, keeping the temperature at 400°C, was
made in order to remove some CdCl, residuals from the CdTe surface.

2.3 Back contact deposition and device processing

The cell is completed by back contact deposition. The formation of a ohmic and stable back
contact with CdTe has always been one the most critical points in order to obtain high
efficiency CdS/CdTe solar cells. Normally, CdTe is etched in order to get a Tellurium rich
surface. After that, a Cu film (~2nm thick) is deposited in order to form a Cu,Te compound
that is a good non-rectifying contact for CdTe. This procedure has two disadvantages:
chemical etching is not convenient because it is not scalable to an industrial level and it is
polluting and the Cu thickness is too small to be controlled. In fact, if a thicker Cu film is
deposited it could happen that Cu is free from the CuTe formation and it could cause short
circuits in the cell because it can segregate in grain boundaries.

In our work, back contact is composed by the deposition in sequence of three films. A 150-
200nm thick As;Te; film and a 10-20nm thick Cu film are deposited in sequence on CdTe
surface by RF sputtering in Ar flux. When the deposition temperature of Cu is about 150-
200°C, a substitution reaction occurs between Cu and As,Te3; whose final product material is
Cu,Te, mainly Cuy4Te is the most stable compound (Romeo N. et al, 2006; Wu et al. 2006;
Zhou, 2007). Finally, a Mo layer is deposited on top of the cell by sputtering.

2.4 Etching procedures by a Br — methanol mixture

The possibility to perform depth-dependent CL analyses, by increasing the energy of the
incident electrons of the SEM, allows us to correlate the results obtained on the isolated
CdTe to an analysis of the electro-optical properties close to the CdTe/CdS interface region
of a complete solar cell. To do this, it is necessary to overcome the problem that summing
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the back contact to the CdTe thickness, the main junction is situated around 10um below the
specimen surface. This thickness is 2 times higher than the maximum distance that the most
energetic electrons in our SEM (40keV) penetrate in CdTe. In addition, it has to take into
account that the back contact completely absorbs the light coming from the CdTe film,
impeding any CL analyses.

In this work, a solution to this experimental difficulty has been proposed by etching the
material to completely eliminate the back contact and the excess CdTe in some portion of the
cells. In order to prevent the introduction of superficial defects that would affect the CL
reliability, polishing methods were avoided. On the other hand, standard nitric-phosphoric
acid chemical etching widely performed before metallization to improve contact formation,
shows a strong preferential chemical reaction over the grain boundaries (Bétzner et al. 2001;
Xiaonan et al. 1999). For these reasons, a Br-methanol mixture at 10% has been used,
expecting to obtain a less selective interaction of the etching solution between the grains and
its boundaries.

3. Experimental and set-up description

The methodological approach used in this work was based on the correlation between the
study of HCF,Cl treatment effect on CdTe material properties and the characterization of the
photovoltaic cells parameters. There are not many works in literature that correlate the effects
of CdTe post-deposition treatment and the relative changes in the electro-optical properties of
CdTe with the performance of the photovoltaic device. Only recent studies (Consonni et al.
2006) on the behavior of Cl inside polycrystalline CdTe gave major results about the
compensation mechanisms and the formation of complexes between native point defects
(NPD) and impurities, already well established in the case of high quality single crystal CdTe
(Stadler et al., 1995). The influence of post-deposition treatment on the CdTe/CdS interface
region was crucial in the improvement of the device performances. The in-depth CdTe thin
film properties, obtained by CL analyses, are then compared to results obtained on etched
CdTe samples, treated in the same HCF,Cl conditions. This allows us to verify the reliability of
CL depth-resolution studies on polycrystalline materials and the effect of HCF,Cl thermal
treatment on the bulk CdTe properties approaching the CdTe/CdS interface.

3.1 Cathodoluminescence spectroscopy and mapping

CL is a powerful technique for studying the optical properties of semiconductors. It is based
on the detection of the light emitted from a material excited by a highly energetic electron
beam. The high-energy electron beam (acceleration voltage between 1-40kV), impinging on
the sample surface, creates a large number of electron hole (e-h) pairs. After a thermalization
process, the carriers reach the edges of the respective bands, conduction band (CB) in the
case of electrons, valence band (VB) in the case of holes, and then diffuse. From the band
edges, the electrons and holes can recombine, in the case of radiative recombination, the
photons produce the CL signal. A more detailed description of the principles of the CL
theory, in particular the fundamental of the generation and recombination mechanisms of
the carriers can be found in the works of B. Yacobi and D. Holt (Yacobi & Holt, 1990) and
references therein included.

CL is contemporary a microscopic and spectroscopic methodology with high spatial, lateral
as well as in-depth, resolution and good spectral resolution when luminescence is detected
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at low temperature. These advantages are due to the use of a focused electron beam of a
SEM as excitation source. In addition, this technique allows the contemporary acquisition of
spectra of the intensity of the light collected as a function of wavelength and images (mono-
and pan-chromatic) of the distribution of the light. The results can be acquired from regions
of different area, from 1 to several hundreds of um?, depending on the magnification of the
SEM and on the dimensions of the parabolic mirror used as light collector.

The lateral resolution in CL imaging can be roughly defined as the minimum detectable
distance between two regions presenting different CL intensity. In the SEM-CL, the spatial
imaging resolution depends mainly on the size of the recombination volume (generation
volume broadened for the diffusion length) of e-h pairs inside the material, entailing also a
dependence on the diffusion length (L) of generated carriers. A typical value of the lateral
resolution of about 200nm can be reached as a lower limit in suitable working conditions for
instance on III-V semiconducting quantum confined heterostructures (Merano et al., 2006).
The in-depth analysis is a CL peculiarity which allows us to investigate the samples at
different depths by changing the energy of the primary electrons. The generation, as well as
the recombination volume, increases in all the three dimensions by increasing the
acceleration voltage. The depth, at which the maximum CL signal is created, increases also
by increasing the beam energy (Ep). By this method, it is possible to investigate crystals or
thick layers inhomogeneities along the growth direction. The large grain size of the CSS
deposited CdTe, higher than 1 um, allowed us to directly investigate the grain and the grain
boundary recombination properties. This possibility is very useful to study a possible
gettering mechanism or a passivation effect of the grain boundaries due to the annealing,.
The post-deposition thermal treatment has an effect on the CdTe surface as well as on the
bulk material, reasonably as far as the CdTe/CdS interface. For this reason, a complete
characterization of the CdTe electro-optical properties and of the p-n junction recombination
mechanisms, by using a bulk sensitive experimental technique, is necessary. The penetration
depth of 200-300nm of the laser radiation used for PL analyses is a disadvantage that could
be overcome by using the high energy electrons of an SEM for exciting CL. In addition, the
possibility of increasing the CL generation/recombination volume by increasing the electron
beam energy allows us a depth-dependent analysis. The CL analysis of 6-8um thick CdTe
thin films, as the active layers used in the fabrication of solar cells, has particular
advantages: the maximum penetration depth of the exciting electrons of the SEM beam can
reach 4.8um by using 36 keV energy. This depth is higher than the few hundreds of
nanometers probed by the commonly used Ar laser (514 nm) to excite PL. It is actually
possible to perform an investigation of the CdTe bulk properties by CL in place of a near-
surface PL analyses. The in-depth information, that is not available with other micro- and
nano-scale optical techniques, is particularly useful for example in the characterization of
heterostructures, doping profile, study of extended defects along the growth direction.
However, it is important to remark that the fundamental differences between CL and PL are
the amount of e-h pairs generated and the dimensions and shape of the generation volumes.
In the case of laser generation, each photon creates a single e-h pair whereas a high energetic
electron can generate thousands of e-h pairs. With such a large number of e-h pairs
generated, the excitation of all the radiative recombination channels inside the materials is
possible.

The instrument used to collect the experimental data reviewed in this work is a Cambridge
360 Stereoscan SEM with a tungsten filament (resulting beam size on the sample surface
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typically ranging between a few microns and a few tens of nanometers), equipped with a
Gatan MonoCL2 system (Fig. 3). The spectra, as well the panchromatic and monochromatic
images, have been acquired using a dispersion system equipped with three diffraction
gratings and a system of a Hamamatsu multi-alkali photomultiplier and a couple of liquid
nitrogen cooled (Ge and InGaAs) solid state detectors. This experimental set up provides a
spectral resolution of 2A and a detectable 250-2200nm (0.6-4.9eV) wavelength range. By this
configuration it is possible to cover a large part of the luminescence emissions of the III-V
and II-VI compound semiconductors. In particular, all the possible transitions in CdTe can
be detected: from the excitonic lines (around 1.59eV) down to the emissions involving mid-
gap levels (0.8-0.9eV). Additionally, it is possible to change the temperature of the samples
in the range 5-300K by a temperature controller interlocked with the sample-holder, thanks
to a refrigerating system operating with liquid Nitrogen and liquid Helium.

SEM
monochromator eolumn

Parabolic
# mirror

-&E +«—1— sample

PMT - t

Panchromatic
beam

Fig. 3. Schematic representation, not in scale, of the CL experimental setup used in this work.

3.2 X-Ray diffraction

The setup used for acquiring XRD profiles was an X-Ray Diffractometer Thermo arl X'tra,
vertical goniometer, theta-theta, operating in an angular range between -8° and 160°,
equipped with an X-ray tube, Cu K-alpha and a solid state Si:Li detector. The angular range
chosen, between 15° and 80°, assured the detection of all the contributions from the main
Bragg diffractions of CdTe: (111), (220), (311), (400), (331), (422), (511).

3.3 Electrical characterization

Light J-V measurements were performed by an Oriel Corporation Solar Cells Test System
model 81160, in order to measure the photovoltaic parameters such as the short-circuit
current density (Jsc), open circuit voltage (Voc), fill factor (ff) and conversion efficiency (n)
of the solar cells.

Dark measurements were carried out by a Keithley 236 source system in order to measure
the diode quality factor (A) of the cells as a function of the HCF>Cl partial pressure during
the CdTe treatment. A can be calculated from the diode equation in the dark:
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The measure of A gave some information about the transport mechanism at the junction. If
the predominant transport mechanism at the junction is the diffusion then A=1, while if the
predominant mechanism is the recombination, the value of A increased and approached to
2. The dark conductivity as a function of the temperature (84-300K) and the activation
energy were performed by using a Keithley 236 source measure unit. The temperature was
set by a system DL4600 Bio-Rad Microscience Division. The samples, used for this
measurement, were composed by 300nm thick ZnO, 7um thick CdTe and the back contact.
The first sample was a not treated one, while the other two samples were made by treating
CdTe with respectively 30 and 40mbar HCF,Cl partial pressure at 400°C for 10 minutes. The
total pressure (Ar+Freon®) was set at 400mbar for all the two samples.

4. Results and discussion

All the CdTe thin films were deposited on SLG/ZnO substrate by CSS; the layer thickness
was about 8um. Complete solar cells have been realized by depositing ZnO, CdS and CdTe
in the identical conditions and by adding the back contact, as described in paragraphs 2.1
and 2.3. The CdTe films as well as the complete devices were annealed in Ar+HCF>ClI
atmosphere (see for details paragraph 2.2), by increasing the HCF,Cl partial pressure from
20mbar to 50mbar and keeping the temperature at 400°C for all samples. The annealing
conditions used have been summarized in table 1.

HCF,Cl Ar+HCF,Cl N
- Annealing time
Sample partial pressure total pressure (mins)
(mbar) (mbar)
UT - - -
F20 20 400 10
F30L 30 400 10
F30H 30 800 5
F40 40 400 10
F50 50 400 10

Table 1. Summary of the annealing conditions used to treat the samples studied in this work

4.1 Influence of annealing on the CdTe material properties

The XRD profiles of all the CdTe films were acquired in the angular range 5°<2q<80°, from
this analysis can be deduced that the films have a zinc-blend structure with a preferential
orientation along the (111) direction. In all the XRD patterns the peaks related to (220), (311),
(400), (331), (422) and (511) reflections are also visible. In addition a peak at 22.77° attributed
to the Te;Os oxide and a peak at 34.34° related to the ZnO (002) reflection are detected. In
Fig. 4, only the most representative XRD profiles of the untreated CdTe and of the samples
annealed with 40 mbar HCF,Cl partial pressure were shown.

The preferential orientation of each film is analyzed by using the texture coefficient Cry,
calculated by means of the following formula (Barret & Massalski 1980):
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where I, is the detected intensity of a generic peak in the XRD spectra, 10, is the intensity
of the corresponding peak for a completely randomly oriented CdTe powder (values taken
from the JCPDS) and N the number of reflections considered in the calculation. Cry values
above the unity represented a preferential orientation along the crystallographic direction
indicated by the hkl indices. The texture coefficients Ci11, calculated by the formula Nr 4 for
all the samples, are summarized in table 2, together with the CL intensity ratios. A better
comprehension of the orientation of each thin film as a whole can be obtained by the
standard deviation ¢ of the C coefficients. Each value has been calculated by the following

formula:
o /ZN(C+H‘1)2 5)

A complete randomly oriented film is expected to have a ¢ value as close as possible to 0.
The untreated CdTe thin film shows the highest preferential orientation along the (111)
direction with a texture coefficient C;11=2.02. The effect of HCF.Cl treatment is highlighted
by a decrease of the (111) related intensity and by an increase of the relative intensities of the
additional reflections (220), (311), (400), (331), (422) and (511), detected. The calculated o
value for the untreated CdTe is also the highest one (6=0.52) demonstrating the oriented
status of that film. This behavior is evidenced in Fig. 5, in which the calculated peak
intensity ratios between each (220), (311), (400), (331), (422) and (511) additional reflection
and the (111) one are plotted.

The combined effect of HCF>Cl partial pressure and the total gas pressure, in the annealing
chamber, could be also evidenced by comparing the Ci11 and o values of the CdTe films
treated by 30mbar HCF,Cl, but higher total pressure (800mbar), sample F30H in table 2. Its
values were higher than the CdTe treated with the same partial pressure and lower total
pressure (sample F30L in table 1), but similar to the untreated CdTe.

350 1 n 1 n 1 n 1 n 1 n 1 n 1
1 111
300 ~ untreated CdTe
950 ——— 40 mbar HCF ClI
S 1004
8
2 1 31 511
g Te,0; 7n0 220 i2o
(o)
O 50- ) 400 331
04 e/ W

20 30 40 50 60 70 80
o angles (Degrees)
Fig. 4. XRD profiles of the untreated CdTe thin film compared to the sample annealed with

400 mbar Ar+Freon total pressure in the annealing chamber and 40mbar HCF.Cl partial
pressure.
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XRD results Morphology 1.4 eV/NBE CL intensity
Sample Cin t(‘ex.ture - Average grain size 12 keV 25 keV
coefficient (um)
uT 2,02 0,52 11.7 0.9 0.72
F30L 1,12 0,29 23 3.39
F30H 1,7 042 10.8 10.75
F40 1,15 0,31 11.2 14.48 15.47
F50 0,56 0,36 14.74 19.97

Table 2. Summary of the results obtained by processing the XRD profiles, CL spectra and
SEM images.
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Fig. 5. Plot of intensity ratios among each diffraction (220), (311), (400), (331), (422) and (511)
and the (111) one for all the studied CdTe thin films

The loss of preferential orientation due to HCF,Cl annealing results in a slight modification of
the CdTe morphology after the thermal treatment. The untreated CdTe films showed already
large grains, as visible in the SEM image of Fig. 6 a. The average grain size obtained by
processing the images was 11.7um and the largest grains reached 20.4um. The material treated
with 40mbar HCF.Cl partial pressure showed grains with dimensions similar (avg = 11.2um)
to those of the untreated one (Fig. 6 b). The observed average size confirmed that CSS grown
CdTe did not show grain size increase after annealing in presence of chlorine as already
described in the literature by several authors (Moutinho et al. 1998). Grain dimensions
distribution extracted from the SEM images has been represented in histograms showed in
Fig. 7 a and b. It could be observed that the small grains density in the HCF,Cl treated material
was reduced, producing a thinner distribution of the histogram columns.

On the contrary, all the Freon treated CdTe showed a remarkable grain shape variation with
respect to the untreated sample where most of the grains appeared as tetragonal pyramids
with the vertex aligned on the growth direction (Fig. 8 a). This shape justified their high
preferential orientation along the (111) direction. This grain shape appeared clearly
modified in the HCF,Cl annealed films. They were more rounded and the pyramids seem to
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be made up by a superposition of “terraces” (Fig. 6 b). This morphology change could be
correlated to the Cy11 texture coefficient decrease. Two possible mechanisms related to the
HCEF,Cl annealing could be invoked: a re-crystallization effect or an “etching-like” erosion of
the grain surface. The unmodified grain size and the appearance of the terraces seem to
indicate that the latter phenomenon occurred during the Freon treatment.

Fig. 6. SEM image of the polycrystalline CdTe surface morphology: a) untreated film; b)
annealed with 40mbar HCF,Cl

[ untreated CdTe
average size=11.7 ym

[ 40 mbar HCF CI
average size=11.2 um

0 8 12 16 20 24 28 0 8 16 20 28

Grain size (um) Grain size (um)

24

Fig. 7. Histograms of the grain size as obtained from the SEM images: a) untreated CdTe; b)
CdTe annealed by 40mbar HCF.Cl partial pressure.

The effect of thermal treatment on the CdTe bulk electro-optical properties has been studied
by acquiring CL spectra at electron beam energy (Ep) of 25keV, corresponding to a
maximum penetration depth of about 2.5um. The CL generation volume dimensions were
calculated by means of a numerical approach based on random walk Monte Carlo
simulation developed in our laboratory (Grillo et al. 2003). The low temperature (77 K)
spectrum of a 240x180 um? region of the untreated CdTe showed the clear near bend edge
(NBE) emission centered at 1.57eV. The temperature is too high to discriminate the acceptor
from the donor bound excitonic line, we supposed they were superimposed underneath the
NBE band. In addition to the NBE emission, two weak bands, centered at 1.47eV and 1.35eV
respectively, were also detected. The 1.35eV and 1.47eV CL peaks were visible only in the
untreated CdTe and their origin was not related to the HCF.Cl treatment. The 1.35eV
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Fig. 8. a) SEM image of a typical pyramidal grain oriented along the (111) growth direction
of the untreated film; b) SEM image showing pyramidal grains with terraces of the CdTe
annealed by 40mbar HCF,Cl partial pressure.

emission could be attributed to radiative recombination levels induced by impurities, like
Cu, unintentionally incorporated during the CdTe deposition, or diffused from the front
contact and buffer layers during the high temperature growth. The 1.47eV peak has been
previously observed in polycrystalline CdTe (Cardenas-Garcia et al. 2005) and ascribed to
the dislocation related Y-emission. In our untreated material, a clear dependence of this
emission on the dislocations has not been demonstrated, but the disappearance of this
peak in the annealed, high crystalline quality CdTe supports this attribution (Armani et
al. 2007).

The HCF>Cl annealing effect on the CdTe recombination mechanisms was studied by both
CL spectroscopy and monochromatic (monoCL) mapping. CL spectra showed a drastic
difference between untreated and HCF,Cl annealed samples, as visible in Fig. 9. All the
HCF.(Cl treated samples showed, in addition to the NBE emission, a broad CL band
centered at 1.4eV which intensity increased by increasing the HCF,Cl partial pressure,
suggesting a strong dependence of this emission on the annealing. The literature studies on
both single-crystal and polycrystalline CdTe (Consonni et al. 2006; Krustok et al. 1997)
showed photoluminescence (PL) and CL bands centered at energies close to 1.4eV; their
origin was attributed to a radiative recombination center like the well known A-center, due
to a complex between a Cd vacancy (Vcq) and a Cl impurity, in Cl-doped CdTe (Meyer et al.
1992; Stadler et al. 1995). The clear correlation between the 1.4eV band and the HCF,Cl
treatment supported the attribution of the 1.4eV band observed in our CdTe films to a
complex like the A-centre. Either CI or F impurities could be the origin of the level
responsible for this transition. Several impurities, among which Cl and F, created acceptor
levels with very similar energy values above the valence band edge as reported by Stadler
et al. (Stadler W. et al. 1995). In particular the levels due to Cl and F differ solely by 9meV.
The CL spectral resolution, lower than the PL one, did not allow determining the exact
energy position of the 1.4 eV band with a precision better than 0.01eV. On this basis a
clear attribution, to Cl or F, of the impurity creating the complex together to the Vcq was
impossible. The 1.4eV/NBE CL intensity ratios represented a tool to study the
concentration of the Vcg-CI(F) complex responsible for the 1.4eV band; the comparison
among the untreated and the annealed CdTe results obtained at 25keV have been
summarized in Fig. 10.
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Fig. 9. Comparison among the low temperature (77 K) CL spectra (E,=25keV) of untreated
CdTe and samples annealed at a HCF,Cl partial pressure of 30, 40 and 50 mbar.
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Fig. 10. Plot of the 1.4eV /NBE integrated intensity ratios. The experimental points have been
calculated from spectra acquired in various regions of each CdTe film at E,= 25keV.

One of the peculiarities of the CL technique is the possibility to increase the probing depth
within the studied materials, by increasing Egp, by keeping the injection density in the
generation volume constant. The effect of annealing on the CdTe luminescence behavior
was expected to be more effective close to the CdTe surface. For this reason, CL spectra at
lower beam energy (Eg=12keV), corresponding to a maximum penetration depth of 900nm
below the CdTe surface, were collected. The comparison among untreated and annealed
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samples showed a dependence of the 1.4eV emission intensity on the HCF,Cl partial
pressure similar to the highly depth 25 keV analysis. A more detailed depth-resolved study
of the Vcg-Cl(F) complex distribution is performed by acquiring CL spectra at different Ep
from 8 to 36 keV, corresponding to a probing depth between 0,36 and 4,6 um. Fig. 11
showed the CL spectra, normalized to the NBE intensity, in order to better highlight the
1.4eV band intensity variations. The 1.4eV emission intensity decreased till the generation
volume of the CL signal extended to about 2um, then kept almost constant for the following
2um. This behavior could be more clearly appreciated in the inset of the figure where the
1.4eV/NBE integrated intensity ratio has been shown. Possible influence of material quality
inhomogeneities along the deposition axis could be neglected because the NBE peak
position did not change in the studied depth range as well as its intensity showed very small
and random variations. The Vcg-Cl(F) complex density was the highest close to the CdTe
surface, due to the maximum effectiveness of the HCF,Cl treatment however it decreased in
depth, but not disappeared in the first 4um of the film.
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Fig. 11. Depth-dependent CL spectra acquired on the 40 mbar HCF.Cl partial pressure
annealed CdTe, by increasing E;, from 8 to 36 keV; in the inset the plot of the 1.4 eV/NBE
integrated intensity ratios as a function of Eg has been shown.

The maximum Eg suitable for the SEM used for this work (36keV) was not high enough to
investigate the whole CdTe film, limiting the results to about a half of the material thickness.
For this reason the samples were etched in order to eliminate a portion of CdTe, leaving the
material near the CdTe/CdS interface free. After the etching procedure the decreasing
thickness of CdTe film edge showed a slightly sloped surface extending from the upper
surface of the front contact, down to about 1um above the CdTe/CdS interface. The SEM
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image of the etched region has been shown in Fig. 13 a. CL analyses have been performed
on the beveled CdTe surface, in the region closer to the interface, indicated as the
“maximum etched surface” in Fig. 13 a. The comparison among the untreated CdTe and the
annealed specimens was shown in Fig. 12. In the untreated and 30mbar treated samples, in
addition to the NBE emission only the CL band centered at 1.47 eV has been observed. The
1.4eV band appeared only in cells treated with more than 30 mbar HCF,Cl. By increasing the
HCF,(Cl partial pressure, the 1.4eV CL intensity also increases confirming the behavior
observed on the not-etched CdTe surface. On the other hand, when present, the 1.4eV CL
intensities were lower than those observed on the not-etched surfaces and did not exceed
the NBE intensity. This behavior was clear in Fig. 13 b, where the comparison among CL
spectra acquired on the 40mbar HCF,Cl etched surface at different depths approaching the
CdTe/CdS interface was shown. The spectra were acquired from a small area (10pm wide)
in order to investigate regions at the same depth. The analyzed regions have been indicated
by the colored squares in Fig. 13 a. The 1.4eV CL intensity decreased remarkably from the
blue to the black curve, which corresponded to regions approaching the “maximum etched
region”. Only in the spectrum acquired 3um far from this region the 1.4eV band was back
the dominant one. The depth-dependent decrease of the 1.4eV CL intensity could be
attributed to a not-uniform distribution of the Vcq4-CI(F) complex responsible for that
transition because of a low diffusion of the CI (or F) atoms within the CdTe.
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Fig. 12. Comparison among the low temperature (77 K) CL spectra (Eg=25 keV) of untreated
CdTe and samples annealed at a HCF,Cl partial pressure of 30, 40 and 50 mbar.

The spatial distribution of luminescence properties of CdTe was studied by acquiring
monoCL images at the emission energies of the bands observed in the CL spectra, 1.57eV
and 1.4eV respectively. The monoCL image collected at the NBE emission energy
(E=1.57eV) showed the maximum intensity contribution from the central part of the grains
(Fig. 14 b). The excitonic transitions came mainly from the CdTe grains, meaning that they
were of good crystalline quality. On the other hand, in the same image the boundary regions
between adjacent grains (grain boundaries) showed a dark contrast which corresponded to a
very low radiative recombination efficiency. By acquiring the monoCL image at E=1.4eV
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Fig. 13. a) SEM image of the etched surface of the solar cell annealed with 40 mbar HCF,Cl
partial pressure; b) comparison among the low temperature (77K) CL spectra (E,=15keV) of
the 40 mbar HCF,Cl partial pressure etched solar cell.

Fig. 14. 40 mbar HCF,Cl partial pressure CdTe CL mapping; a) SEM image of the surface
morphology; b) monoCL image at the NBE emission energy (E=1.57eV); c) monoCL at
E=1.4eV emission energy.
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(Fig.14 c) a complementary CL intensity distribution has been observed. The bright contrast
was concentrated in the grain boundaries. For a more clear representation of the correlation
between surface morphology and CdTe radiative recombination properties the
corresponding SEM image has been shown (Fig. 14 a).

Taking advantage on the possibility of focusing the SEM electron beam in suitable small
regions, the spectroscopic behavior of the CL in a single grain has been studied. The
adopted investigation conditions were in this case “fixed beam” at Ep=12keV, which
corresponded to a sub-micrometric generation volume. The CL spectra acquired in the
points marked by numbered colored circles on Fig. 15 a have been shown in Fig. 15 b. The
curves were normalized to the NBE emission intensity. The spectra collected inside the
CdTe grain numbered 2-5 showed a high-intensity NBE emission dominating the spectra.
The 1.4eV band intensity, on the contrary, exceeded the NBE one in the spectra 1 and 6,
collected close to the grain edges (grain boundary). The spatial distribution of the 1.4eV
emission intensity could be directly correlated to the non homogenous density of the Vcg-
CI(F) complex responsible for that emission. A gettering of the native point defects (Vcq), as
well as of the incorporated impurities (Cl or F) could be suggested as the origin of this
inhomogeneity. A preferential diffusion through the grain boundaries, of those impurities,
during the high temperature annealing, has been supposed. The correlation between
polycrystalline Cl doped CdTe structural properties and electronic levels created by the
dopants in the CdTe gap has been discussed in the literature (Consonni et al. 2006, 2007) and
the published results were in good agreement to those presented in this work.
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Fig. 15. a) Spatial variation of CL emissions, by acquiring the spectra in spot mode, in different
points of a single CdTe grain; b) SEM image of the region where the CL spots are collected.

4.2 Comparison between the material properties and device performances

The behavior of the electro-optical properties of CdTe as a function of HCF,Cl partial
pressure, shown in the previous paragraph, did not allow to obtain information about the
role of HCF,Cl on the cell photovoltaics parameters and to investigate the transport
processes taking place at the junction. The electrical properties of the annealed solar cells
were compared to those of an untreated device. Dark reverse I-V curves were shown in Fig.
16 a, where the evolution of the reverse current (Ip) as a function of the HCF,Cl partial
pressure can be observed.
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The diode ideality factor (A) has been calculated from those curves and its behavior as
function of HCF>Cl was also reported in Fig. 16 b. Specific processes occurring at the
junction determined the reverse current and diode factor. In our case, it was observed a
decrease of the reverse current when the HCF,Cl partial pressure was increased. This
behavior reached a minimum in the most efficient device obtained for this series,
corresponding to 40mbar HCF,Cl partial pressure (Jsc=26.2mA/cm?, Vo=820mV, {f=0.69,
n=14.8%, see Fig. 17). An increase of 10mbar more reactive gas in the annealing chamber
yields to a degradation of the reverse current that was increased of various orders of
magnitude, showing the high reactivity of the treatment and the impact of an excess
annealing on the device electrical performance. At the same time, from the behavior of A, a
variation of transport mechanism depending on the treatment conditions could be
suggested (Fig. 16 b). For the untreated sample, A=1.8 indicated that recombination current
dominated the junction transport mechanism or that high injection conditions were present.
An increase of the HCF,Cl partial pressure gave rise to a situation in which diffusion and
recombination currents take place together until the case of 40mbar HCF,Cl partial pressure
was reached, where the minimum value of A=1.2, appointed to a predominant diffusion
current. The cell treated with 50mbar of reactive gas partial pressure showed a sharp
modification, by increasing again the diode factor n up to 1.8. The increase of the diode
reverse saturation current was responsible for a drastic reduction of ff (Figlé b), despite the
Jsc and Voc did not change appreciably from the others HCF.Cl annealed devices.
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Fig. 16. a) Comparison among the dark reverse I-V curves for untreated and, 20, 30, 40 and
50 mbar of HCF.Cl partial pressure treated solar cells; b) Diode ideality factor A as a
function of the HCF,Cl partial pressure.

The evolution of the J-V light curves (Fig. 17) of all samples showed an increase of the
photovoltaic parameters by increasing the Freon partial pressure until 40mbar, while the J-V
characteristic of the sample F50 showed a decrease of the fill factor to 0.25. The latter
behavior could be related to a very strong intermixing between CdS and CdTe, due to the
treatment, so that a very large p-n junction region was present.

A clear roll-over behavior of all the J-V curves was observed in the Fig. 17; mainly for the
untreated sample and F20 and F50. This behavior was attributed to an n-p parasitic junction,
opposite to the main p-n junction created by the back contact. We assume that this behavior
was also strongly related to the incorporation of Cl impurities into CdTe. In our belief, the
increment of the photocurrent collection should be essentially due to an increment of the
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photogenerated minority carriers lifetime in the CdTe layer which suggested that the
passivation of defects in absence of CI contributed as non radiative recombination centers
(Consonni et al. 2006). We considered the 50mbar HCF,Cl cell an overtreated sample where
the intermixing process was so strong that all the available CdS was consumed. The
presence of shunt paths through the junction can explain the high reverse current and low
fill factor values.

The luminescence properties observed on the CdTe material showed a continuous increase
of the 1.4eV band intensity as a function of HCF,Cl partial pressure; the device electrical
characterization showed, on the contrary, a threshold at 40mbar partial pressure. Above this
value the solar cell performances collapsed dramatically suggesting a critical correlation
between HCF,Cl annealing and junction properties.
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Fig. 17. Room temperature I-V characteristics under AM 1.5, 100mW /cm? illumination
conditions of untreated solar cells compared to the 20, 30, 40 and 50 mbar HCF,Cl partial
pressures respectively.

The comparison between the diode factor A and the 1.4eV intensity behaviors suggested
that the Vcg-CI(F) complex was beneficial for the device performances, but did not explain
alone the maximum efficiency value measured for the 40 mbar annealed solar cells. A
combined CdTe material doping and grain boundaries passivation effect had to be invoked.
The absence of the 1.4eV band in the untreated and low HCF,Cl partial pressure annealed
CdTe after etching demonstrated that a non-radiative recombination centre was responsible
for the low A values. This centre was then passivated by the Cl (or F) incorporation till the
excess, for HCF,Cl partial pressures above 40 mbar, deteriorated the p-n junction.

The complex Vcg-Cl(F) formation could also be supported by the temperature dependent I-
V analyses carried out on the CdTe thin film. The Arrhenius plot extracted from the CdTe
dark conductivity as a function of the inverse of the temperature has been shown in Fig.18.
The plot showed that, in the case of untreated CdTe the high calculated activation energy
(324meV) has been related to a level due to the presence of occasional impurities like Cu, Ag
or Au; the activation energy decreases by increasing the HCF,Cl partial pressure, down to
E.=142meV for the material treated by 40mbar HCF,Cl partial pressure. This value was in
good agreement with those obtained in Cl (or F) doped CdTe single-crystals and attributed
to the A-centre, due to the complex Vcy-CI(F) acceptor-like (Meyer et al. 1992).
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A model of the effect of annealing as a function of HCF,Cl partial pressure, on the bulk
CdTe and its grain boundaries as well as on the CdTe-CdS intermixing mechanisms
occurring at the interface has been showed in Fig. 19. The CI (or F) impurities contained in
the annealing gas penetrate into the material partially doping the CdTe. The major part was
gettered to the grain boundaries, as observed in the monoCL image (Fig. 14 c), passivating
them and improving conductivity. Contemporary the interdiffusion of S in the CdTe and of
Te in CdS has been promoted by creating an intermixing region, which thickness increased
by increasing the HCF,Cl partial pressure, pictured by the orange region between CdTe and
CdS. The poor solar cell performances of the 50mbar HCF,Cl partial pressure annealed
device have been explained by a complete consumption of the CdS layer and by destruction
of the main p-n junction.
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Fig. 18. Temperature dependent I-V curves collected from the untreated, 30mbar and
40mbar HCF,Cl partial pressures respectively.
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Fig. 19. Schematic representation of the effect of the HCF,Cl treatment on defects
distribution and intermixing junction formation
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5. Conclusions

Thin films CdTe deposited by CSS have been submitted to a novel, full dry, post-deposition
treatment based on HCF.Cl gas. The annealing demonstrated to affect the structural
properties of the materials through the loss of preferential orientation. Texture coefficient of
the (111) Bragg reflection decreased from 2, for the untreated CdTe, down to 0.56 for the film
treated with the highest HCF,Cl partial pressure. On the contrary, the grain size did not
show any change after annealing maintaining an average dimension of about 12um. These
results were common for high temperature CSS deposited CdTe films, while a clear
dependence on the HCF,Cl partial pressure of the electro-optical properties of the films
have been observed through the presence of a 1.4 eV CL band in the annealed specimens.
The transition responsible for this emission involved an electronic level in the gap with an
energy of about 0.15 eV above the valence band edge, which could be attributed to a
complex between cadmium vacancy and an impurity probably identified in Cl or F (Vcg-
Cl/F) from the annealing gas.

The combined CL mapping and spectroscopy on single CdTe grains showed that the lateral
distribution of this complex was not homogeneous in the grain, but it was concentrated
close to the grain boundaries. The bulk grain, on the contrary, showed a high optical quality,
evidenced by the predominance of the NBE emission. The in-depth effectiveness of the
HCF,Cl annealing has been demonstrated by correlating depth-dependent CL analyses to
the study of the beveled CdTe surface due to the Br-methanol etching. High density of the
Vcg-Cl/F complex responsible for the 1.4 eV band has been observed close to the CdTe
surface; it decreased by increasing depth in the bulk region of the film about 5um below the
surface. By removing several microns of CdTe material and by approaching the CdTe/CdS
interface, in the etched specimens, an HCF,Cl partial pressure higher than 30 mbar was
necessary to detect the 1.4 eV emission, this means to create the Vcg-Cl/F complex. On the
other hand electrical characterization determined a threshold in the beneficial role of the
HCEF,Cl annealing, showing the best solar cell performances for the 40 mbar partial pressure
treated device. Temperature dependent I-V analyses showed a remarkable decrease of the
electronic level activation energy, from 348meV to 142meV. The last value resulted in good
agreement with the energy values of the A-center found in the literature.

The comparison between the diode factor A and the 1.4 eV CL band intensity behaviors
evidenced that the Vcg-Cl/F complex was beneficial for the device performance, but does not
explain alone the maximum efficiency value measured for the 40 mbar annealed solar cells. A
tentative schematic model of the mechanisms occurring during post-deposition treatment, in
the bulk CdTe and close to the CdTe/CdS interface have been also proposed. A combined
CdTe-CdS intermixing and grain boundaries passivation effect has to be invoked.
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1. Introduction

Extensive research has been done during the last two decades on cadmium sulfide (CdS)
thin films, mainly due to their application to large area electronic devices such as thin film
field-effect transistors (Schon et al., 2001) and solar cells (Romeo et al., 2004). For the latter
case, chemical bath deposited (CBD) CdS thin films have been used extensively in the
processing of CdTe and Cu(In,Ga)Se; solar cells, because it is a very simple and inexpensive
technique to scale up to deposit CdS thin films for mass production processes and because
among other n-type semiconductor materials, it has been found that CdS is the most
promising heterojunction partner for these well-known polycrystalline photovoltaic
materials. Semiconducting n-type CdS thin films have been widely used as a window layer
in solar cells; the quality of the CdS-partner plays an important role into the PV device
performance. Usually the deposition of the CdS thin films by CBD is carried out using an
alkaline aqueous solution (high pH) composed mainly of some sort of Cd compounds
(chloride, nitrate, sulfate salts, etc), thiourea as the sulfide source and ammonia as the
complexing agent, which helps to prevent the undesirable homogeneous precipitation by
forming complexes with Cd ions, slowing down thus the surface reaction on the substrate.
CdS films have to fulfill some important criteria to be used for solar cell applications; they
have to be adherent to the substrate and free of pinholes or other physical imperfections.
Moreover, due to the requirements imposed to the thickness of the CdS films for the solar
cells, it seems to be a function of the relative physical perfection of the film. The better
structured CdS films and the fewer flaws present, the thinner the film can be, requirement
very important for the processing of Cu(In,Ga)Se; based thin film solar cells, thickness ~ 30 -
50 nm. In such case, the growth of the thin CdS film is known to occur via ion by ion
reaction, resulting thus into the growth of dense and homogeneous films with mixed
cubic/hexagonal lattice structure (Shafarman and Stolt, 2003).

The reason to choose the CBD method to prepare the CdS layers was due to the fact that
CBD forms a very compact film that covers the TCO layer, in the case of the CdTe devices
and the Cu(In,Ga)Se; layer without pinholes. Moreover, the CdS layer in a hetero-junction
solar cell must also be highly transparent and form a chemical stable interface with the
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Cu(In,Ga)Se; and CdTe absorbing layers. The micro-crystalline quality of the film may also
be related to the formation of the CdZnS ternary layer in the case of the Cu(In,Ga)Se; and
CdSy.«Tey ternary layer for the case of CdTe, at the interface helping to reduce the effects
associated to the carrier traps in it. Hence, the deposition conditions and characteristics of
the CdS layer may affect strongly the efficiency of the solar cells. We have worked with this
assumption in mind for making several experiments that will be described in the following
paragraphs. As it will be shown, we have been able to prepare optimum CdS layers by CBD
in order to be used in solar cells, and have found that the best performance of CdS/CdTe
solar cells is related to the CdS layer with better micro-crystalline quality as revealed by
photoluminescence measurements performed to the CdS films.

2. CdS thin films by chemical bath deposition technique (CBD)

Chemical bath deposition technique (CBD) has been widely used to deposit films of many
different semiconductors. It has proven over the years to be the simplest method available
for this purpose, the typical components of a CBD system are a container for the solution
bath, the solution itself made up of common chemical reactive salts, the substrate where the
deposition of the film is going to take place, a device to control the stirring process and
temperature, sometimes a water bath is included to ensure an homogeneous temperature,
an schematic diagram of the CBD system is shown in figure 1. The concentrations of the
components of the solution bath for CdS can be varied over a working range and each group
use its own specific recipe, so there are as many recipes to deposit CdS as research groups
working in the subject. The chemical reactive salts are generally of low cost and in general it
is necessary to use small quantities. The most important deposition parameters in this
technique are the molar concentration, the pH, the deposition temperature, the deposition
time, the stirring rate, the complexing agents added to the bath to slowing down the
chemical reactions, etc. However, once they have been established these are easy to control.
The CdS thin film deposition can be performed over several substrates at a time, and the
reproducibility is guaranteed if the deposition parameters are kept the same every time a
deposition is done. Substrates can have any area and any configuration, besides they can be
of any kind, electrical conductivity is not required.
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Fig. 1. Schematic diagram of a CdS chemical bath deposition system
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Previously we have reported the preparation of monolayers and bi-layers of CdS deposited
by chemical bath deposition technique using a solution bath based on CdCl, (0.1 M), NH4Cl
(0.2 M), NH3 (2 M) and thiourea (0.3 M), maintaining fixed deposition time and temperature
conditions and varying the order of application of the CdClI; treatment (Contreras-Puente et
al., 2006). Initially, the solution is preheated during 5 min prior to add the thiourea, after
that the deposition was carried out during 10 min at 75 C, then the second layer (the bi-
layer) was deposited at a lower deposition temperature, thus allowing us to control the
growth rate of the CdS layer. This was aimed to obtain films with sub-micron and
nanometric particle size that could help to solve problems such as partial grain coverage,
inter-granular caverns and pinholes. In this way, CdS thin films have been deposited onto
SnO;: F substrates of 4 cm? and 40 cm?, respectively.

Figure 2 shows the typical X-ray diffraction pattern obtained with a glancing incidence X-
ray diffractometer, for CdS samples prepared in small and large area, respectively. CdS
films grow with preferential orientation in the (002), (112) y (004) directions, which
correspond to the CdS hexagonal structure (JCPDS 41-049). Small traces of SnO.F are
observed (*) in the X-ray patterns. Figure 3 shows the morphology for both mono and bi-
layers of CdS films, respectively. It can be observed that bi-layer films present lower pinhole
density and caverns. This is a critical parameter because it gives us the possibility to
improve the efficiency of solar cell devices. Several sets of CdTe devices were made and
their photovoltaic parameters analyzed, giving conversion efficiencies of ~ 6.5 % for both
small and large area devices.

Monolayer of CdS

Bi-layer of CdS
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Fig. 2. X-ray diffraction patterns of mono and bi-layers of CdS

Also, we have found that the position of the substrate inside the reactor is an important
factor because the kinetics of the growth changes. Figure 4 shows how the transmission
response changes with substrate position inside the reactor. The deposition time for all
samples was 10 min. According to figure 4a when the substrates are placed horizontally at
the bottom of the reactor the CdS film grows a thickness of 150 nm, but the transmission
response is poor, when the substrates are placed vertically and suspended with a pair of
tweezers inside the reactor the CdS film grows a thickness of 110 nm and the transmission
response is ~ 83% (see figure 4b), however in this configuration handling the substrate is



240 Solar Cells — Thin-Film Technologies

complicated. Because of this, to design a better substrate holder/support was imperative.
So, a new support was designed and built to facilitate the access and handling of the
samples inside the reactor. Figures 4c and 4d shown the transmission response for mono
and bi-layers of CdS deposited using the new substrate support, placed in a vertical
configuration inside the reactor, for both cases the values were between 85 - 95 %, being the
monolayers the ones that exhibit the best response; however its morphology shows a larger
surface defect density. The thickness of these samples is in the order of 100 - 120 nm.
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Fig. 4. Transmission response of CdS films as a function of the position inside the reactor

2.1 CdS by CBD with a modified configuration

Figure 5 shows the implementation of the new substrate support for the CBD system, from
this figure it can be seen that the CBD system is the same as the one shown in figure 1 but
with the addition of the substrate holder. It basically holds the substrates vertically and
steady, while keeping it free to rotate along with the substrates, in such case the magnetic
stirrer is no longer needed. This substrate support can be set to rotate at different speed
rates, allowing the growth and kinetics of the reaction of CdS to change and in the best case
to improve, improving thus the physical properties of CdS films. The design includes a
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direct current motor that has the option to vary the speed rate from 0 to 50 rpm. The motor
can move the substrate support made of a Teflon structure that holds up to 4 large area
substrates (45 cm? each). The principal advantage of using this modified structure is the
ability to handle 4 substrates at a time, placing them, inside the reactor containing the
solution bath and at the same time starting the rotation, by doing this all the CdS films are
expected to have a uniform growth and thickness ~ 120 nm. When the substrate holder is set
to rotate inside the reactor, the kinetics of the CdS films growth was clearly affected as
shown in figure 6, it can be seen that when the rotating speed goes up, the transmission

Fig. 5. Schematic diagram of the new substrate holder for the CBD system

100 o
80 =
S ]
8
c 60 -
©
't. <
E w/o rotation
% 40 e 35 rpm
I: | —— 59 rpm
20«
0 v v v v v v v

| J | J | J | J | J | J
300 400 500 600 700 800 900 1000
Wavelenath (cm™

Fig. 6. Transmission response as a function of the rotation rate for CdS films prepared with
the new substrate holder.
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response decreases to ~ 65% compared to the samples prepared without rotation. The
deposition time was set to 10 min in all cases, giving thus the growth of CdS films with 120 -
130 nm.
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Fig. 7. SEM images of (a) mono and (b) bi-layer of CdS deposited at 35 rpm

Figure 7 shows the SEM images of CdS films prepared using the new substrate holder,
according to these images, the morphology of the mono and bi-layers of CdS changes as a
function of the rotating speed. Also we can clearly see an increase in the particle size for
each case, for the monolayer of CdS the particle size ball- like shape of ~ 0.5 - 1 pm, but
more uniform and compact compared to the particle size that the bi-layers of CdS exhibit
with rotation speed set to 35 rpm, flakes-like shape with size of ~1 - 4 pm. No devices have
been made so far using CdS films grown with this improved CBD system, studies are being
performed and research on the subject is ongoing in order to optimize the deposition
conditions, for this case.

3. Cu(In,Ga)Se;, based thin films by co-evaporation technique (PVD)

Semiconducting CulnSe; is one of the most promising materials for solar cells applications
because of its favorable electronic and optical properties including its direct band gap with
high absorption coefficient (~105 cm) thus layers of only ~2 um thickness are required to
absorb most of the usable solar radiation and inherent p-type conductivity. Besides, the
band gap of CulnSe; can be modified continuously over a wide range from 1.02 to 2.5 eV by
substituting Ga for In or S for Se, which means that this material can be prepared with a
different chemical composition. Cu(In,Ga)Se; is a very forgiving material so high efficiency
devices can be made with a wide tolerance to variations in Cu(In,Ga)Se, composition
(Rocheleau et al., 1987 and Mitchell K. et al., 1990), grain boundaries are inherently passive
so even films with grain sizes less than 1 pm can be used, and device behavior is insensitive
to defects at the junction caused by a lattice mismatch or impurities between the
Cu(In,Ga)Se; and CdS. The latter enables high-efficiency devices to be processed despite
exposure of the Cu(In,Ga)Se; to air prior to junction formation. For Cu(In,Ga)Se> thin film
solar cells processing the substrate structure is preferred over the superstrate structure. The
substrate structure is composed of a soda lime glass substrate, coated with a Mo layer used
as the back contact where the Cu(In,Ga)Se; film is deposited. The soda lime glass, which is
used in conventional windows, is the most common substrate material used to deposit
Cu(In,Ga)Se; since it is available in large quantities at low cost. Besides, it has a thermal
expansion coefficient of 9 x 10-6 K-1 (Boyd et al., 1980) which provides a good match to the
Cu(In/Ga)Se; films. The most important effect of the soda lime glass substrate on
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Cu(In,Ga)Se; film growth is that it is a natural source of sodium for the growing material. So
that, the sodium diffuses through the sputtered Mo back contact, which means that is very
important to control the properties of the Mo layer. The presence of sodium promotes the
growth of larger grains of the Cu(InGa)Se; and with a higher degree of preferred
orientation in the (112) direction. After Cu(In,Ga)Se, deposition, the junction is formed by
depositing a CdS layer. Then a high-resistance (HR) ZnO and a doped high-conductivity
ZnO:Al layers are subsequently deposited. The ZnO layer reacts with the CdS forming the
CdyxZn1«S ternary compound, which is known to have a wider band gap than CdS alone,
increasing thus the cell current by increasing the short wavelength (blue) response and at
the same time setting the conditions to make a better electric contact. Finally, the deposition
of a current-collecting Ni/ Al grid completes the device. The highest conversion efficiency
for Cu(In,Ga)Se; thin film solar cells of ~ 20 % has been achieved by (Repins et al., 2008)
using a three stages co-evaporation process. The processing of photovoltaic (PV) quality
films is generally carried out via high vacuum techniques, like thermal co-evaporation. This
was mainly the reason, we have carried out the implementation and characterization of a
thermal co-evaporation system with individual Knudsen cells MBE type, to deposit the
Cu(In,Ga)Se; thin films (see figure 8). The deposition conditions for each metal source were
established previously by doing a deposition profile of temperature data vs. growth rate.
The thermal co-evaporation of Cu(In,Ga)Se; thin films was carried out using Cu shots
99.999%, Ga ingots 99.9999%, Se shots 99.999% from Alfa Aeser and In wire 99.999% from
Kurt J. Lesker, used as received. The depositions were performed on soda lime glass
substrates with sputtered Mo with ~ 0.7 um of thickness. The substrate temperature was >
500 °C, temperature of source materials was set to ensure a growth rate of 1.4, 2.2 and 0.9
A/s for Cu, In and Ga, respectively for the metals, while keeping a selenium overpressure
into the vacuum chamber during film growth.

Fig. 8. Thermal co-evaporation system with Knudsen effusion cells to deposit Cu(In,Ga)Se
thin films
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Cu(In,Ga)Se; thin films were grown with different Ga and Cu ratios (Ga/(In+Ga) = 0.28,
0.34 and 0.35 respectively and Cu/(In+Ga) = 0.85, 0.83 and 0.94). The deposition time was
set to 30 min for all cases. All the Cu(In,Ga)Se, samples were grown to have 2 - 3 pm
thickness and aiming to obtain a relative low content of gallium ~ 0.30 % (Culng7GagsSez),
while keeping the copper ratio to III <1 (where III = In+Ga), very important criteria to use
them directly for solar cell applications, as shown in table 1. For solar cell devices, samples
JS17 and JS18 were used, with a chemical composition similar to that of sample JS13.

Chemical composition (at %) by EDS
Sample Cu In Ga Se Ga/lll | Cu/II
Reference | 22.09 | 18.84 | 7.27 | 51.80 | 0.28 0.85
CIGS_5 21.27 | 16.73 | 8.88 | 53.69 | 0.35 0.83
CIGS_8 23.04 | 16.20 | 8.24 | 53.47 | 0.34 0.94
JS13 2446 | 16.87 | 9.74 | 48.93 | 0.37 0.92

Table 1. Results of the chemical composition analysis of the co-evaporated Cu(In,Ga)Se; thin
films

The morphology of the Cu(In,Ga)Se; samples is very uniform, compact and textured,
composed of small particles (see figures 9a - 9c). Figure 9d shows the cross-section SEM
image and a film thickness ~ 3.5 um, also notice the details of the textured surface of the
film, due to the high temperature processing.

Fig. 9. SEM micrographs
section image

The XRD patterns of the films show sharp and well defined peaks, indicating a very good
crystallization, the films appear to grow with a strong (112) orientation (see figure 10) and
with grain sizes ~ 1 um. The expected shift of the (112) reflection compared to that of the
CulnSe; is also observed, which is consistent with a film stoichiometry of Culno;GaosSez
(JCPDS 35-1102).
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Fig. 10. XRD pattern for Cu(In,Ga)Se; thin films thermal co-evaporated

4. CdTe thin films by Close Spaced Vapor Transport (CSVT)

CdTe is a compound semiconductor of II-VI type that has a cubic zincblende (sphalerite)
structure with a lattice constant of 6.481 A°. CdTe at room temperature has a direct band
gap of 1.5 eV with a temperature coefficient of 2.3-5.4 x10-4 eV /K. This band gap is an ideal
match to the solar spectrum for a photovoltaic absorber. Similarly to the Cu(In,Ga)Se», the
absorption coefficient is large (around 5x104 cm™) at photon energies of 1.8 eV or higher
(Birkmire R. and Eser E., 1997). Up to date the highest conversion efficiency achieved for
CdTe solar cells is 16.5% (Wu X. et al., 2001). CdTe solar cells are p-n heterojunction devices
in which a thin film of CdS forms the n-type window layer. As in the case of Cu(In,Ga)Se;-
based devices the depletion field is mostly in the CdTe. There are several deposition
techniques to grow the CdTe like, physical vapor deposition, vapor transport deposition,
close spaced sublimation, sputter deposition and electrodeposition (McCandless Brian E.
and Sites James R., 2003). In this case, the close spaced sublimation has been selected to
prepare the CdTe films for solar cell applications.

The sublimation technique for the deposition of semiconducting thin films of the II-VI group,
particularly CdTe, has proven to be effective to obtain polycrystalline materials with very
good optical and electrical properties. There are several steps that involve the formation of the
deposited materials, these are listed as follows: 1) synthesis of the material to be deposited
through the phase transition from solid or liquid to the vapor phase 2) vapor transport
between the evaporation source and the substrate, where the material will be deposited in the
form of thin film, and 3) vapor and gas condensation on the substrate, followed by the
nucleation and grow of the films. In general, and particularly in our CdTe - case, the vapor
transport is regulated by a diffusion gas model. This technique has several advantages over
others because is inexpensive, has high growth rates, and it can be scaled up to large areas for
mass production. The Close Spaced Vapor Transport technique, named as “CSVT”, is a variant
of the sublimation technique, it uses two graphite blocks, where independent high electrical
currents flow and due to the dissipation effect of the electrical energy by Joule’s heat makes the
temperature in each graphite block to rise. One of the graphite blocks is named the source
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block and the other is the substrate block. Figure 11 shows the block diagram of the CSVT
system used to prepare the CdTe thin films. Between the source graphite block “A” and the
substrate graphite block “B” is located the graphite boat that contains the material to be
sublimated, and on top of this boat the substrate is located, in a very close proximity or close
spaced. The material growth is carried out under the presence of an inert atmosphere like
argon, nitrogen, etc. The growth rate of the material to be deposited can be controlled by
controlling the pressure and gas flow rate. Also this inert gas can be mixed with a reactive gas
like oxygen, which benefits the growth of CdTe with the characteristic p-type conductivity.
The deposition parameters for this technique are: a) Ts: temperature of the source, b) Tsup:
substrate temperature, it has to be lower than the Ts in order to avoid the re-sublimation of the
material, ¢) ds.su: distance between the material to be deposited and the substrate and d) P,:
pressure of the inert gas inside the chamber.

Fig. 11. Schematic diagram of a CSVT system

For the processing of CdTe thin film solar cells, it is necessary to use a superstrate structure,
so that the CdS is deposited on SnOxF, in such a way that the growth process allows the
film to be deposited over the whole surface, becoming a surface free of holes and caverns
without empty spaces among the grains, and with a uniform grain size distribution. It is also
required that the CdS layer matches well with the CdTe host, thus favoring a good growing
kinetics for CdTe, as well as the formation of the CdSiTei ternary compound in the
interface due to the diffusion of S from CdS to CdTe. The high-efficiency CdTe solar cells to
date have essentially the same superstrate structure. The superstrate structure is composed of
a sodalime glass substrate, coated with a SnO2:F; a transparent conductor oxide as the front
contact, then a CdS layer is chemically bath deposited, followed by the deposition of a CdTe
layer and finally the deposition of two layers of Cu and Au to form the back contact to
complete the CdS/CdTe device. In order to achieve solar cells with high conversion
efficiencies, the physical and chemical properties of each layer must be optimized (Morales-
Acevedo A., 2006). The deposition of CdTe was performed by using CdTe powder 99.999%
purity. The deposition atmosphere was a mixture of Ar and O,, with equal partial pressures
of Oy and Ar. In all cases the total pressure was 0.1 Torr. Prior to all depositions the system
was pumped to 8x10-¢ Torr as the base pressure. In the CSVT-HW (hot wall) deposition, the
separation between source and substrate was about 1 mm. The deposition time was 3 min
for all the samples deposited with substrate and source temperatures of 550 °C and 650 °C,
respectively. Under these conditions, CdTe layers of 2 - 4 pym were obtained. The CdTe thin
films were also thermally treated with CdCl,. As discussed before, a very important
treatment independently of the deposition technique for both CdS and CdTe layers is a
thermal annealing after the deposition of CdCl, on top of the CdTe layer. If the CdCl,
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treatment is not performed, the short circuit current density and the efficiency of the solar
cell are very low. This treatment consists in depositing 300-400 nm of CdCl, on top of CdTe
with a subsequent annealing at 400 °C during 15-20 min in air, or in an inert gas atmosphere
like Ar. During this process the small CdTe grains are put in vapor phase and re-crystallize,
giving a better-organized CdTe matrix. The presence of Cl, could favor the CdTe grain
growth by means of a local vapor phase transport. In this way the small grains disappear
and the CdS/CdTe interface is reorganized.

5. Processing of Cu(In,Ga)Se, and CdTe thin films into solar cells

Cu(In,Ga)Se; and CdTe PV devices are obtained by forming p-n heterojunctions with thin
films of CdS. In this type of structure, n-type CdS, which has a band gap of 2.4 eV, not only
forms the p-n junction with p-type CulnSe; or p-type CdTe but also serves as a window
layer that lets light through with relatively small absorption. Also, because the carrier
density in CdS is much larger than in CulnSe; or CdTe, the depletion field is entirely in the
absorber film where electron-hole pairs are generated (Birkmire and Eser, 1997). After solar
cell completion the photovoltaic parameters like I, Vo, FF and conversion efficiency were
tested by doing the I-V characterization for the two structures; CdTe and Cu(In,Ga)Se,. All
the parameters were measured under AM1.5 illumination.

5.1 Cu(In,Ga)Se,/CdS thin film solar cells

The substrate structure of a Cu(In,Ga)Se; thin film based solar cell is composed of a soda
lime glass substrate, coated with a sputtered ~ 0.7 - 1 pm Mo layer as the back contact. After
the thermal co-evaporation of Cu(InGa)Se; deposition, the junction is formed by chemically
bath depositing the CdS with thickness ~ 30 - 50 nm. Then a high-resistance (HR) ZnO layer
and a doped high-conductivity ZnO:Al layer are subsequently deposited, usually using the
sputtering technique. Finally, the deposition of a current-collecting grid of Ni/ Al completes
the device as shown in figure 12. The total cell area is defined by removing the layers on top
of the Mo outside the cell area by mechanical scribing.

Fig. 12. Schematic configuration of a typical Cu(In,Ga)Se; thin film solar cell

5.1.1 Discussion on the Cu(In,Ga)Se; thin film based solar cells results

Two Cu(In,Ga)Se; samples were used to be processed into solar cell devices: sample JS17 had a
CdS layer prepared with a recipe based on CdCl, and sample JS18 with a recipe based on
CdSOy as the Cd source. The |-V parameters for devices JS17 are: area = 0.47 cm?, V. = 536
mV, Js.=31.70 mA/cm?, fill factor = 64.0 %, and n = 10.9 % (see figure 13) and for JS18 are: area
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=0.47 cm?, Voo =558 mV, Jic = 29.90 mA /cm?, fill factor = 63.1 %, and n = 10.5 % (see figure 14).
From these results, we can see that sample JS17 shows a conversion efficiency a little bit higher
than JS18, this is due to the different recipe used to prepare the CdS layer as it was mentioned
before. This was the only difference between the two devices, everything else was the same.
From these figures, a low V. is observed, but we should expect to have a higher V. value,
compared to the Ga content. The roll-over in forward bias could be indicative of a low sodium
content in the Cu(In,Ga)Se; films. Also, the low current collection, observed for the
Cu(In,Ga)Se; thin film devices, may be due to incomplete processing of the absorber layer.
Improvements in device performance are expected with optimization of absorber processing.

50 -
o | IS17
5
30 1
<
E 20 1
3
10 A
o
-06 0.4 02 0 0o 0.2 0.4 0.6 0.8 1.0
V(volts
20 - (volts)
-40 A
-50 -

Fig. 13. ]-V curves for the best Cu(In,Ga)Se; thin film device prepared with a CdS bath
solution based on CdCl,
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Fig. 14. ]J-V curves for the best Cu(In,Ga)Se; thin film device prepared with a CdS bath
solution based on CdSO,

5.2 CdTe/CdS thin film solar cells

The typical superstrate structure of a hetero-junction CdTe/CdS solar cell is composed of a
soda lime glass substrate, coated with a sputtered transparent conducting oxide (TCO) to the
visible radiation, which acts as the front contact, then a CdS layer with a thickness ~ 120 nm is
chemically bath deposited, followed by the deposition of the absorber CdTe layer by close
spaced vapor transport technique and finally the CdS/CdTe device is completed by
depositing the ohmic back contact on top of the CdTe layer, see figure 15. For the back contact,
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two layers of Cu and Au (2nm and 350 nm, respectively) were evaporated, with an area of 0.08
cm?, onto the CdTe and annealed at 180 °C in Ar. The front contact was taken from the
conducting glass substrate (0.5 pm thick SnO2:F/ glass with sheet resistivity of 10 Q/ I)

ﬁ/‘

u, 350 nm
Cu,2nm

T CdTe
[«— CdS
[“— SnO,:F
“7J— Soda-lime glass substrate
A

Sunlight

Fig. 15. Schematic configuration of a typical CdTe based solar cell

5.2.1 Variation of the S/Cd ratio in the solution for deposition of CdS by chemical bath
and its effect on the efficiency of CdS/CdTe solar cells

The variation of the S/Cd ratio in the solution used in the preparation of the CdS films
modifies the morphology, the deposition rate, the crystal grain size, the resistivity and the
optical transmittance of these films and have an influence upon the structural and electrical
properties of the CdTe layer itself, in addition to modifications of the CdS-CdTe interface.
Hence, our study shows the influence of the S/Cd ratio in the solution for CdS thin films
prepared by chemical bath upon the characteristics of CdS/CdTe solar cells with a
superstrate structure (Vigil-Galan, et al., 2005).

The concentrations of NHs, NH4Cl and CdCl, were kept constant in every experiment, but
the thiourea [CS(NH,),] concentration was varied in order to obtain different S/Cd relations
(Ry) in the solution. All the films were grown on SnO»:F conducting glasses (10 ohm-cm) at
75 °C. Deposition times were also varied, according to our previous knowledge of the
growth kinetics (Vigil O. et al., 2001), with the purpose of obtaining films with similar
thickness in all cases. The selected thiourea concentrations and deposition times for each
S/Cd relation are shown in table 2.

S/Cd ratio Thiourea concentration Deposition time
Ry in the bath (mol/1) (min)
1 24x103 120
25 6 x102 100
5 1.2x102 120
10 24 x102 120

Table 2. Thiourea concentration and deposition time for each S/Cd relation

Solar cells were prepared by depositing CdTe thin films on the SnO»:F/CBD-CdS substrates
by CSVT-HW. The atmosphere used during the CdTe was a mixture of Ar and O,, with an
O, partial pressure of 50%. In all cases, the total pressure was 0.1 Torr. Prior to deposition
the system was pumped to 8 x 10-¢ Torr as the base pressure. CSVT-HW deposition of CdTe
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was done by placing a CdTe graphite source block in close proximity (1 mm) to the
substrate block. The deposition time was 3 min for all the samples deposited with substrate
and source temperatures of 550 °C and 650 °C, respectively. Under these conditions, CdTe
layers of approximately 3.5 ym were obtained. The CdTe thin films were coated with a 200
nm CdCl; layer and then annealed at 400 °C for 30 min in air. For the back contact, two
layers of Cu and Au (2 nm and 350 nm, respectively) were evaporated, with an area of 0.08
cm?, on the CdTe film and annealed at 180 °C in Ar. The growth conditions of CdTe were
maintained constant for all solar cells.

5.2.2 Discussion on CdTe thin film solar cells results

Figure 16 shows the set of I-V characteristics for CdS/CdTe solar cells made with the same
Ry (S/Cd ratio = 5). According to our experimental conditions, the solar cells made with the
same technological process have similar characteristics.

n=12.2
n=12.1%

n=12.3

J {maA (:III"}

V{Vaolis)
Fig. 16. ] -V characteristics of three CdS/CdTe solar cells made with CdS layers grown with
R = 5 during the CBD-CdS growth process

The I-V characteristics of CdS/CdTe solar cells under AM1.5 illumination (normalized to 100
mW cm?) as a function of R are shown in figure 17. In table 3, the average shunt (R;) and
series (Ry) resistances, the short circuit current density (Js,), the open circuit voltage (Voc),
the fill factor (FF) and the efficiency () of solar cells prepared with different Ry are
reported. The averages were taken from four samples for each Ri. As can be seen in table 3,
7 increases with Ry up to Ry = 5 and drops for Ry = 10.

Sré Eg R R, Jee Vo FE -
Ry (ohm-cm?) | (ohm-cm?) | (mA/cm?) (mV) (%) (%)
1 6.8 318 20.8 617 55.2 71
25 54 800 21.8 690 55.5 8.3
5 2.9 787 23.8 740 70.5 12.3
10 5.9 135 22.7 435 52 54

Table 3. Photovoltaic parameter results for CdS/CdTe solar cells with different S/Cd ratio
(Ri) in the CdS bath
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Fig. 17. Typical | -V characteristics of CdS/CdTe solar cells under illumination at 100 mW
cm~2, with R as a parameter

There are several factors directly or indirectly influencing the cell behaviour, in particular
the amount of S in the CBD CdS layers may influence the formation of the CdS;.,Te, ternary
compound at the CdS-CdTe interface. CdTe films grown at high temperatures, such as
those produced by CSVT, produce a sulfur enriched region due to S diffusion. The amount
of S penetrating the bulk of CdTe from the grain boundary must be dictated by the bulk
diffusion coefficient of S in CdTe and of course by the amount of S available in the CdS
films. The re-crystallization of CdTe could be affected by the morphological properties of
the CdS layers grown with different S5/Cd ratios. These facts have been studied by Lane
(Lane D. W. et al., 2003) and Cousins (Cousins M. A. et al. 2003). From this point of view the
formation of CdS;.4Te, may be favored when the R is increased in the bath solution. This
ternary compound at the interface may cause a lower lattice mismatch between CdS and
CdTe, and therefore a lower density of states at the CdTe interface region will be obtained,
causing a lower value for the dark saturation current density Jo. The resistivity of the CdS
and CdTe layers and their variation under illumination also change the characteristics of the
cell under dark and illumination conditions. In other words, a better photoconductivity
implies smaller resistivity values under illumination, with the possible improvement of the
solar cell properties. In addition, optical transmittance, thickness and morphological
measurements of the CBD-CdS films showed the following characteristics when increasing
Ric: i) band gap values are observed to increase (from 2.45 eV to 2.52 eV when changing Ri.
from 1 to 10), ii) grain sizes become smaller (from 55.4 nm to 47.2 nm when S/Cd =1 and 10,
respectively) and iii) the average optical transmission above threshold increases from 68%
to 72% when R is increased from 1 to 10. Higher band-gap values of the window
material improve the short circuit current density of the solar cells. Thin films with
smaller grain sizes show fewer pinholes with a positive effect on the open circuit voltage
and fill factor. In this regard, the properties of the CdS layers are correlated with the
kinetic of the deposition process when the concentration of thiourea is changed. For
instance, for high thiourea concentration, the reaction rate becomes large enough to
promote a quick CdS precipitation which leads to the formation of agglomerates in the
solution rather than nucleation on the substrate surface, while for low thiourea
concentration a very slow growth process can be expected, leading to a thinner but more
homogeneous layer.
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6. Conclusions

We have found that CBD-CdS thin films grown under different conditions, like monolayers
or bi-layers, using a standard bath configuration or a modified configuration, the principle
for the deposition process is the same: a common precipitation reaction. Depending of the
regime we decide to choose, we must perform an optimization of the deposition parameters
in order to get the CdS film with the best physical and chemical properties. The quality of
the CdS window partner and the absorber material like CdTe and Cu(In,Ga)Se; will have a
great impact on the conversion efficiencies when applied into thin film solar cells.

7. Acknowledgements

The authors would like to thank to Bill Shafarman from University of Delaware for device
processing and characterization. This work was partially supported by CONACYT, grant
47587, ICyT-DF, grant PICS08-54 and PROMEP, grant 103.5/10/4959.

8. References

Birkmire R. and Eser E. (1997), Annu. Rev. Mater. Sci., 27:625-53.

Boyd D, Thompson D, Kirk-Othmer, (1980), Encyclopaedia of Chemical Technology, Vol. 11,
3rd Edition, 807-880, John Wiley.

Contreras-Puente G., Tufino-Velazquez M., Calixto M. Estela, Jimenez-Escamilla M., Vigil-
Galan O., Arias-Carbajal A., Morales-Acevedo A., Aguilar-Hernandez J., Sastre-
Hernandez J., Arellano-Guerrero F.N. (2006), Photovoltaic Energy Conversion,
Conference Record of the 2006 IEEE 4th World Conference.

Cousins M. A., Lane D. W., and Rogers K. D. (2003). Thin Solid Films 431-432, 78.

Lane D. W, Painter J. D., Cousins M. A., Conibeer G. L., and Rogers K. D. (2003). Thin Solid
Films 431-432, 73.

McCandless Brian E. and Sites James R., (2003), Cadmium Telluride Solar Cells, in:
Handbook of Photovoltaic Science and Engineering, Luque A. and Hegedus S., pp.
567 - 616, John Wiley & Sons, Ltd ISBN: 0-471-49196-9, West Sussex, England.

Mitchell K. et al., (1990), IEEE Trans. Electron. Devices 37, 410-417.

Morales-Acevedo A. (2006). Solar Energy 80, 675.

Repins L. et al., (2008), Prog. in Photov: Research and Applications 16, 235.

Rocheleau R, Meakin J, Birkmire R, (1987), Proc. 19th IEEE Photovoltaic Specialist Conf., 972-976.

Romeo N., Bosio A., Canevari V. and Podesta A. (2004), Solar Energy, Volume 77, Issue 6,
Pages 795-801.

Shafarman W. N. and Stolt L. (2003), Cu(InGa)Se2 Solar Cells, in: Handbook of Photovoltaic
Science and Engineering, Luque A. and Hegedus S., pp. 567 - 616, John Wiley &
Sons, Ltd ISBN: 0-471-49196-9, West Sussex, England.

Schon, J. H., Schenker, O. and Batlogg, B. (2001), Thin Solid Films 385, p.271.

Vigil-Galan O., Arias-Carbajal A., Mendoza-Perez R., Santana-Rodriguez G., Sastre-
Hernandez J., Alonso J. C., Moreno-Garcia E., Contreras-Puente G. and Morales-
Acevedo A. (2005), Semiconductor Science and Technology 20, 819.

Vigil O., Arias-Carbajal A., Cruz F., Contreras-Puente G., and Zelaya-Angel O. (2001). Mats.
Res. Bull. 36, 521.

Wu X. et al., (2001), Proc. 17th European Photovoltaic Solar Energy Conf. 995.



12

Innovative Elastic Thin-Film
Solar Cell Structures

Maciej Sibiniski and Katarzyna Znajdek
Technical University of £6dz, Department of
Semiconductor and Optoelectronic Devices,
Poland

1. Introduction

The idea of thin films dates back to the inception of photovoltaics in the early sixties. It is an
idea based on achieving truly low-cost photovoltaics appropriate for mass production,
where usage of inexpensive active materials is essential. Since the photovoltaic (PV)
modules deliver relatively little electric power in comparison with combustion-based energy
sources, solar cells must be cheap to produce energy that can be competitive. Thin films are
considered to be the answer to that low-cost requirement [1].

Replacement of single crystalline silicon with poly and amorphous films, caused the decline
of material requirements, which has led to lower final prices [2]. Furthermore, the thickness
of cell layers was reduced several times throughout the usage of materials with higher
optical absorption coefficients. Unique, thin film and lightweight, devices of low
manufacturing costs and high flexibility, were obtained by applying special materials and
production techniques, e.g. CIS, CIGS or CdTe/CdS technologies and organic elements.
Taking advantage of those properties, there is a great potential of new, useful applications,
such as building integrated photovoltaics (BIPV), portable elastic systems or clothing and
smart textiles as well [3].

Low material utilization, mass production and integrated module fabrication are basic
advantages of thin film solar cells over their monocrystalline counterparts [4]. Figure 1 (by
NREL) shows the development of thin film photovoltaic cells since 1975.

The development of cadmium telluride (CdTe) based thin film solar cells started in 1972
with 6% efficient CdS/CdTe [5] to reach the present peak efficiency of 16.5% obtained by
NREL researchers in 2002 [6]. Chalcopyrite based laboratory cells (CIS, CIGS) have recently
achieved a record efficiency of 20% [7], which is the highest among thin film PV cells (see
Table 1). Solar modules based on chalcopyrites, uniquely combines advantages of thin film
technology with the efficiency and stability of conventional crystalline silicon cells [4].

Thin film solar cell type CIGS CdTe/CdS a-Si
Cell area [cm?2] 0.5 1.0 0.25
Highest efficiency [%] 20.0 16.5 13.3
Typical efficiency range [%] 12.0 - 20.0 10.0 - 16.5 8.0-13.3

Table 1. Efficiencies of CIGS, CdTe and a-Si thin film solar cells [8].
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Fig. 1. Best laboratory PV cell efficiencies for thin films [source: www.nrel.gov]

To comprehend the developmental issues of thin films, it is important to examine each
individually. Each has a unique set of advantages and shortcomings in terms of their
potential to reach the needed performance, reliability and cost goals [1].

1.1 CdTe cells and modules

Cadmium telluride based solar cells are one of the most promising in thin film
photovoltaics. With a bandgap of 1.45 eV the material well suited to match the AM 1.5 solar
spectrum. Furthermore, its high absorption coefficient causes that only a few microns
absorber film is required for solar cell operation. The typical thin film CdTe/CdS structure
is shown on Figure 2. Figure 3 presents the total life-cycle Cd emissions to prove that CdTe
based PV cell are environment friendly and health safe.

Metal contact

CdTe absorber

CdS window
TCL contact

Substrate

Fig. 2. Typical structure of CdTe thin film solar cell.
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Fig. 3. Total life-cycle Cd emissions by Brookhaven National Laboratory [9].

Low-cost soda-lime glass, foil or polymer film can be used as the substrate of CdTe/CdS
solar cell. The best results of 16.5% efficiency are achieved with glass substrate (Table 1).
However, Laboratory for Thin Films and Photovoltaics at EMPA, Switzerland obtained
12.7% efficiency of single CdTe solar cell on polymer foil and 7.5% of monolithically
interconnected flexible CdTe solar module of 32 cm? total area [10]. Transparent conductive
layers (TCL) are usually thin conductive metal oxides, such as ITO (Indium Tin Oxide),
71504, Cd2Sn0Oy, ZnO:Al, CdO, ZnO, InoOs, SnO; or RuSiO4. However, lastly in flexible solar
cells, transparent conductive oxides (TCO) are being replaced by carbon nanotube (CNT)
composites [11] or graphene. The CdS film is grown either by chemical bath deposition
(CBD), close space sublimation (CSS), chemical vapor deposition (CVD), sputtering or vapor
transport deposition (VID). For the growth of CdTe, three leading methods are used for
module fabrication: CSS, electro-deposition (ED) and VTD. Wide variety of metals can be
used as back contact for thin film CdTe solar cells, e.g. Cu, Au, Cu/Au, Ni, Ni/Al, Sb/Al,
Sb/Au [12].

Several thin-film PV companies are actively involved in commercializing thin-film PV
technologies. In the area of CdTe technology major players are or were in the past: First Solar
(USA), Primestar Solar (USA), BP Solar (USA), Antec Solar (Germany), Calyxo (Germany),
CTF Solar (Germany), Arendi (Italy), Abound Solar (USA), Matsushita Battery (Japan) [8, 12,
13]. This effort lead to 18% share of CdTe cells in global PV marked in 2009 [14].

1.2 CIS/ CIGS/ CIGSS structures

Other promising material for thin film solar cell absorber layer is copper indium diselenide
CulnSe;. CIS has a direct bandgap of 0.95eV which can be increased by the addition of
gallium to the absorber film. About 30% of Ga added to CIS layer (CIGS cell), changes the
bandgap from 0.95eV to almost 1.2 eV, which improves its match with the AM 1.5 solar
spectrum. Higher gallium content (of 40%) has adetrimental effect on the device
performance, because of its negative impact on the charge transport properties. The best
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gallium to indium ratio is 3:7 for high efficiency PV devices. The role of sulfur in CIGSS is to
increase the bandgap of the absorber film [12], which can boost the AM 1.5 spectrum fitting
even more. The typical thin film CIGS solar cell structure is shown on Figure 4. Figure 5
presents an example CIGS cell structure manufactured in the Laboratory for Thin Films and
Photovoltaics at EMPA, Switzerland.

TCL contact
CdS window

CulnGeSe, absorber

Metal contact

Substrate

Fig. 4. Typical structure of CIGS thin film solar cell.

~2um

Fig. 5. CIGS cell structure manufactured at EMPA, Switzerland [8].

Worldwide, several companies are presently offering commercial thin-film PV CIGS
products: Wiirth Solar, (Germany), Global Solar, (USA), Honda, (Japan), Showa Shell,
(Japan), Sulfurcell, (Germany), Solibro (Germany), Avancis (Germany), Solyndra (USA),
Centrotherm (Germany). Also, worldwide, about 34 companies are actively developing thin-
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film CIGS PV technologies. These companies are using different deposition methods for
growing the thin CIGS absorber layers, as is shown in Table 2 [13].

Company Substrate Back contact | Process Front contact
Shell Solar Glass Mo Sputter/ Selenization | ZnO
Global Solar | Steel Mo Co-evaporation ITO
Miasole Glass Mo Sputter ZnO
Wourt Solar Glass Mo Co-evaporation ZnO
Avancis Glass Mo Sputter/ RTP ZnO
Daystar Tech. | Glass Mo Sputter Zn0O
EPV Glass Mo Sputter/ Evaporation | ZnO
Ascent Solar | Polymer Mo Co-evaporation ZnO
ISET Glass/Flexible | Mo Ink/ Selenization ZnO
Nanosolar Flexible Mo Print/ RTP ZnO
Solo Power Steel Mo ED/ RTP ZnO

Table 2. Thin film CIGS technology.

The absorber layer for commercial products uses either co-evaporation or the two-stage
process such as the deposition of the precursors (Cu, Ga, In) by sputtering followed by
selenization. Absorber layer can be made out of three chalcopyrite chemical compounds:
Cu(In,Ga)Se,, Cu(In,Ga)(S,Se)2, CulnS; which are respectively CIGS, CIGSS and CIS.

As a back, metal contact Mo deposited by sputtering is most commonly used. Majority of
companies (Table 2) use ZnO as the front transparent conductive layer. Zinc oxide is
deposited either by sputtering or chemical vapor deposition [13]. Window layer of CdS (or
alternatives, such as ZnS [8]) can be grown by analogous methods as in CdTe solar structure
(CBD, CSS, CVD etc.).

As a substrate of thin film CIGS solar cell, either glass, metal (steel) sheet or polymer might
be chosen. Highest efficiencies, as noted in Table 1, were achieved for modules on glass
substrate. However, such solution have several inconveniences, which are for example:
bulkiness, fragility and heaviness. Flexible substrates, on the other hand, offer both
manufacturing and application related advantages, such as: large active area, roll-to-roll
high speed (throughput) deposition, high material utilization, low thermal budget,
monolithic interconnection, lower costs, light-weight and flexibility. Table 3 presents the
comparison of thin film CIGS solar cell on steel and polymer substrate.

To conclude this subsection, we should ask a question: “why thin film CIGS and CdTe solar
cells are worth attention?”. The answer was given and it can be summarized in several
points:

1. they are highly efficient,

active layers can be deposited on various substrates including flexible ones,

they have extremely stable performance,

they cause no environmental or health hazards,

they are low cost,

these cells are attractive for both terrestrial and space applications [8].

SRS L
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Metal (steel) Polymer

Rough surface, kinks Smooth surface

Conducting surface Insulating surface

Metal impurities No metal impurities

Barrier coatings needed for monolithic No need of barrier coatings for monolithic
interconnection interconnection

High temperature: 550- 650 °C Low temperature: 450 °C

Highest efficiency: 18% on Ti foil Highest efficiency: 16%

Table 3. Substrates for flexible CIGS solar modules [8].

Thin-film photovoltaic cells and modules are already widely popularized, mainly because of
their small production costs and relatively high efficiency [15]. Moreover, some other,
significant advantages, such as small weight and flexibility may be offered. That is the
reason why large number of applications is being pursued using thin-film PV technologies,
including building-integrated photovoltaics (BIPV), roof-top applications and utility-scale
applications [13].

2. Manufacturing technologies of elastic thin — film CdS/CdTe solar cells

Cadmium telluride solar cells are placed among thin-film polycrystalline structures of high
optical absorption and relatively low material consumption, with long development history
[16]. Numerous virtues of each semiconductor compound as well as good cooperation
within p-n heterojunction give the opportunity of efficient and cheap monolithic solar
modules construction. Additionally, elastic structure of polycrystalline layers enables the
flexibility of the manufactured modules and gives possibility of new implementations. The
experiments leading to this goal were undertaken by various manufacturing technologies,
however to maintain high optoelectronic parameters of the manufactured cells,
independently on employed technology, proper polycrystalline structure must be
preserved.

Standard technology of CdTe solar cells manufacturing is based of column grain structure.
This specific material organization occurs owing to vertical growth of hexagonal CdTe and
CdS grains and gives the opportunity of high optical generation, smooth vertical charge
carrier transport and thus high conversion efficiency. Both semiconductors are predestined
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Fig. 6. SEM picture and the diagram of CdS wurtzite grains with vertical growth orientation
and CdS hexagonal grain model.

to achieving of this structure under some technology circumstances [17] and may be
matched with crystal constant differences not higher than 9,7% [18]. Structure of model CdS
layer, obtained by authors, organized in wurtzite phase is presented in Figure 6.

The most popular manufacturing technologies of CdS/CdTe solar cells are nowadays CVD
(Chemical Vapour Deposition) and the variants like PECVD (ang: Plasma Enhanced CVD, or
MOCVD ( Metall Organic Chemical Vapour Deposition) [19],CBD (Chemical Bath Deposition) and
physical methods like PVD (Physical Vapour Deposition), CSS (Close Space Sublimation) [20], and
variants of CSVT (Close Space Vapour Transport) [21, 22]. Alternatively screen-printing
technology was also successfully employed for production of relatively thick CdTe base [23].
Morphology of the last mentioned layers was verified by authors with the help of SEM
analysis indicating dense compact structure of hexagonal grains (Figure 7).

1ekyv xia.eee

Fig. 7. SEM picture of dense, compact CdTe grain layer up to 8um, manufactured by ICSVT
technology on glass substrate.

As the additional experiments AFM profile of this layer, presented in Figure 8 was
prepared.
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Fig. 8. AFM profiling of CdTe polycrystalline layer, made by ICSVT technology.

This measurement gives some important information about grains structure and inter-
crystal surfaces. By means of polycrystalline CdS/CdTe layers profiling one may easily
detect the diameter and grain shape but also the inter-grain valleys depth and possible
structure fluctuations and layer discontinuities. These structure disorders may result in
serious parameter losses by producing of shunt interconnections or other charge flow
parasitic effects. Taking into account cadmium dichloride dissolvent presence, frequently
caused by recrystallization demands morphology defects may cause a real and serious
threat for CdS/CdTe structure functioning. No such phenomenon was confirmed by
presented results.

All new production techniques of thin -film polycrystalline solar cells and particularly
CdS/CdTe structure, designed for new application field, should be verified according to
obtained layers profile to eliminate structure disorder. Since AFM spectroscopy gives the
profiling results for some strictly limited area for wider statistical examination mechanical
profiling of high accuracy may be applied. These experiments were also conducted for test
CdS/CdTe structure. The experiment for each sample was conducted by the help of
mechanical profilometer Dektak 3 VEECO Instruments. The measurements were performed
for representative 100 pm scan range with 50nm resolution.

As the first analysis ICSVT CdTe layer morphology was checked (Figure 9). By this
investigation the average grain diameter of 6-8um was confirmed and the typical roughness
of 1200 A. Series of measurements confirmed dense, compact structure of absorber grains
with no interlayer shunts. Obtained average roughness and the CdTe grain surface profile
suggests that inter-grain trenches are insufficient for significant degradation of shunt
resistance value. The total layer level fluctuations are smaller than 4 pm, which taking into
consideration typical glass thickness accuracy confirms homogenous thickness of the whole
base layer.

Alternative technology, used for CdS/CdTe cell layers deposition is a standard PVD
method. Under some circumstances it offers a possibility of semiconductor material
deposition even on profiled, elastic and untypical substrates. Evaporation of examined
materials caused serious technology problems connected with proper thickness of obtained
layers and homogeneous structure of deposited material. Some serious parasitic effect like
boiling, splitting and granulation of the material were solved by proper temperature profile
and optimized one-directional tantalum evaporation source adopted by authors [24].
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Fig. 9. Morphology of CdTe solar cell base absorber manufactured by ICSVT technology on
glass substrate.

The investigation of CdTe base manufactured by evaporation and subsequent
recrystallization is presented in Figure 10.
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Fig. 10. Morphology of CdTe solar cell base absorber manufactured by evaporation and
subsequent high-temp. recrystallization.
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The measurements indicated homogenous grains of the average dimension 2-4um. Typical
roughness of 1230 pm is similar layers obtained by ICSVT, however one may observe higher
peak values of grain top-trench profile. This may result in some interlayer parasitic
connections. Additionally in this case, total layer thickness fluctuation is similar to the layer
thickness (¥2 pm), what may cause some absorber discontinuities.

Third investigated technology (Figure 11) is based on adaptation of screen-printing
technique for semiconductor layers manufacturing. Printing paste is produced by milling of
cadmium and tellurium in stochiometric proportion and mixing with special binder. After
printing, leveling and drying process CdTe layer is recrystallized in high-temperature
process similarly to the previously described way.
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Fig. 11. Morphology of CdTe solar cell base absorber manufactured by screen-printing and
subsequent high-temp. recrystalization.

Profilometry of screen-printed base (Figure 11) indicated very high thickness of investigated
layer (even up to 20 pm), but also serious morphology defects. Typical roughness of
obtained layers is beyond 3000um, which exceeds 240% of average value for ICSVT and
PVD techniques. Moreover obtained grains present different diameters from 1-2 pm up to
10 um. Total layer thickness also varies strongly (locally up to 50%), which results in various
optoelectronic parameters. Layers produced by screen-printing technology presents
additionally high porosity, which prevents cadmium dichloride from volatilization and
causes fast base oxidation and thus cell parameters degradation.

Considering the results obtained for three technologies aimed at manufacturing of
CdS/CdTe solar structure on novel substrate material conclusion of their applicability and
further development may be drawn.

ICSVT being the most complicated and so-far not commercialized method appeared to be
the most efficient in creation of the proper polycrystalline base structure. The morphology of
obtained layers confirms proper column grain structure of hexagonal CdTe crystals and thus
high electrical parameters of final solar cell. Taking this into consideration further
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development of this technique is desired in terms of non-flat architectonic elements as the
solar cell substrate. First steps towards this goal have been undertaken.

Evaporation and post annealing of CdTe material in order to formation of proper base
structure appeared to be less efficient. However simple and effective for various substrates
technique leads to thin film base production only. Moreover the diameters of single grains
obtained by the author are significantly lower than by ICSVT technology.

Screen - printing and sintering as the last investigated method appeared to be insufficient
for the stabile cell-base production. The advantage of high layer thickness is seriously
diminished by poor homogeneity, thickness instability and high surface porosity.
Nevertheless screen printed layers can be effectively used as the in-production material for
ICSVT or similar processes.

3. Innovative polycrystalline elastic structures, based on polymer substrates

Although CdS/CdTe cells have now entered the mass - production phase, but still there are
many possibilities of their new applications fields. Basing on this idea, authors proposed the
implementation of modified CdS/CdTe cell structure in universal, attractive application called
BIPV (Building Integrated Photovoltaics) and also elaborated elastic cell structure [25]. The
CdTe cell construction gives the opportunity of achieving these goals, under the conditions of
the proper technology modifications, as well as proper substrate and contacts implementation.
Due to successful application of CSS variants of CdS/CdTe manufacturing technology for
effective solar cells production, further experiments towards new cell structure and properties
became possible. Considering cell composition, two opposite configuration of CdTe cell
became possible. Historically first one is a classical substrate configuration (Figure 12 a),
whereas based on glass + ITO, emitter-based configuration is called superstrate (Figure 12 b).

Fig. 12. Substrate a) and superstrate b) configuration of CdS/CdTe solar cell. A- glass cover,
B- CdS emitter, C-CdTe base, D - base P+ sub layer, E-back contact, F-TCO layer, emitter
metal contacts not visible.

Both of them possess some important advantages and technology drawbacks. Substrate
configuration offers more mature manufacturing technology and lower substrate demands,
while superstrate configuration ensures higher efficiencies (smaller surface shadowing) and
better encapsulation. Adaptation of the described technology for new application and cell
construction, demands deep consideration of all possible solutions.



264 Solar Cells — Thin-Film Technologies

Every introduced concept posses some value according to different aspects of BIPV
applications and each is subsequently investigated by Technical University of £.6dz research
group. Ceramic substrates could be recognized as the best platform for the complete
integration of the photovoltaic element with the architectonic component. One may find the
reports on practical investigation of this construction for other thin -film solar cells e.g. CIS
devices [26]. However, for CdS/CdTe construction, there is still research and technology
adaptation needed. Additionally this kind of application is strictly connected with one
particular architectonic element type such as roof-tile or brick. Moreover it has to provide
the complete modular interconnection and regulation system, since the whole installation is
made of hundreds of elements, working in different conditions. Furthermore, different
interconnection systems (series, parallel and series-parallel) are necessary for optimum
power and load polarization. Finally, standard ICSVT/CSS technology needs some
fundamental modifications, in case of implementation in profiled architectonic elements
(roof tiles or ornaments), since the material transport occurs only between very closely
positioned source and target.

Taking into account cadmium telluride solar cells, possessing flexible construction two base
materials may be considered. One is thin metal foil, while the second is the polymer
material. Implementation of metal foils, for example Mo substrates, for CdTe construction
has been already investigated and reported [27]. In this work we focus on polymer foil
implementation as the elastic solar cell substrate. Flexibility of this material, combined with
policrystalline thin-film structure properties, gives a promise that manufacturing of elastic
solar panel, ready for integration with any shape architectonic substrate is possible.
Moreover, it offers the opportunity of constructing both substrate and superstrate
configuration of CdS/CdTe cell. Additionally, polymer foils are lightweight, high-durable
materials, which enhances the possible application field of cells. Depending on the
configuration, production technology and desired application different properties of the
substrate foils will be demanded. Finding proper foil material and appropriate technology
adaptation are the key to obtain efficient elastic PV cells.

To define the properties of polymer base foils, one may consider the specific of each
configuration. So far, in the superstrate configuration highest conversion efficiencies were
obtained However, in this case, polymer substrates must meet several conditions. One can
mention as the most important: high optical transparency in the full conversion range of
CdS/CdTe cell, ability of TCO surface electrode covering, high thermal durability, high
chemical and water resistance. Apart from these specific demands, substrate foil of any
configuration is expected to be light-weight, have high elongation coefficient, thermal
expansion similar to semiconductor polycrystalline layers (CdS and CdTe) and be low
cost. In both cases elastic cells can be easily attached to different shape architectonic
elements.

Taking this into account, also substrate configuration of elastic cadmium telluride cell was
investigated. As the preliminary step possible polymer material options were verified.
Polymers, as the materials, are constructed on a base of multi-modular chains of single,
repetitive units called monomers. In the manmade polymers, even the number of a few
thousand monomer types is being achieved. The properties of manufactured polymer
material depend strongly, not only on its chemical content and even monomer construction,
but also on the monomers interconnecting system. Due to complexity of the typical polymer
construction, it is impossible to evaluate the physical properties of these materials using
theoretical analysis. This gave the prompt to the series of experiments, aimed at
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comprehensive evaluation of polymer foils physical parameters, potentially efficient as the
CdS/CdTe cell substrate materials.

As the test group of polymer foils wide set of materials, including standard commercial
solutions as well as high - temperature polyester and polyamide, was accepted. Among
polyamide foils of high thermal durability, two materials - KAPTON® and UPILEX® foils
were chosen. Both of them are commercially available high-technology materials
implemented in specific applications (eg: space shuttles wings and nose cover, high power
loudspeakers membranes). They are characterized by high mechanical and thermal
durability, high dielectric constant and UV durability. Among the polyester materials high
- temperature MYLAR® material was adopted. As the reference material, popular PET foil
in standard and high - temperature production version was applied. First evaluation step of
material properties is a verification of their mechanical parameters. Comparison of these
results is presented in Table 2.

. PET/High KAPTON® HN
Parameter\ Foil temp PEIL UPILEX® MYLAR® 100
Thickness 25.0 30.0 30.0 254
[pm]
Weight 300 441 417 35.0
[g/m?]
Surface rnazss coefficient 3190 97 23.98 279
[m?/kg]
Thermal expansion
[%/ 10C] 0.025 0.018 0.007 0.005
Standard elongation
(259C) [%] 600.0 54.0 103.5 40.0

Table 2. Main mechanical parameters of tested polymer foils.

Obtained parameters suggest similar properties of all investigated materials. However,
some important differences are evident. The most important is the value of the thermal
expansion coefficient (TEC). In general, one may say that in the case of high-temperature
materials the value of thermal expansion is lower. Exceptionally, in the case of UPILEX® the
value of this parameter is close to standard PET foil. According to considered configuration,
thermal expansion coefficient of substrate foil should be adjusted to the value of the
semiconductor base or emitter and contact layer. In both cases of semiconductor materials
(Cds, CdTe), the value of TEC is very low (at the level of 5104 [% / 1°C]), but the most
typical metal contacts present TEC value higher by the order of magnitude.

The critical parameter in the standard re-crystallization process, as well as in the ICSVT, is a
thermal durability of layer material. The maximum values of declared operational
temperature for each investigated foil are: 130°C for Standard PET, 185°C for High-temp
PET, 254°C for Polyester MYLAR®, 380°C and 430°C for Polyamide KAPTON® foil. Basing
on the declared temperatures and considering the ICSVT temperature demands, two most
durable foils were accepted for further investigations. As the subsequent step the weight
loss of KAPTON® and UPILEX® in higher temperatures was measured. The measurements
of thermal durability were performed in the temperature range of a standard re-
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crystallization process (450°C - 650°C). During the experiment, the percentage loss of the foil
weight was measured. Additionally, plastic properties were tested as the indicator of
usefulness for the elastic substrate application. For higher accuracy of obtained outcomes, as
the additional test, the plastic properties of the materials for each temperature were
estimated. Complete results of this test are presented in Table 3. Grey color of the table cell
marks a permanent deformation or loss of elastic properties.

. . UPILEX® KAPTON®
Weight in temperature:
12.5um 25.0um 12.5um 25.0um
480°C 91.82% 95.16% 96.70% 95.30%
500°C 91.36% 94.84% 96.00% 94.60%
550°C 89.55% 92.26% 74.70% 81.12%
600°C 70.00% 78.38% Burnt Burnt

Table 3. Temperature durability of examined foils. Dark-grey color indicates the loss of
elastic properties or permanent deformation.

Analyzing obtained results, one may state that in the opposite to the manufacturer
suggestions, the biggest weight loss in temperatures above 500°C, is observed in polyamide
KAPTON®. Additionally, the loss of its elastic parameters occurs very rapidly. Contrary,
UPILEX®, which melting point is declared below 400°C proved to be fairly resistant to
temperatures until 550°C. In both cases thicker foils reacted slower for the temperature rise,
which was expected due to their relatively high thermal resistance. It is worth mentioning
that the experiment was conducted in conditions (time, equipment) similar to the
manufacturing process. However, identified maximal allowable temperature is relatively
lower than standard demanded temperature for ICSVT process. There were reasonable
presumptions suggesting the possibility of re-crystallization temperature decreasing, in
favor of longer process duration. Thus, examined foils were conditionally positively
evaluated. Taking this into account, UPILEX® foil was accepted for further experiments,
leading to manufacturing of the CdS/CdTe elastic layers. Considering possible
configuration of designed cell, the light transparency characteristic of investigated foil was
measured. The light transmission in the conversion range of CdS/CdTe cell both of
KAPTON® and UPILEX® foils is presented in Figure 13.

Due to low transmission (below 60%) in the range 400 nm - 700 nm, which would decrease
largely the total cell efficiency, for UPILEX®, substrate cell configuration was chosen. Basing
on presented results, experimental sample of CdTe absorber, manufactured on 25pm
UPILEX® foil was prepared. Obtained semiconductor layer is based on Cu contact of 2 pm
thick, made by PVD in pressure 5-105 Torr. The total area of the sample is 30 cm? and elastic
properties of all manufactured layers are preserved (Figure 14). After the investigation, the
average thickness of 2 pm and good uniformity of manufactured layer was confirmed. This
makes proper base for CdS layer manufacturing and completing of the elastic CdS/CdTe
construction.

Obtained results confirm the assumption that flexibility of polycrystalline cadmium
compound layers may be employed in alternative applications, such as elastic cell structure.
Finding the proper material for substrate of these devices is a key to manufacturing of
efficient cell, however it demands considering of many technological aspects. Thermal and
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Fig. 13. Optical transparency of KAPTON® and UPILEX® foils in the wavelength range of
CdS/ CdTe cell effective photoconversion.

Fig. 14. Test structure of elastic CdTe layer based on UPILEX® foil and contacted by 2 pm
Cu layer.

mechanical properties of some high-temperature polymer foils give the possibility to
construct complete solar cell with some technological modifications (particularly during the
re-crystallization process). Another important factor is a proper, flexible and durable
contacting system of such cell.
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4. Novel carbon nanotube contacts for proposed devices

An essential challenge in the development of flexible photovoltaic structures, excepting the
elaboration of an appropriate semiconductor junction and optical properties of active layers,
is providing suitable contacts. PV electrodes are required to be reliable, efficient, low cost
and compatible with solar cell structure. An extremely frequently used solution is applying
flexible transparent conductive oxides (TCO) as PV cell front (generally emitter) layer
electrodes. As it was mentioned before emitter contacts are usually realized by using
conductive transparent metal oxides, such as: SnO,, ITO, Zn,O4, CdSnO,, In203 ZnO:Al, as
well as CdO, ZnO and RuSiO,. In order to integrate solar cells into PV modules or for more
convenient measurements execution, additional metal contacts attached to TCO are applied.
The most popular among listed TCO compounds is indium tin oxide (ITO).

ITO is a mixture of tin (IV) oxide: SnO; and indium (III) oxide: InoOs so called ITO. This
material is characterized by high optical transmission of above 90% in visual range and
relatively low electrical resistivity of 10 Q/square +100 Q/square for thickness of
150 nm + 200 nm. Unfortunately, applying ITO and other TCO layers in flexible
photovoltaics encountered a significant barrier. Those metal oxides indicate a lack
mechanical stress resistance which leads to breaking and crushing of the contact. This
disadvantageous characteristic was observed and reported also during the research on
flexible diode display electrodes. Furthermore, thin ITO layers are predominantly
manufactured by cost-consuming magnetron sputtering method [28], which increases the
final cost of new PV cell and module. Moreover, the indium resources are strictly limited
and expected to be exhausted within next fifteen years of exploitation.

A novel method of creating flexible transparent contacts for solar cells is to use carbon
nanotubes (CNT). Due to the broad range of potential manufacturing techniques and
diversified properties of obtained layers, carbon nanotubes are becoming increasingly
popular in electronic applications. Especially CNT layers obtained using low-cost
technologies such as screen printing or sputtering are potentially useful in flexible electronic
devices [30] and smart textiles. This subsection presents the summary of experiments which
were conducted up to now and led to adaptation of carbon nanotubes as thin transparent
contacts of selected flexible photovoltaic structures.

To create CNT based transparent conductive layer (TCL), preparation of particular
composite is necessary. Since there is a requirement of low cost material, multilayer carbon
nanotubes, synthesized in catalytic chemical vapor deposition (CCVD), were used in tested
compounds. CCVD process has a drawback which causes that not perfectly pure CNT
material is obtained. Although, the material contains significant amount of non CNT carbon
structures and metal catalyst, either purification or alternative fabrication methods, can
increase costs up to a few orders of magnitude. The average dimensions of nanotubes in the
material (determined by Scanning Electron Microscopy - SEM) are 10+40 nm in diameter
and 0.5+5 pm length, however longer structures have also been observed. Figure 15 presents
HRSEM image of applied CNTs.

Carbon nanotube composites are printed on given substrates using, low cost screen printing
technique. To specify a relationship between the content of CNT in the composition and the
value of sheet resistance, electrical properties of printed layers was measured. Table 4
presents achieved results. All samples showed electrical conductivity and were much above
the percolation threshold [11].
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Fig. 15. HRSEM image of applied carbon nanotubes

Paste No CNT content in the composition [%] Sheet resistance [Q/square]
CNT.0.1 0.10 613 k

CNT.0.25 0.25 28 k

CNT.0.5 0.50 3.3k

CNT.1.0 1.00 870

Table 4. Sheet resistance values for samples with different CNT amount [11].

Transparent conductive layers were prepared using four composites with various CNT
content (Table 1). As a substrate borosilicate glass was used. In order to compare CNT and
ITO layer parameters, an identical Bo Si glass sample, covered by 160 nm sputtered ITO,
was taken. As a first step of carbon nanotubes TCL application in solar cell structure,
transmittance of printed layers have been measured (Figure 16).
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Fig. 16. Transmittance comparison of 0,25%, 1,5 um CNT layer and 160 nm ITO on

borosilicate glass, for standard solar cell absorption spectrum
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A very important characteristic for printed CNT layers, is stability of the resistance while
applying multiple mechanical stress. To verify this parameter for manufactured CNT layers,
additional experiment was undertaken. TCL of 1.5 pm thick was screen printed on
polyamide Kapton® and tested by rapid mechanical bending in 80 cycles. The results of
resistivity change (Figure 17a) was compared with literature outcomes, obtained for optical
ITO layer (Figure 17b).
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Fig. 17. Resistance changes of: a) CNT and b) ITO layers while bending [31]

After a positive estimation of CNT layers optical and electrical parameters, the possibility of
implementation as asolar cell transparent conductive coating was verified. For creating
models of screen printed CNT layer, as TCO replacement, in different PV cell structures,
SCAPS simulator was used. Simulation models are generated by digital description of
physical parameters of each structure layer, including contacts. Solar Cell Capacitance
Simulator (SCAPS) is available free of charge for scientific research. Figure 18 shows I-V
curves simulations, for CdTe/CdS solar cell structure with ITO and CNT contact layer.
Operating parameters of simulated cells are presented in Table 4.
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Fig. 18. SCAPS simulations of I-V characteristics of CdTe/CdS solar cell with filters: red-
none, blue-ITO, green-CNT.

Filter Open circuit voltage | Short circuit current Fill Factor Efficiency
Voc [V] Jsc [mA/em?] FF [%] 0 [%]
none 0.754 21.602 44.99 7.33
ITO 0.743 17.194 47.00 6.00
CNT 0.733 14.236 48.50 5.06

Table 5. Electrical parameters of CdTe/CdS solar cell

5. Conclusions

Carbon nanotube layers with relatively high optical transmittance were fabricated by
inexpensive screen printing technique on glass and on elastic polymer substrates as well.
The average difference of 10% in transmittance within standard CdTe cell photoconversion
range between 160 nm ITO and 1.5 pm 0.25% CNT layer was observed. Sheet resistance of
obtained layers are at relatively high level and should be diminished for efficient
photovoltaic applications. To achieve this goal special technology and material compositions
(including various CNT content) are tested. The resistance of CNT layers, in opposite to
standard ITO, turned out completely independent on bending, which is critical in terms of
flexible solar cells construction. According to SCAPS simulations the lowest Py, drop, caused
by CNT layer implementation, was observed in case of thin-film cells, which is consistent
with postulate of new construction flexibility. Preliminary practical experiments confirmed
the presence of photovoltaic effect in solar cell equipped exclusively with CNT emitter
electrode.

Presently, due to weaker optical and electrical parameters those layers cannot be a
competitive alternative to the existing transparent conductive layers. Nevertheless, they
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have much better elastic properties and high prospects for improving the optical and
electrical parameters, and therefore they can be potential solar cells layers. Further
experiments are planned for development of manufactured structure (including
incorporation of main metal contacts) and manufacturing of thin-film cells with carbon
nanotube emitter contacts. However, CNT composites obtain higher optical permeability
at a lower carbon nanotubes content, which in turn, increases the resistivity of these
materials. Thus, the simultaneous increasing of the permeability and reducing the
resistivity is a difficult issue.

Flexible solar cells, based on thin film heterostructure are expected to be a natural
development of currently produced devices. For elaboration of fully functional photovoltaic
structure, ready for industrial production, many technological problems must be solved.
Presented work is a small part of impact put in this process. It is highly probable that some
of presented concepts will soon find the implementation in the commercially available
elastic cells, based on II-VI compounds.
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1. Introduction

Despite significant progress in research, the energy provided by photovoltaic cells is still a
small fraction of the world energy needs. This fraction could be considerably increased by
lowering solar cell costs. To achieve this aim, we need to economize on the material and
thermal budgets, as well as increase cell efficiency. The silicon “Heterojunction with
Iintrinsic Thin layer (HIT)” solar cell is one of the promising options for a cost effective, high
efficiency photovoltaic system. This is because in “HIT” cells the P/N junction and the back
surface field (BSF) layer formation steps take place at a relatively low temperature (~200°C)
using hydrogenated amorphous silicon (a-Si:H) deposition technology, whereas in normal
crystalline silicon (c-5i) cells the wafer has to be raised to ~800°C for junction and BSF layer
formation by diffusion. This means not only a lower thermal budget, but also cost reduction
from thinner wafers, since the danger of the latter becoming brittle is strongly reduced at
lower (~200°C) temperatures. Thin intrinsic layers on either face of the c-Si substrate,
effectively passivate c-Si surface defects, which would otherwise degrade cell performance.
Moreover it has been demonstrated that carriers can pass through the passivating layers
without significant loss.

In this chapter, we use detailed electrical-optical modeling to understand carrier transport in
these structures and the sensitivity of the solar cell output to various material and device
parameters. The global electrical - optical model “Amorphous Semiconductor Device
Modeling Program (ASDMP)”, originally conceived to simulate the characteristics of solar
cells based on disordered thin films, and later extended to model also mono-crystalline
silicon and “HIT” solar cells (Nath et al, 2008), has been used for all simulations in this
chapter. The model takes account of specular interference effects, when polished c-Si wafers
are used, as well as of light-trapping when HIT cells are depositd on textured c-5i.

2. Historical development of HIT solar cells

One of the successful applications of hydrogenated amorphous silicon (a-Si:H) is in
crystalline silicon heterojunction (HJ) solar cells. Fuhs et al (1974) first fabricated
heterojunction silicon solar cells, where the absorber is P (N) type c-Si, while the emitter N
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(P) a-Si:H layer is deposited by the standard plasma-enhanced chemical vapor deposition
(PECVD) technique at ~200°C. However the efficiency achieved was much lower than in c-Si
solar cells. In the early 80’s Prof. Y. Hamakawa and his co-workers [Osuda et al, 1983]
predicted the relevance of a-Si:H /c-Si stacked solar cells in silicon applications. Following
the study of Prof. Hamakawa, many research groups world wide became interested in the
technological development of a-Si:H/c-Si heterojuction solar cells as an alternative to
traditional diffused emitter solar cells. It was almost a decade later that Sanyo began work in
1990 on the growth of low temperature junctions on c¢-Si and developed a new type of
heterojunction solar cells called ACJ-HIT (Artificially Constructed Junction- Heterojunction
with Intrinsic Thin layer), now shortened to “HIT”, with a conversion efficiency of 18.1%
(Tanaka et al, 1992) that has thereafter been continuously improved to yield an outstanding
22% efficiency in 100 cm? solar cells (Taguchi et al, 2005). Moreover Sanyo also achieved
19.5% efficiency in mass production (Tanaka et al, 2003). The innovation that made this
possible was the introduction of thin films of intrinsic a-Si:H on either side of the c-Si wafer,
to passivate the defects on its surface, that were responsible for the low efficiency of the
earlier heterojunction cells [Fuhs et al, 1974]. A low recombination surface velocity of 15
cm/'s has been demonstrated for passivation by intrinsic a-Si:H by Wang et al (2005). This is
as good as the best dielectric surface passivation, such as by SiO, and amorphous silicon
nitride (SiNy) (Meier et al, 2007). More importantly, the a-Si:H I-layer can be inserted
between the c-Si and a doped layer without significant restriction to carrier transport. The
device structure of HIT cells that has been developed by Sanyo is shown in Fig. 1. This cell is
fabricated with CZ N-type wafer of thickness ~250 um. The emitter (doped) layer,
passivating intrinsic layers and the doped BSF layer of the cell are all thin films (a-Si:H) and
deposited by the PECVD technique at ~200°C. The device terminates with a TCO anti
reflection coating followed by metallic electrodes.

Sunlight

TCO
\‘ ~ Electrode
P/N a-5i:H {P "
Junction I
N type c-5i
(textured)
. 1 Absorber
a-Si:H \
BSF —-[m‘
—
TCO Foe_Flectrode

Fig. 1. Schematic diagram of HIT cell proposed by SANYO

HIT cells have (1) potential for high efficiency, (2) very good surface passivation: low
surface recombination velocity, (3) low processing temperature - all processes occur at ~
200°C resulting in low thermal budget, (4) reduced material cost (low temperature
processing permits the use of thinner wafers), leading to overall cost reduction and (5)
excellent stability- since the base material of the structure continues to be c-Si. With nearly
19 years of steady progress, in 2009, the best HIT solar cells have recorded a efficiency of
23% over a 100.4 cm? cell area (press release SANYO, 2009). Another advantage of HIT solar
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cells is that it has excellent temperature dependence characteristics and its efficiency does
not deteriorate as much as that of diffused junction c-Si cells at higher temperatures (Sakata
et al, 2000). The efficiency of HIT cells deteriorates by 0.33%/° C with increase of
temperature while it is 0.45%/° C for conventional c¢-Si solar cells. This means HIT cells
would generate more output power in summer time than its diffused junction counterpart.

References Wafer Solar cell output parameters | Emitter &
Type| Surface Jse Voo | Fill n BSF
mA cm2| mV | factor | % | deposition
technique
SANYO press release N | Textured | 3950 | 729 | 0.800 | 23 PECVD
Schmidt et al, 2007 N | Textured 39.3 639 | 0.789 | 19.8 | RF-PECVD
P 34.3 629 | 079 | 174
Wang et al, 2010,2008 P | Textured | 36.20 | 678 | 0.786 | 19.3 | HWCVD
N 3530 | 664 | 0.745 | 17.2
Olibet et al, 2010, 2007 N Flat 34.0 680 | 0.82 | 19.1 VHEF-
P 32 690 | 0.74 | 16.3 PECVD
Das et al, 2008 N | Textured | 35.68 | 694 | 0.741 | 184 PECVD
Sritharathikhun et al 2008 | N | Textured | 3520 | 671 | 0.76 | 17.9 VHE-
PECVD
Damon-Lacoste, 2008 P Flat 33.0 664 | 0.778 | 17.1 PECVD
Fujiwara & Kondo, 2009 N Flat 32.79 631 | 0.764 | 17.5 PECVD

Table 1. Summary of best perfoemances of HIT solar cells on P- and N-type c-Si wafer.

Inspired by the outstanding performance of Sanyo HIT cells, many research groups
throughout the world have been working with these cells and a-Si:H layers have been
deposited by PECVD, hot-wire CVD (HWCVD) and very-high-frequency PECVD (VHEF-
PECVD). A summary of the best HIT solar cells reported till date is given in Table 1. We find
that currently, no group has been able to duplicate what Sanyo has achieved in terms of cell
efficiency. Very few groups have reached beyond 19% efficiency: Helmholtz Zentrum Berlin
on N-type textured wafers (Schimdt et al, 2007) and the National Renewable Energy
Laboratory (NREL) on P-type textured wafers (Wang et al, 2008, 2010) have achieved this
feat. Good results have also been obtained by the group of EPFL, IMT, Neuchatel,
Switzrland with high open-circuit voltsge (Vo) on flat wafers. The P-type HIT cell of Damon
Lacoste et al (2008) from LPICM-Ecole Polytechnique, France also deserves mention. Here
the efficiency is limited by the lower short-circuit current density (Js) characteristic of flat
wafers. The difficulty in attaining the Sanyo HIT cell efficiency illustrates that the a-Si:H/c-
Si HJ is indeed a very challenging structure to understand. Therefore, over the last decade
scientists are using detailed computer modeling to fully understand the structure. In the
next section we will briefly review the computer modeling of HIT solar cells. Recently a few
groups have started fabricating HIT cells with intrinsic hydrogenated amorphous silicon
oxide (I-a-S5iO:H) as the buffer layer between crystalline and doped amorphous silicon.
Sritharathikhun et al (2008) have achieved 17.9% cell efficiency with P-pc-SiO:H /N-c-Si cell
structure and I-a-SiO:H as the buffer layer. A group from AIST (Fujiwara et al, 2009) has
reported 17.5% cell efficiency with a similar cell structure.
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2.1 Detailed one-dimensional computer modeling of HIT solar cells:-

Pioneering work in detailed electrical modeling of a-Si:H solar cells was done by Hack and
Schur (1985). Other notable models in this respect are the model AMPS (McElheny et al,
1988, Arch et al, 1991) by S. J. Fonash’s group at the Pennsylvania State University, USA, the
model of Guha's group (Guha et al, 1989), the ASDMP program by P. Chatterjee (Chatterjee,
1992, 1994, 1996), the ASPIN program of Smole and Furlan (1992) and the ASA program by
von der Linden et al (1992). Regarding detailed electrical-optical models, which include
textured surfaces and light-trapping kinetics to some extent, the first global electrical-optical
model developed in the world was when ASDMP was integrated (Chatterjee et al, 1996) to a
semi-empirical optical model by Leblanc et al (1994). This program also takes account of
specular interference effects for cells with flat surfaces. Later the developed AMPS program
(D-AMPS - Pla et al, 2003) and the ASA package, developed at the Delft University of
Technology (Zeman et al, 2000) also introduced light trapping effects.

Modeling of HIT cells was started by van Cleef et al (1998 a,b) using the AMPS computer
code (McElheny et al, 1988), which however does not have a proper built-in optical model;
and the derivative of the AMPS program (D-AMPS), where a fairly good optical model has
been introduced (Pla et al, 2003). The numerical PC program AFORS-HET (Stangl et al, 2001,
Froitzheim et al, 2002) has been developed especially for simulating HIT solar cells. The
latter has recently also been extended to include light-trapping effects. The ASA program in
its later version (Zeman et al, 2000) models both the electrical and optical properties of HIT
cells. The PC-1D program (Basore, 1990, Basore et al, 1997), developed at the University of
News South Wales, Australia for modeling textured mono-crystalline silicon solar cells, has
also been fairly successful in modeling HIT cells. The program ASDMP by Chatterjee et al
(1994,1996), has also been extended to model N-a-Si:H/P-c-Si type front (with a
heterojunction only on the emitter side) (Nath et al, 2008) HIT cells and subsequently used
to model double hetreojunction solar cells both on N- and P-type substrates ( Datta et al,
2008, 2009, Rahmouni et al, 2010).

2.1.1 Simulation model ASDMP

We will discuss this model in a little more detail, since it has been used in all simulations in
this chapter. The “Amorphous Semiconductor Device Modeling Program (ASDMP) ”
(Chatterjee et al, 1996, Palit et al, 1998 ), originally conceived to model amorphous silicon
based devices, has been extended to also model c-Si and “HIT” cells (Nath et al, 2008). This
one-dimensional program solves the Poisson's equation and the two carrier continuity
equations under steady state conditions for the given device structure, without any
simplifying assumptions, and yields the dark and illuminated current density - voltage (J-
V), the quantum efficiency (QE) and the photo- and electro-luminescence characteristics of
HIT cells. Its electrical part is described in P. Chatterjee (1994, 1996). The gap state model
used in these calculations for the amorphous layers, consists of the tail states and the two
Gaussian distribution functions to simulate the deep dangling bond states, while in the c-5i
part, the tail states absent. The lifetime of the minority carriers inside the N(P) -c-Si wafer
may be estimated using the formula:

P—Po n—ny (1)



Computer Modeling of Heterojunction
with Intrinsic Thin Layer “HIT” Solar Cells: Sensitivity Issues and Insights Gained 279

where 7,(7,), p(n) and po(ng) are the minority carrier lifetime, its density under the given
experimental conditions (in this case under 100 mW cm?2 of AMIL5 light), and at
thermodynamic equilibrium respectively; while R is the recombination rate in the c-Si wafer.
The lifetime, calculated in this manner, is in general, position-dependent; however over a
large region inside the c-Si wafer, away from the edges, it is a constant and it is this value
that is taken to be the minority carrier lifetime in the wafer. van Cleef et al (1998a,b) and
Kanevce et al (2009) have also used the DOS model to simulate their HIT cells.

The generation term in the continuity equations has been calculated using a semi-empirical
model (F. Leblanc et al, 1994) that has been integrated into the ASDMP modeling program
(Chatterjee et al, 1996, Palit et al, 1998). Both specular interference effects and diffused
reflectance and transmittance due to interface roughness can be taken into account. The
complex refractive indices for each layer of the structure, required as input to the modeling
program, have been measured by spectroscopic ellipsometry. In all cases studied in this
article, experimentally or by modeling, light enters through the transparent conducting
oxide (TCO)/emitter window, which is taken as x = 0 on the position and referred to as the
front contact. Voltage is also applied at x = 0. The BSF/ metal contact at the back of the c-Si
wafer is taken as x = L on the position scale, where L is the total thickness of all the
semiconductor layers of the device. This back contact is assumed to be at ground potential.
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Fig. 2. Energy band diagram for HIT solar cells on P and N type wafers under 100 mW of
AM1.5 light and short-circuit conditions.

The calculated energy band diagrams for typical HIT cells on P- and N-type wafers, with
passivated surface defects and under 100 mW of AM1.5 light, 0 volts, are shown in Fig. 2.

4. Modeling of HIT solar cells on P-type wafer

4.1 Simulation of experimental results of P-type HIT cells

We have studied both front and double “HIT” structure solar cells on P-type c-Si wafers.
These have the structure: N-a-Si:H emitter/ P-c-Si/ aluminum diffused BSF (front HIT) and
N-a-Si:H emitter/ P-c-Si/ P*-a-Si:H BSF (double HIT). The experimental data were obtained
from the Laboratoire de Physique des Interfaces et des Couches Minces (LPICM), Ecole
Polytechnique, Palaiseau, France. Table 2 compares our modeling results to the measured
output parameters for front and double HIT structures. Two thicknesses of the N-a-Si:H
layer are employed for the front HIT structures, while results are given for two types of
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double HIT cells having the following structures: (A) 8 nm N-a-Si:H/ 3 nm pm-Si:H intrinsic
layer/ P-c-Si wafer/ 23 nm P+-a-Si:H/ 1.5 pm Al, and (B) the above structure, but with a 4
nm P*-a-SiC:H layer sandwiched between the P-c-Si wafer and a 19 nm P+-a-Si:H layer. The
pm-Si:H intrinsic layer on the front surface (FS) of the c-Si wafer is there to passivate the
defects on this surface. However, no such passivating layer has been deposited on the rear
surface (RS) of the c-Si wafer. The defect density on FS was deduced by modeling to be 101!
cm2. Cell B, which has a 4 nm P-type a-SiC:H layer on the rear c-Si wafer surface, has a
slightly higher Vo but a lower FF relative to case A, leading to a better efficiency. However,
we could not replicate these results in our modeling calculations by the introduction of a P+-
a-SiC:H layer of the given properties alone (case Bl in Table 2). In fact, the defect density on
the rear wafer surface had to be slightly reduced (case B2, Table 2) to match the
experimental results.

Table 2 indicates good agreement between experiments and modeling, except that our
modeling results appear to overestimate the FF and hence the efficiency of front HIT cells. In
reality this is because screen-printed contacts with low temperature silver paint was used
for these cells; resulting in high series resistance and low FF experimentally, which cannot
be accounted for by modeling. For double HIT structures, developed later, improved contact
formation resulted in very low series resistance and high fill factors experimentally, which
agree well with model calculations (Table 2).

HIT N-a-Si:H N on the DL Vo Jse o
type Sample (nm) (cm2) (mV) (mA cm2) FE n(%)
X1 (E) 12 634 31.90 0711 1438
Front X1 (M) 12 FS- 4x101 636 31.85 0.823  16.67
X2 (E) 8 640 32.54 0.730  15.20
X2 (M) 8 FS- 4x101 640 32.57 0.824 1718
A (E) 8 650 32.90 0.790  16.90
AM 8 Fs-101 660 32.84 0.781  16.93

(M) RS-8x101 ' ' '
Double B (E) 8 e 1o 664 33.10 0779 1712
B1(M) RS-8x1011 653 33.17 0.749  16.24

FS-10m

B2 (M) 8 RS. 31011 667 33.21 0773 1712

Table 2. Comparison between measured (E) and modeled (M) solar cell output parameters
of front and double P-c-Si HIT cells with a flat ITO front contact. DL refers to the defective
layer on the wafer surface.

In Fig. 3 (a), we compare the experimentally measured external and internal quantum
efficiency (EQE and IQE respectively) curves of the solar cell B to modeling results, while in
Fig. 3 (b) we compare the measured IQE curves of a front HIT and the above-mentioned
double HIT solar cells, both deposited in the same reactor and under approximately the
same conditions of RF power and pressure as solar cells A and B above. The IQE is obtained
from the EQE using the formula:

IQE(2) = EQE(A) / (1- R(4) - ITOabs(4)) , @)
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where R(}) is the reflectivity of the HIT cell and ITOabs(}) is the fraction of the light that is
absorbed in the transparent conducting oxide, that is indium tin oxide (ITO) in this case.
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Fig. 3. Comparison of the experimentally measured external and internal QE curves of (a) a
double heterojunction cell (case B2 of Table 2); and (b) of a front and the above double HIT
solar cell, to modeling results, indicating a higher long wavelength IQE for the double HIT
case, both experimentally and in the modeling calculations. The ITO layer is different for the
two cases resulting in the difference in the short wave length QE. The lines represent the
calculated results, experimental measurements are shown as symbols.

We have used the above simulations to extract the parameters that characterize different
layers of the double HIT cells A and B on P-type wafers. These are given in Table 3, together
with the extracted parameters of double HIT cells on N-type wafers. The experimental
results used to extract the latter and comments thereon, will be discussed in section 5.1. The
data in Table 3 includes some measured data: the thickness and doping density of each
layer/ wafer, the band gaps of the layers and the electron and hole mobility in the c-Si wafer
(Sze, 1981). We also found that a higher value of N (as indicated in Case B2 in Table 2 and
Table 3) was necessary at the RS to simulate the experimental results. No layer was
intentionally deposited to passivate these defects in cells A and B.

Since the 4-nm P+-a-SiC:H layer on the RS of the c-Si wafer (part of the highly doped thin
film BSF layer) produces a small but reproducible improvement in the overall device
performance, we have tried to understand the basic reasons for this improvement. To realize
the role of the thin P-a-SiC:H layer on the RS in case B2 we have made the P+-a-SiC:H layer
thicker than in case B2 and adjusted the thickness of following P+-a-Si:H layer to yield a total
BSF thickness of 23 nm. We found an all-round deterioration of the solar cell output for the
thicker P+-a-SiC:H layers, including a striking fall in the fill factor. We have thus concluded
that the introduction of the thin carbide layer as such is not responsible for the observed
improvement in cell efficiency of case B2 relative to case A (Table 2). Rather, it appears likely
that this wider band gap material helps in passivating the defects on the RS of the c-Si wafer
(for which a very thin layer is sufficient) and thereby improves cell performance. In the next
section we will discuss how solar cell performance is affected by the defects on the FS and
RS of the c-Si wafer.
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DL
. P+-a-5i:H
N-a-Si:H/P- on P-c-Si/ .
Parameters a-Si:H I—Pm I-a-Si:H N-c-5i P_C._Sl/ N-e-/ N*-a-
emitter St:H buffer nemitter wafer Si:H
buffer e of ermitte BSF
side
. 0.008/
Layer thickness (um) 0.0065 0.003 0.003 0.003 300/220 0.019
Electron affinity (eV) 4 3.95 4 422 422 4
Mobility gap (eV) 1.80 1.96 1.80 1.12 1.12 1.78/1.80
Don (accep)doping 1019/ 1 " 1.4x1019/
(cmd) 141310 Y 0 ox10 9x10 1.45x1019

Eff. DOSin CB (cm3)  2x1020 2x1020  2x1020 2.8x101° 2.8x101° 2x1020
Eff. DOSin VB (cm?3)  2x1020 2x1020  2x1020 1.04x10%° 1.04x10%° 2x1020

Exp.tail prefact.

e 4x102 4x1021  4x102 _ — 4x102t
Chizlc(fﬁr]‘;)r o VB 005 005 007 — - 0.05
Chi;?f(?ﬁr:)r%gv‘) B 003 003 004 - - 0.03
El(eccﬁlnzl;‘\f)]i_lsi;y 20/25 30 25 1000/1500 1000/1500 20
H?irenrzr}tz}vlslity 6/5 12 5 450/500  450/500 6/4
defec?(;l:rizi?; (cm3) ox101® 7X10M - 9x10te 2465)(><110sz3/ 1012 89XX110$§8/

Table 3. Input parameters, extracted by modeling, that characterize the above HIT cells. The
defect density of 3.3x1017 cm-3 on the front wafer surface corresponds to a defect density of
101 cm2 (FS) and 3.5x1018 cm-3 to 8x1011 cm-2 on the rear surface (RS). The P+-a-SiC:H BSF
layer in P-type HIT cells has a larger band gap (1.84 eV), and broader band taills: ED=0.7 eV,
EA=0.5eV

4.2 Influence of the defect density on the front surface of the c-Si wafer:

The effect on the solar cell output parameters of varying the defect density, Nss, on front
surface of the P-type c-Si wafer (that which faces the incoming light) is shown in Table 4,
using as the base case the double HIT cell B2, but with an assumed textured wafer to
reproduce state-of-the-art currents obtainable in HIT cells. The defect density on the RS is
held at 101t cm2 for all cases. The results indicate a sharp fall in V,, and FF.

To understand the sensitivity, we turn to Fig. 4. We note that the electric field is higher at
the amorphous - crystalline interface, when Ng = 3x1013 cm2 than when Ny = 1011 cm2 (Fig.
4a). This is because when the N-a-Si:H layer is joined to a P-c-Si wafer, with a high defect
density on its surface, most of the electrons that flow from the N-side to the P-side during
junction formation, to bring the thermodynamic equilibrium Fermi levels on either side to
the same level, are trapped in these states. The space charge region on the P-c-Si wafer side
is therefore localized near the surface and does not extend appreciably into the c-Si wafer.
We therefore have a huge density of trapped electrons, a very high interface field (Fig. 4a),
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Nss on FS ]sc Voc 0,
(cm2) (mA cm?2) (mV) FF n(%)
101 37.50 672 0.770  19.40
2x1012 38.33 586 0.658  14.79
3x1013 38.14 463 0.545 9.65

Table 4. Calculated values of the solar cell output parameters Js., Voo, FF and 0, for different
values of the defect density (Nss) on that (front) surface of the crystalline silicon wafer
through which light enters, indicating high sensitivity to the Vo and FF. The defect density
at the rear surface of the c-Si wafer is 101 cm-2.
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Fig. 4. Effect of changing the defect density (shown in units of cm-2) on the front surface of
the c-Si wafer under 100 mW cm-2 of AM1.5 light and 0 volts, on (a) the electric field (the
inset shows the electric field on an expanded scale over the depletion region) and (b) the
band diagram over the front part of the device.

and a collapse of the field over the adjacent depletion region of the c-Si wafer (Fig. 4a inset)
for the case with Ng = 3x1013 cm-2. This results in the flattening of the energy bands in the
totality of the P-type crystalline silicon wafer (Fig. 4b, dashed lines), and a consequent fall in
Voc and FF (Table 4). For the case of low N, the space charge region on the P-c-Si wafer is
not localized and more field exists up to the neutral zone of the c-Si wafer (Fig. 4a inset and
band diagram in Fig. 5b, solid lines); resulting in higher V. and FF (Table 4).

4.3 Influence of the defect density on the rear surface of the c-Si wafer

Table 5 gives the calculated solar cell output parameters Js, Vo, FF and efficiency for
different values of the defect density (Ngs) on the rear surface of the c-Si wafer (away from
the side where light enters). We have again varied Ngs between 1011 cm2 and 3x1013 cm-2, but
this time the largest effect is on the fill factor and the short-circuit current density, as seen
from Table 5 and Fig. 5 (a). In order to understand why, we have traced the band diagrams
for different Ngs on the RS, with the N at the FS held at 1011 cm2 (Fig. 5b). We find that the
band bending over the depletion region has completely disappeared for the highest value of
Ngs (3x1013 cm2) at RS. From our modeling calculations we also note that up to a defect
density of ~10'2 cm2 at RS, the solar cell output parameters do not deteriorate appreciably.
For higher values of N the decrease in J, and FF in particular, is extremely rapid, the
sensitivity to V. being relatively small. Experimentally also it has been found that whether
or not an intrinsic passivating layer is deposited on the rear face of the P-type c-Si wafer, the
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solar cell output is little affected. From this we may conclude that the defect density on the
back wafer surface in the experimental as-deposited condition is probably < 1012 cm, as also
obtained by modeling the experimental characteristics (Table 2).

Nss on RS sc Voc [
(cm?) (mA] em?  (mv) ¢ %)
10 37,50 672 0770 1940
1012 37.48 662 0752 1866
251012 37.34 625 0666 1554
3x1013 5.47 572 0156 049

Table 5. Calculated values of the solar cell output parameters for different values of the
defect density (Ns) on that (rear) surface of the crystalline silicon wafer that is away from
the incoming light, indicating that the maximum sensitivity is to the short circuit current
density and fill factor. The defect density at the front surface of the c-Si wafer is 1011 cm-2.

In order to understand the sensitivity of the solar cell output to Nss on the RS, we turn to Fig.
6. We note that when Ng; on the rear c-Si wafer surface is highest (3x1013 cm-?), there is a
huge concentration of trapped holes at the crystalline- amorphous interface on the c-5i wafer
side where the high surface defect density exists (dashed line, Fig. 6a). The hole pile-up at
the crystalline-amorphous interface slows down the arrival of holes to the back contact (the
collector of holes), and encourages the back diffusion of photo-generated electrons in the
absorber c-Si wafer. The result is that the electron current is negative over most of the device
(Fig. 6b - electron current towards the back contact is negative according to our sign
convention). Thus little electron current is collected at the front contact (the collector of
electrons, Fig. 6b). In addition, the back-diffusing electrons recombine with the photo-
generated holes over most of the absorber c-Si, resulting in poor hole current collection at
the back contact. Thus Js. and FF fall sharply for very high values of Ngs at RS. More details
can be found in Datta et al (2008).
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Fig. 5. Effect of changing the defect density (shown in units of cm?) on the rear surface of
the c-Si wafer on (a) the illuminated current density versus voltage characteristics and (b)
the band diagram at 0 volts as a function of position in the device under 100 mW cm-2
AM1.5 light. Results are shown for double heterojunction solar cells having a 4 nm P+-a-
SiC:H/ 19 nm P+-a-Si:H BSF structure. The defect density on the front surface is 10! cm2 for
all cases.
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Fig. 6. Effect of changing the defect density (shown in units of cm2) on the rear surface of
the c-Si wafer on (a) the trapped hole density, (b) the electron current density, J,, and (c) the
electric field on the holes. Results are shown for 100 mW cm-2 of AM1.5 light under short-
circuit conditions.

5. Simulation of N-type HIT solar cells

5.1 Simulation of experimental results

Simulation of a range of experimental results on HIT cells developed by the Sanyo group
and available in the literature (Maruyama et al, 2006, Takahama et al, 1992, Sawada et al,
1994, Taguchi et al, 2008) has been undertaken to extract typical parameters that characterize
state-of-the-art HIT cells on N-type c-Si substrates, as well as to gain an insight into carrier
transport and the general functioning of these cells. Both “front” HIT cells having an
amorphous/ crystalline heterojunction on the emitter side only - where the light enters
(Takahama et al, 1992), and “double” HIT cells having heterojunctions on both ends of the c-
Si wafer (Maruyama et al, 2006, Sawada et al, 1994, Taguchi et al, 2008) have been simulated.
The cells have the structure: ITO/ P-a-Si:H/ I-a-Si:H/ textured N-c-Si/ N-c-Si BSF/ metal
(front HIT) (Takahama et al, 1992) and ITO/ P-a-Si:H/ I-a-Si:H/ textured N-c-Si/ I-a-Si:H/
N++-a-S5i:H/ metal (double HIT) (Maruyama et al, 2006, Sawada et al, 1994, Taguchi et al,
2008). In Taguchi et al (2008), after depositing the undoped and doped a-5i:H layers on both
ends of the c-Si wafer, ITO films were sputtered on both sides, followed by screen-printed
silver grid electrodes. Simulation of these cells (Maruyama et al, 2006, Takahama et al, 1992,
Sawada et al, 1994) gives us an insight into the parameters that play a crucial role in
improving HIT cell performance. On the other hand, the article by Taguchi et al (2008) gives
the temperature dependence of the dark current density - voltage characteristics and the
solar cell output parameters as a function of the thickness of the intrinsic amorphous layer
sandwiched between the emitter P-a-Si:H and the main absorber N-c-Si. A study of the
temperature dependence of the dark J-V characteristics is particularly important to
understand the carrier transport mechanism in these devices. The parameters extracted by
such modeling (Table 3) will be used in the following sections to calculate the sensitivity of
the solar cell performance to various controlling factors.

In Table 6 we compare our simulation and experimental results of various HIT cells on N-
type c-Si substrates (Takahama et al, 1992, Sawada et al, 1994, Maruyama et al, 2006).
Modeling indicates that improvements in V. could be brought about (a) by going from a
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Nss (Cm'2) T \Y ]sc n
. . oc 2
HIT Reference in defective ms mV mA cm FF o
layers
Takahamaeetal, - — 638 3790 0775 1874

1992 -
M FS-4x1011  0.23 643 37.89 0.775 18.88
Swada et al, —

. 1004 E ~ — 64 3940 0790  20.05
FS-4x1011
M Logqon 05 68 3903 0783 2011
Maruy;(‘)g? etal g - 120 718 3852 0790 2185
DAl FS&RS -
M on 200 713 3860 0797 2193

Table 6. Comparison between measured (E): and modeled (M) solar cell output of front (F)
and double (D) N-c-Si HIT cells with textured ITO front contact, developed by Sanyo over
the years. “1” is the lifetime of the minority carriers in the c-Si wafer.

front HIT to a double HIT structure, (b) by decreasing the defects on the front surface of the
c-Si wafer that faces the emitter layer and (c) by improving the lifetime of the minority
carriers in crystalline silicon. Results indicate that it is by decreasing Nss on the front surface
of the c-Si wafer, that the largest increase in V. could be achieved, without any fall in FF.
We next used ASDMP to simulate the experimental results of Taguchi et al (2008). Here we
have concentrated on the effect of varying the thickness of the intrinsic amorphous silicon
layer at the P-amorphous emitter/ N-c-Si heterojunction. The terminology “normal” has
been used to represent the thickness of the front I-a-Si:H buffer layer in the cell that yields
the highest efficiency (Table 7). Modeling reveals that the I-a-Si:H thickness for this case is 3
nm. The I-a-Si:H bulffer layers (front) in the cells named “Half”, “Double” and “Triple” by
Taguchi et al (2008) have therefore been assigned thicknesses of 1.5 nm, 6 nm and 9 nm
respectively in the simulations. Results of our simulation of the experimental light J-V
characteristics (Taguchi et al, 2008) as a function of this I-a-Si:H layer thickness are given in
Table 7 and the input parameters extracted by such modeling, and also of the dark J-V
characteristics (Figs. 7a and 7b) and typical internal quantum efficiencies of Sanyo N-c-Si
HIT cells (Fig. 7c, Maruyama et al, 2006 ), are given in Table 3 (the same table that contains
the extracted parameters of P-type HIT cells). Since modeling does not consider the
resistance of the contacts; these results had to be modified by taking into account the series
resistance of the contacts. The addition of the series resistance did not modify Ve and Js but
allowed to perfectly match the experimental fill factor and therefore the efficiency of the
Sanyo HIT solar cells (Taguchi et al, 2008). In Table 7 we show the solar cell output
parameters as obtained directly by modeling, without resistive losses (which gives an upper
limit for the FF and therefore the efficiency) and the values of the FF and efficiency after
considering the constant series resistance (marked by astericks). This resistance, comprising
resistive losses in the TCO, the silver grid and the contacts, was estimated by Taguchi et al
(2008) to be ~2.8 mQ.
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Cell Hn (Lp) [-a-Si:H Nis Jec Voc FE o
name cm?/volt-sec thickness(nm) (cm-?) (mA cm2) (volts) n(%)

E 374 0.699 0.776 20.3

Half 30 (6) 1.5 4x1011 0.803 21.0
M 37.2 0.702 0.775% 20.2%

E 37.2 0.711 0.773 20.4

Normal 25 (5) 3.0 1.5x101 0.799 21.0
M 37.0 0.712 0.774* 20.4*

E 36.5 0.718 0.747 19.6

Double 15 (3) 6.0 1010 0.766 20.2
M 36.7 0.717 0.747% 19 7%

E 36.4 0.715 0.717 18.7

Triple 15 (3) 9.0 1010 0.750 19.6
M 36.6 0.714 0.718* 18.8%

Table 7. Modeling (M) of the experimental (E) results of N-type HIT solar cells, having
different thickness of the I-a-Si:H layer on the emitter side. N is the defect density on that
surface of the c-Si wafer that faces the emitter. The quantities given with astericks are the
calculated values of FF and efficiency corrected for the series resistance of the contacts (2.8

m mQ) (Taguchi et al, 2008).
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Fig. 7. (a) Experimental (Taguchi et al, 2008) and (b) simulated dark J-V characteristics of the
cell with “Normal” thickness I-a-Si:H layer at the P-a-Si:H/ N-c-Si interface at various
temperatures, and (c) the IQE of the same cell under AM1.5 illumination and 0 volts
compared to the experimental IQE of a typical Sanyo cell (Maruyama et al,2004).
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The dangling bond defect density in the I-a-Si:H layer, as extracted from modeling, is 9x1016
cm? and its Urbach enegy is 70 meV (Table 8). We have assumed the same values for these
quantities, as well as of the capture cross-sections of the defect states inside the I-a-Si:H layer
in all the cases of Table 7. Modeling indicates that in order to simulate the lower V,('s of the
Taguchi et al (2008) cells “Normal” and “Half”, the defect density on the surface of the c-5i
wafer itself in these cases, must be higher (Table 7). We may justify this fact by assuming
that a very thin buffer layer may not be as effective in passivating the defects on the surface
of the c-Si wafer as a thicker buffer layer. In Table 7, we also had to assume higher carrier
motilities in the front amorphous layers for the cases Half and Normal to match both the
higher FF and lower V. for these cases. Increasing carrier mobilities over the front
amorphous layers improves hole collection and therefore the FF. However, higher electron
mobility allows more electrons to recto-diffuse towards the front contact (collector of photo-
generated holes) and recombine with holes, thus reducing V... However the main reason for
the lower V. for thinner I-a-Si:H layers (Half and Normal) is our assumption of higher
surface defect density on the c-Si wafer in these cases (Table 7).

The experimental dark J-V characteristics of the cell “Normal” is shown in Fig. 7 (a) and the
model curves in Fig. 7 (b). The diode ideality factor, n, calculated in the voltage range 0.4
volts< V< 0.8 volts, from the model dark characteristics is 1.25 and compares well with the
experimental value of 1.2. This value of “n” indicates that it is the diffusion current that
dominates transport in this voltage range for N-c-Si HIT cells, as is also the case for
homojunction c-5i solar cells. On the other hand, in the voltage range 0.1 volts< V< 0.4 volts,
“n” calculated from the modeling data (Fig. 7b) is ~1, which indicates that the conductivity
continues to be dominated by diffusion. The value of the slope, calculated from the
experimental curves of Taguchi et al (2008) in the voltage range 0.1 volts < V < 0.4 is smaller
than that of the recombination current model and remained almost constant for each
temperature. The corresponding value of “n” derived from the experimental curves is
greater than 2 (Fig. 7a). Taguchi et al (2008) therefore assumed that this is tunneling-limited
current. If the value of “n” extracted from the experimental curves, had been due to current
dominated by recombination, ASDMP would also have been able to reproduce this value of
‘n’, since the recombination current model is included in ASDMP. In fact ASDMP has
already been used to successfully model forward and dark reverse bias characteristics of a-
Si:H based PIN solar cells, where recombination plays a dominant role (Tchakarov et al,
2003). The fact that the value of “n” calculated from the ASDMP-generated dark J-V curves
is ~1, while that from experiments is different, indicates that the current over this region is
dominated by a phenomenon not taken account of by ASDMP (e.g. tunneling). Over this
voltage region therefore the current could be dominated by the tunneling of electrons.
However, as pointed out by Taguchi et al (2008), “the current density in this region is
sufficiently low compared to the levels of short-circuit current density and does not affect
solar cell performance”. It therefore appears that cell performance under AM1 or AM1.5
light is not affected by tunnelling of electrons, although this phenomenon probably exists
for V< 0.4 volts.

Fig. 8 shows the temperature dependence of the solar cell output parameters. We have made
the comparison between experiments (Taguchi et al, 2008) and modeling, after taking
account of the series resistance of the contacts that is independent of temperature. As the
temperature decreases, carrier density decreases. It means less carrier recombination and
therefore a higher V. at lower temperatures (Fig. 8a). However lower carrier density at
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Fig. 8. Variation of (a) Vo, (b) Js, (c) FF and (d) Efficiency as a function of temperature in N-
¢-Si HIT solar cells having different thickness of the undoped a-Si:H layer (half, normal,
double, triple) at the P-a-Si:H/ N-c-Si interface. The lines are modeling results, while
symbols correspond to measured data.

lower temperatures, also means that the cell is now more resistive, resulting in a fall in the
FF for the cells “double” and “triple” (Fig. 8c), where performance is dominated by the
undoped a-Si:H layer. Also, for the value of the band gap assumed for the I-a-Si:H layer
(Table 8), the holes are able to overcome the positive field barrier at the a-Si/ c¢-Si interface
by thermionic emission to get collected at the front contact. Thermionic emission decreases
at lower temperatures, resulting in a loss of FF for cells “double” and “triple”. For cells
“Normal” and “Half”, performance is dominated by the temperature-independent
resistance of the contacts; therefore no fall in FF is seen. Finally Fig. 8 (b), indicates that the
calculated J, is constant with temperature, while the measured J;. increases slightly. This is
because the model does not take account of the temperature dependence of the band gap
and absorption coefficient of the materials.

5.2 Effect of I-a-Si:H buffer layers on the performance of N- type HIT solar cells

HIT solar cells give efficiencies comparable to those of ¢-Si cells because of the amazing
passivating properties of the intrinsic a-Si:H layers. In fact it is this layer that gives this
group of solar cells its name - “HIT”. We have already discussed that it is very effective in
passivating the defects on the surface the c-Si wafer. However, it must be kept as thin as
possible, as it reduces the fill factor when thick (Table 7). We have next studied the effect on
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solar cell performance of varying the defect density in this layer itself. For this purpose, we
have assumed its thickness to be 6 nm (as in case “Double”) where the best passivation of
Nis has been attained (Table 7). An increase in the defect density in the I-a-Si:H layer may
affect the defect density (Nss) on c-Si, but in this study we assume Ngs to be constant. We
have found (Rahmouni et al, 2010) that unless the defect density of this intrinsic layer is
greater than 3x10'7 cm3, no significant loss of cell performance occurs. Similar conclusions
have been reached in the case of HIT cells on P-type c-Si wafers.

5.3 Effect of the defect density on the front and rear faces of the N-type c-Si wafer

The sensitivity of the solar cell output of HIT cells on N-type wafers to the surface defect
density (Nss) at the amorphous/crystalline interface is given in Table 9. All aspects of the
solar cell output appear to be highly sensitive to the N on the front surface (on the side of
the emitter layer) of the N-type c-Si wafer; however the sensitivity to Ng on the rear face is
weak and is limited to the condition when these defects are very high. We have also given in
Table 8, the values of the corresponding recombination speeds at the a-Si:H /c-Si front and
the c-Si/a-Si:H rear heterojunctions, as calculated by ASDMP, under AM1.5 illumination
and short circuit condition. We find that for a well-passivated front interface (Nss < ~3x101
cm2) the recombination speed at this heterojunction is less than 10 cm/sec (Table 8), in good
agreement with measured interface recombination speeds (Dauwe et al, 2002).

N at Sp at N, at
front front back b 51: a];c)L IS; Voc FF "
(DL) (DL) (DL) a(‘(fm(/s) ) §$_2) (volts) n(%)
m?) (/) (cm?
1010 3.62 36.96 0.720 0.801 21.32
1.5x1011 4.20 37.00 0.712 0.799 21.03
1012 24.73 1010 2.89x104 37.24 0.636 0.695 16.46
2x1012 202.62 37.37 0.596 0.470 10.47
1013 1.16x103 18.83 0.544 0.160 1.64
1010 2.89x104 37.00 0.712 0.799 21.03
1011 2.37x104 36.99 0.711 0.799 21.01
L1510t 4.20 1012 1.95x104 36.98 0.696 0.797 20.51
1013 1.00x104 35.45 0.609 0.779 16.82

Table 8. Sensitivity of the solar cell output to the defect density (Ns) in thin surface layers
(DL) on the front and rear faces of the c-Si wafer in N type double HIT solar cells. The P-
layer thickness is 6.5 nm. The recombination speeds of holes (S; - at the front DL) and
electrons (S, - at the rear DL), calculated under AM 1.5 light and 0 volts, are also shown.

In Fig.9 (a) we plot the light J-V characteristics and in Fig. 9 (b) the band diagram for various
values of Ng on the front face of the c-Si wafer. We find that for a very high defect density
on the surface of the c-Si wafer, the depletion region in the N-c-Si wafer completely
vanishes, while the emitter P-layer is depleted (Fig. 9b). With a high N on the c-Si wafer,
the holes left behind by the electrons flowing into the P-layer during junction formation, are
localized on its surface, leading to a high negative field on the wafer surface and little field
penetration into its bulk (Fig. 10a). Hence the near absence of the depletion zone in N-c-5Si
and a strong fall in V. for the highest Ng (1013 cm2),
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Fig. 9. (a) The light J-V characteristics and (b) the band diagram under AM1.5 light bias and
0 volts for different values of Ngs on the front face of the N type c-Si wafer..

In Fig. 10 (b) we plot the trapped hole population over the front part in N-c-Si double HIT
cells under AM1.5 bias light at 0 volts. We note that when N on the front c-Si wafer surface
is the highest (1013 cm?2), there is a huge concentration of holes at the amorphous /
crystalline (a-c) interface on the c-Si wafer side, where the high surface defect density exists
(dashed line, Fig. 10b).
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Fig. 10. Plots of (a) the electric field on the holes and (b) the trapped hole density over the
front part of the device as a function of position in the entire device under illumination and
short-circuit conditions, in N-c-Si HIT cells for different densities of defects on the front face
of the c-Si wafer. The amorphous/ crystalline (a-c) interface is indicated on (a) and (b).

The hole pile-up at the amorphous / crystalline interface slows down the arrival of holes to
the front contact (the collector of holes), and attracts photo-generated electrons, i.e.,
encourages their back diffusion towards the front contact. The result is that the electrns
back-diffuse towards the front contact and recombine with the photo-generated holes
resulting in poor carrier collection (Rahmouni et al, 2010). Thus J.. and FF fall sharply for
high values of Ngs on the front surface of c-Si (Table 8). In fact we may arrive at the same
conclusion also from Fig. 9 (b), which shows that for N = 1013 cm2, there is almost no band
bending or electric field in the c-Si wafer (the main absorber layer) so that carriers cannot be
collected, resulting in the general degradation of all aspects of solar cell performance.
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On the other hand Table 8 indicates that there is little sensitivity of the solar cell output to
the defect states on the rear face of the wafer, except at the highest value of Ng. To explain
this fact, we note that the recombination over the rear region is determined by the number
of holes (minority carriers) that can back diffuse to reach the defective layer. Not many
succeed in doing so, since the high negative field due to the large valence band discontinuity
at the c-5i/ a-Si rear interface pushes the holes in the right direction, in other words,
towards the front contact. Therefore the defects over this region cannot serve as efficient
channels for recombination, and there is no large difference between the recombination
through these states for different values of N (Table 8). Moreover the conduction band
discontinuity at the c-Si/ a-Si interface is about half that of the valence band discontinuity.
Since the mobility of electrons, relative to that of holes, is also much higher, clearly this
reverse field due to the conduction band discontinuity poses little difficulty for electron
collection even when the defect density at this point is high, except when Ng> 1013 cm?2,
from which point the solar cell performance deteriorates.

6. Comparative study of the performances of HIT solar cells on P- and N-type
c-Si wafers

Using parameters extracted by our modeling (given in Tables 3), we have made a
comparative study between the performances of HIT solar cells on 300 um thick textured P-
and N-type c-Si wafers (for more details refer to Datta et al, 2010).

6.1 Sensitivity of amorphous/crystalline band discontinuity in the performances of
HIT solar cells

Since the band gap, activation energy of the amorphous layers and the band discontinuities
at the amorphous/crystalline interface are interlinked, we treat these sensitivity calculations
together. For HIT cells on P-c-Si, the large valence band discontinuity (AE,) on the emitter
side prevents the back-diffusion of holes and has a beneficial effect. Keeping this constant,
we varied the mobility gap and therefore the conduction band discontinuity (AE.) on the
emitter side. We find that a AE. upto 0.3 eV, does not impede electron collection, but instead
brings up both Js. and V., due to an improved built in ptential (Vy;).

However high AE, at the crystalline/amorphous (c-a) interface on the BSF side of P-c-Si
double HIT cells (Table 9), impedes hole collection, resulting in a pile up of holes on the c-Si
side of this band discontinuity (Fig. 11a) and a consequent sharp fall in the FF and S-shaped
J-V characteristics for high AE,, especially when the activation energy of the P-a-Si:H layer is
also high (Fig. 11b).

Ep (P) Eac AE, ] sc Voc FF n
(eV) (eV) (eV) (mAcm? (mV) %
1.75 0.3 041 36.70 649 0.810 19.28
1.75 0.4 041 36.69 647 0.688 16.34
1.80 0.3 0.46 36.70 649 0.807 19.21
1.90 0.3 0.56 36.70 649 0.762 18.14
1.90 0.4 0.56 36.68 649 0.484 11.51
1.98 0.4 0.64 27.45 649 0.171 3.04

Table 9. Variation of solar cell output with mobility gap (E,), activation energy (E.c) and AE,
(P-c-Si/ P-a-Si:H BSF interface) in double P-c-Si HIT solar cells. AE. is held constant at 0.22eV.
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It is for this reason that a transition from a front to a double HIT structure does not
appreciably improve cell performance for P-c-Si HIT cells. The accumulated holes at the c-a
interface, furthermore, repel the approaching holes and encourage photo-generated electron
back diffusion, resulting in increased recombination, that reduces even J for the highest
AE, (Table 9, Fig. 11b). Finally, for high hole pile-up, the amorphous BSF is screened from
the rest of the device, so that the large variation of its band gap and activation energy (Table
9) fails to alter the V. of the device. The best double HIT performance is attained when the
mobility gap (AE,) of the amorphous BSF P-layer is <1.80 eV and E.. = 0.3 eV (Table 9).
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Fig. 11. Variation of (a) the free hole population near the c-Si/ amorphous BSF interface and
(b) the light J-V characteristics for different valence band discontinuities (AEy) and activation
energies (E.c) of the P-BSF layer in double P-c-Si HIT solar cells. AE. = 0.22eV in all cases.

Table 10 shows the effect of the variation of the emitter P-layer mobility gap, activation
energy and the valence band discontinuity at the a-c interface on N-c-Si double HIT cell
performance.

E, ()  Fu - Vo
(Z\(/)) @) A (EY) (mA] ) v T
175 03 041 3806 670 0818 20.86
175 04 041 3814 652 0681 1693
180 03 046 3810 671 0811 2075
19 03 056 3822 677 0705 1825
190 04 056 3838 674 0463 1198
198 04  0.64 2818 732 018 3.9

Table 10. Variation of solar cell output parameters with mobility gap (E,), activation energy
(Eac), and AE, at the emitter P-a-Si:H/c-Si interface in double N-c-Si HIT solar cells. AE. is
held constant at 0.22eV.

Table 10 indicates that for valence band offsets up to 0.51 eV, and E,. (P) < 0.3 eV, the FF is
high, indicating that the majority of the holes photo-generated inside the c-Si wafer, can
surmount the positive field barrier due to the a-Si/ c¢-Si valence band discontinuity by
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thermionic emission and get collected at the front ITO/ P-a-Si:H contact. However solar cell
performance deteriorates both with increasing band gap and increasing E.. of the P-layer.
The latter is only to be expected as it reduces the built-in potential.

Fig. 12 (a) shows the effect on the energy band diagram of increasing the P-layer band gap
(therefore of increasing AE,, since AE. is held constant) and the activation energy. Increasing
AE, at the P-a-5i:H/N-c-Si interface results in hole accumulation and therefore a fall in FF
for AE, > 0.56 eV, for a P-layer activation energy of ~0.3 eV, due to the reverse field it
generates; that is further accentuated when E, is high (Table 10). van Cleef et al (1998 a,b)
have also shown that for a P-layer doping density of 9x1018 cm?3 (same as ours - Table 3,
giving E.c = 0.3 eV) and for AE, = 0.43 eV, normal J-V characteristics are achieved at room
temperature and AM1.5 illumination, and that “S-shaped” characteristics begin to develop
at higher AE, and E.. In our case, for AE, > 0.60 eV, Fig. 12(c) indicates that free holes
accumulate over the entire c-Si wafer, resulting in a sharp reduction of the electric field and
flat bands over the depletion region, on the side of the N-type c-Si wafer (Fig. 12b). This fact
results in a sharp fall in the FF and conversion efficiency (Table 10). In fact under this
condition, the strong accumulation of holes on c¢-Si, can partially deplete even the highly
defective P-layer, resulting in a shift of the depletion region from c-Si to the amorphous
emitter layer (Fig. 12a). This also means that the carriers can no longer be fully extracted at 0
volts, resulting in a fall in Js. (Table 10). We have found that the current recovers to the
normal value of ~36 mA cm2 only at a reverse bias of 0.3volts (Datta et al, 2010). Modeling
indicates that for improved performance of N-c-Si HIT cells, the valence band offset has to
be reduced by a lower emitter band gap, unless the tunneling of holes exists.

2 AE ~041¢V,E =03eV | _
E AY ac ('l) 1019 i ]
1.5 SUTUTOR AE =056 ¢V,E =03 eV £ B 1
~ 3 = = AE _=0.56eV,E_=0.4eV 2 L il
S 1 E v ac > 10 ]
2 05l === AE ~064cV,E =04ev | 2 i 1
<IN g L ]
20 F B @107 i
o B <
g 0.5¢ ; o ]
= -15 3 : -g 10" 1
] E (a)| - 3 ]
18 v il el E 107 |
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Fig. 12. Variation of (a) the band diagram under AM1.5 light and 0 volts and (b) the free hole
population under the same conditions, as a function of position in the N-c-Si HIT device for
different valence band discontinuities (AE,) and activation energies (Eac) of the emitter layer.

6.2 Sensitivity of the solar cell output to the front contact barrier height.
The front TCO/P-a-Si:H contact barrier height, ¢,, in N-type HIT cells is determined by the

following expression:-

#yo = E(P) = Ee(P) —sbb, 3)
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where E,(P) and E.(P) represent respectively the mobility band gap and the activation
energy of the P-layer, and “sbb’ is the surface band bending due to a Schottky barrier at the
TCO/P interface. With a change of the work function of the TCO, it is this ‘sbb’ that varies.
In this section we study the dependence of the solar cell output to changes in this surface
band bending. We hold the band gap and the activation energies of the P-layer constant at
1.75 eV and 0.3 eV respectively, so that the TCO work function has a direct effect on the
front contact barrier height. The results are summarized in Fig. 15. For these sensitivity
calculations we have chosen the thickness of the P-layer to be 15 nm (Rahmouni et al, 2010).
Fig. 13 indicates that both V. and FF fall off for @ <1.05eV.

We have also studied the effect of changing the rear P-a-Si:H BSF/TCO barrier height , ¢, ,

in P-c-Si HIT cells. The variation in the current-density - voltage characteristics follow a
similar pattern as Fig. 15.

0y
E | ——135ev | E

o ——1.24eV E
‘s 200 | 1.05 eV E
S E | === 085eV E
< 0 e N S —
g :
- 200 / ]
20 ; E

3 g E
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Fig. 13. The current density - voltage characteristics under AM1.5 light and 0 volts for
different front contact barrier heights. The band gap, the activation energy and the thickness
of the P-layer are held constant at 1.75 eV, 15 nm and 0.3 eV respectively, so that only
surface band bending changes.

6.3 Relative influence of different parameters on the performance of HIT cells

In this section we make a comparative study of the influence on HIT cell performance, of the
Nis on the surface of the c-Si wafer, the lifetime (1) of the minority carriers in c-Si, and the
surface recombination speeds (SRS) of free carriers at the contacts. The sensitivity to the first
two is shown in Table 11. For all the cases studied here, the P layer has an activation energy
of 0.3 eV and a surface band bending 0.21 eV.

We note that when the defect density on the surfaces of the c-Si wafer is low, there is some
sensitivity of the solar cell output to t. In fact the conversion efficiency increases by ~3.22%
and ~2.47% in double P-c-Si and N-c-Si HIT cells respectively as © varies from 0.1 ms to 2.5
ms. By contrast there is a huge sensitivity to N, as already noted in sections 4.2, 4.3 and 5.3;
the performance of the HIT cell depending entirely on this quantity when it is high, with no
sensitivity to © (Table 11). The lone exception is the Ngs on the rear face of N-c-Si, to which
solar cell output is relatively insensitive as already noted

Finally, the minority carrier SRS at the contacts, that regulates the back diffusion of carriers,
has only a small influence in these double HIT cells. The majority carrier SRS does not affect
cell performance up to a value of 103 cm/s, except the SRS of holes at the contact that is the



296 Solar Cells — Thin-Film Technologies

Type N (cm2) T Jse Voc FF n
Front Rear (ms) (mMAcm?) (mV) (%)
P-c-Si  4x10u 1011 0.1 36.22 604 0794 1737
0.5 36.61 649 0808 19.19
25 36.68 687 0817 20.59
3x1013 1011 0.5 37.24 472 0.626 11.00
25 37.17 471 0.626 10.96
4x101 3x1013 0.5 5.68 572 0154 0.50
25 5.59 572 0153 049
N-c-Si  4x101 1011 0.1 38.39 631 0767 18.58
0.5 39.03 658 0783 20.13
25 39.20 678 0792 21.05
3x1013 1011 0.5 11.54 537 0208 1.29
25 11.58 537 0207 129
4x101 3x1013 0.5 37.04 615 0763 17.39
25 37.08 616 0763 1744

Table 11. Sensitivity of double HIT solar cell output parameters to Ngs on the front and rear
surfaces of the c-Si wafer and minority carrier life-time (t).

hole-collector. Hole collection (at the rear contact in P-c-Si HIT and at the front in N-c-Si
HIT) is already somewhat impeded by the large valence band discontinuity at the
amorphous/ crystalline interface and the lower mobility of holes relative to electrons; hence
a low value of SRS of holes at the contacts is expected to have a disastrous influence on hole
collection. The effect of lowering Syo for N-c-Si HIT cells is shown in Fig. 14, and is seen to
lead to S-shaped J-V characteristics with a sharp fall in the FF when reduced to < 104 cm/sec.
In fact when sputtering ITO onto c-Si substrates coated with a-Si:H (intrinsic and doped)
films, we sometimes obtain a rather degraded P/ITO interface, where the surface
recombination speed is probably reduced. Therefore, Fig. 14 indicates that ITO deposition
conditions can also be critical for good solar cell performance.

80 ‘ ‘
60 - | — 107 cm/sec
".‘A 40L |7 10° cm/sec
g 20 = ~10° cm/sec
E | 777 10* emisec
= 0
- ’
=20 + 7 a
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-40 —
0 0.4 0.8
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Fig. 14. The sensitivity of the illuminated J-V characteristic under AM1.5 light and short-
circuit condition, to the surface recombination speed of the holes at the ITO/P front contact.
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7. Conclusions

We have studied the performance of HIT cells on P-and N-type c-Si wafers, using detailed
computer modeling. In order to arrive at a realistic set of parameters that characterize these
cells, we have modeled several experimental results. We find that the major breakthroughs
in improving the performance of these cells having textured N-type c-Si as the absorber
layer, come from the introduction of an amorphous BSF layer, by passivating the defects on
the c-Si wafer surface and, to a lesser extent, by improving the lifetime of the minority
carriers in the c-Si wafer (Table 6).

Modeling indicates that both types of HIT cell output is very sensitive to the defects on the
surface of the c-Si wafer, and good passivation of these defects is the key to attaining high
efficiency in these structures. An exception to this rule is the defects on the rear face of c-Si
in N-type HIT cells, to which there is not much sensitivity. The amorphous/crystalline
valence band discontinuity also has a strong impact. In particular, large AE, at the emitter P-
a-Si:H/N-c-5i contact leads to S-shaped J-V characteristics, unless tunneling of holes takes
place; while that at the P-c-5i/P-BSF contact reduces the FF in double P-c-Si HIT cells. It is
for this reason that a transition from a front to double HIT structure on P-c-Si does not
produce the spectacular improvement observed for N-type HIT cells (Table 6). Solar cell
output is also influenced to some extent by the minority carrier lifetime in c-Si. In Table 12
we compare the performance of a P-type and an N-type HIT cell, with low N on the wafer
surface, and realistic input parameters. We find that the N-type HIT cell shows better
performance than a P-c-Si HIT cell with a higher V.. and conversion efficiency, because of a
higher built-in potential in the former. However, the fill factor of N-c-Si HIT cells is lower
than in P-type HIT cells due to the assumption of AE, > AE,, resulting in the holes facing
more difficulty in getting collected at the front contact in the former case. This fact has also
been pointed out by other workers (Stangl et al, 2001, Froitzheim et al, 2002). In P-type HIT
cells, the electrons are collected at the front contact and have to overcome the relatively low
AE_ at the crystalline/amorphous interface so that its FF is higher than in N-c-Si HIT.

]SC VOC n
Type (mAcm?)  (mV) FE %)
Double HIT on P-c-Si 37.76 694 088 2172
Double HIT on N-c-Si 38.89 701 0.814 22.21

Table 12. Comparison of the performance of P-type and N-type double HIT cells, with
optimized parameters. The life time of minority carriers in the c-Si wafer in both cases is 2.5
ms and its doping 1016 cm-3.
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1. Introduction

A hygrogenated amorphous silicon (a-Si:H) thin film solar cell was first reported in 1976
[Carlson, & Wronski, 1976]. Since then, intensive works have been carried out for the
improvement of its performances. Attempt to increase the conversion efficiencies of the thin
film solar cells, a multi junction solar cell structure was proposed and has been investigated
[Yang et al., 1997; Shah et al., 1999; Green, 2003; Shah et al., 2004]. It consists of the intrinsic
layers having different optical bandgaps in order to absorb the sunlight efficiently in a wide
spectrum range.

The density of photo-generated carriers is determined by the light absorption coefficient and
the defect density of a material. The absorption coefficient of a-Si:H in a visible light region
is one order magnitude higher than that of pc-Si:H due to the direct transition phenomenon.
Therefore, a thin a-Si:H layer absorbs sufficient photons. This is a huge advantage for the
thin film based solar cell technology in which mass production should be definitely taken
into account.

However, a-Si:H has another aspect known as a Staebler-Wronski effect, i.e., the number of
unpaired Si dangling bonds increases with light soaking, which lowers photocarrier density
by decreasing carrier lifetime [Staebler & Wronski, 1977]. Indeed, conversion efficiencies of
a-Si:H based solar cells deteriorate generally by 15-20 % due to this phenomenon. On the
other hand, it is possible to suppress this deterioration to some extent by reducing a film
thickness of a-Si:H with efficient light-trapping structures [e.g., Miiller et al., 2004]. Indeed,
the fabrication of the highly stabilized a-Si:H single junction solar cell by the precise
optimizations of the optical properties and the i-layer thickness has been reported [Borrello
et al., 2011]. Besides those intensive efforts, establishing the technique for fabricating highly
stable a-Si:H films is essentially very important to extract its maximum potential for the
solar cell applications.
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Phenomenologically, a good correlation is observed between degradation ratio of a-Si:H
and its hydrogen concentration, namely Si-H, bond density where a low Si-H» bond
density film exhibits high stability [Takai et el., 2000]. Although the detailed microscopic
model for explaining this correlation has not been revealed yet, the tendency is observed
in the films prepared under the wide range of fabrication conditions [Nishimoto et al.,
2002]. One of the methods to reduce a hydrogen concentration is to increase a substrate
temperature. However, a high processing temperature results in increasing initial defect
density. Additionally, it is preferable to use the processing temperature of around or less
than 200 oC from the viewpoint of low cost fabrications. Reducing Si-H, bond density
without increasing a substrate temperature is one of the key issues for the fabrication of
stable a-Si:H films.

In a chemical vapor deposition process, there are mainly two steps to be considered, i.e., 1)
gas phase reactions and 2) surface reactions. In the first step, depending on the electron
temperature in a silane plasma, several types of precursors are generated, and they play an
important role on the properties of resulting films [Matsuda, 2004]. For example, the a-Si:H
films prepared under a powder rich gas condition have very high initial defect densities,
namely at the low substrate temperatures [e.g., Roca i Cabarrocas, 2000]. Those powders or
so-called higher-ordered silane radicals are created by the insertion reactions of SiH,
radicals produced generally under a high electron temperature condition in a silane plasma.
This insertion reaction is a rapid process. The SiH, radicals are created even under a
relatively low electron temperature condition because it is statistically difficult to eliminate
only high energy electrons from the system. A higher-ordered silane radical causes a steric
hindrance and inhibits short range-ordered sp® bond formations on the film growing
surface. For example, it is observed that the Si-H, bond density in the film, which has
correlation with light-induced degradation of a-Si:H, increases when the density of the
higher-ordered silane radicals in a gas phase is high [Takai et al., 2000].

In this work, to study the effect of precursors in a gas phase on the properties of the
resulting film, a triode deposition system is applied for the growth of a-Si:H films where a
mesh is installed between a cathode and a substrate. With such a configuration, a long
lifetime radical such as SiH3 mainly contributes to the film growth [Matsuda & Tanaka,
1986]. The properties and the stabilities of the resulting films are evaluated.

2. Fabrication and evaluation methods

The preparations of a-Si:H films were performed using a triode deposition system. Figure 1
shows the schematic of the system. A mesh is placed between the cathode and the substrate
scepter in which a heater is mounted. VHF (100 MHz) voltage is applied on the cathode
with the 20 sccm of SiHy gas flow, and a silane plasma is generated between the cathode and
the negatively dc-biased mesh. All the films were prepared at 100 mTorr (13.3 Pa). The
deposition precursors pass through the mesh and reach to the substrate. The substrate
scepter is movable, and the distance between the mesh and the substrate (dws) is one of the
important deposition parameters. The distance between the cathode and the mesh is fixed at
2 cm. In some cases, an additional mesh is installed behind the pre-existing mesh with the
distance of 1.5 mm at which no plasma is generated between the two mesh under our
conditions. The volume of the chamber is c.a. 1.1x104 cm3, and its base pressure is c.a. 3x10-8
Torr. The diameters of the electrodes are 10 cm. As a comparison, a-Si:H films were also
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prepared with a conventional diode system where no mesh is installed. In this case, the
distance between the cathode and the substrate is fixed at 2 cm.

VHF: 100MHz

T

| cathode |

mesh

substrate
l —

heater r
Fig. 1. Schematic of the a-Si:H growth chamber used in this study. A negatively dc-biased

mesh is installed between the cathode and the substrate. The distance between the mesh and
the substrate (dms) is adjustable.

The densities of Si-H and Si-H, bonds in the resulting film deposited on a intrinsic Si
substrate were calculated from the integrated intensities of the stretching modes in a Fourier
transform infrared spectroscopy (FTIR) spectrum, where the proportional constants are
9.0x10% cm? for Si-H and 2.2x1020 cm? for Si-H,, respectively [Langford et al., 1992]. The
neutral spin density of the film deposited on a quartz substrate was measured by electron
paramagnetic resonance (EPR). To study light-soaking stability of the film, a Schottky diode
was fabricated on a phosphorous doped n*Si substrate (0.03 Qcm) with a half transparent Ni
electrode on the top (n*Si/a-Si:H/Ni). The native surface oxide layer on the n*Si substrate
was etched with diluted HF solution before the growth of a-Si:H.

A p-i-n structured solar cell (5x5 mm?) was fabricated in a multi-chamber system. The
doped layers were prepared in conventional diode system chambers, and the i-layer was
fabricated in a triode system chamber at 180 °C. The distance between the mesh and the
substrate is 1.5 cm. The other detailed conditions for the solar cell fabrication are described
elsewhere [Sonobe et al., 2006]. The I-V characteristics of the solar cells were measured
under an illumination of AM 1.5, 100 mW /cm?2 white light. In every case, the light degradation
was performed by illuminating intense 300 mW/cm?2 white light for 6 h at 60 °C.

3. Properties and stabilities of the triode-deposited a-Si:H

3.1 Properties of the a-Si:H films prepared by the triode system

3.1.1 Hydrogen concentration

The hydrogen concentrations of the a-Si:H films prepared by the triode system were
measured by FTIR. Figure 2 (a) shows the spectrum of the film prepared at 250 °C with the



306 Solar Cells — Thin-Film Technologies

distance between the mesh and the substrate, dms, of 3 cm [Shimizu et al., 2005]. As a
comparison, that of the conventionally prepared a-Si:H film at the same substrate
temperature is shown in figure 2 (b) [Shimizu et al., 2005]. One can see that the Si-H, bond
density is low in the case of the triode deposition.
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Fig. 2. Si-H and Si-H; stretching mode absorption spectra obtained in the FTIR
measurement. The films were prepared by the: (a) triode system at the dis of 3 cm, and the
(b) conventional diode system. In both cases, the substrate temperatures are 250 °C.
[Shimizu et al., 2005]

Furthermore, the a-Si:H films were fabricated with changing dms, and the results are
summarized in figure 3. One can see that, as dms is increased, both Si-H and Si-H» densities
decrease. The a-Si:H film prepared at dms = 4 cm contains the Si-H bond density of 4.0 at.%
and less than 0.1 at.% (close to the detection limit of FTIR) of Si-H» bond density. On the
other hand, the film prepared by the conventional diode method contains 9.0 at.% of Si-H
bonds and 1.5 at.% of Si-H, bonds at the same substrate temperature. The similar reductions
of Si-H and Si-H, bond densities with the triode system are observed in the films prepared
under the several substrate temperatures as shown in figure 3.

3.1.2 Growth of a-Si:H with double mesh

With installing a mesh and increasing dms, the growth rate is reduced. To see the effect of
growth rate on the resulting hydrogen concentration, the films were prepared with
installing a second mesh at a fixed VHF input power and dms. With such a configuration, one
can control the growth rate without changing the gas phase conditions, whereas it is not the
case if the VHF power or dms is changed to control the growth rate, because the generation
rate of precursors changes with the input power, and as discussed later, dns affects the flux
of the precursors reaching to the substrate. Thus, to see the effect of the growth rate, the
double mesh configuration was used.

Here, the films were prepared with or without the second mesh, which is represented as
double or a single mesh, respectively. All the films were prepared at 250 °C. The results are
summarized in table 1 and figure 4 [Shimizu et al., 2007]. At the VHF power of 10 W, almost
the same hydrogen concentrations are observed both in the single and the double mesh
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Fig. 3. Si-H and Si-H; bond densities in the a-Si:H films fabricated with the triode deposition
system (triode) under the various distances between the mesh and the substrate (dms). As a
comparison, those of the conventionally prepared films without the mesh are also shown
(diode, dms = 0 cm). The films were prepared at the substrate temperatures of 200, 250 and
350 oC, respectively.

cases, but the growth rates are different each other where very low growth rate is observed
with the double mesh. The growth rate with the double mesh at 10 W is c.a. 0.1 A/s which is
close to the value observed at the VHF power of 2 W with the single mesh. However, the
observed Si-H and Si-H; bond densities are lower in the case of 2 W with the single mesh.
The similar trend is observed under the different conditions as shown in figure 4.

input power (W) mesh growth rate (A/s) Si-H (at.%) Si-H; (at. %)
| 2 " single 0.18 | 40 ' <01 |
10 double 0.12 6.1 0.9
10 single 0.80 6.6 1.0

Table 1. Si-H and Si-Hz bond densities and the observed growth rate of the films prepared
under the several conditions with fixing dms (= 4 cm) and the substrate temperature (= 250 °C).

3.1.3 Microscopic structure

In figures 5 (a) and (b), the FWHM of the Si-H and Si-H, stretching mode peaks in the FTIR
spectra are platted against the density of Si-H and Si-H», respectively. The films were
prepared at the VHF input power of 2 or 10 W using the each electrode configuration i.e.,
triode or diode system as indicated in the figure. The substrate temperature is 250 oC in
every case. While the scattered relation is observed in the Si-H bond case, one can see the
good correlation between the Si-H, bond densities and their FWHMSs. Moreover, while
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Fig. 4. Si-H and Si-H; bond densities in the a-Si:H films fabricated under the various
conditions. Open and closed circle: VHF = 2 W, with a single mesh (2 W, SM), open and
closed square: VHF =10 W, with a single mesh (10 W, SM), open and closed triangle: VHF =
10 W, with double mesh (10 W, DM). As a comparison, those of the conventionally prepared
films without the mesh are also shown (diode, dms = 0 cm). [Shimizu et al., 2007]
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Fig. 5. FWHM of the Si-H and Si-H; stretching mode peaks in the FTIR spectra platted
against the density of Si-H and Si-Hp, respectively. The films were prepared at the VHF
input power of 2 or 10 W using the each electrode configuration (triode or diode) as
indicated.
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the FWHM values of the S-H peaks are more or less in the same range, the narrower
FWHMs of the Si-H, peaks are observed in the triode-deposited films. Furthermore, when
the electrode configuration is the same (triode or diode), the films prepared at the lower
VHEF input power exhibit narrower FWHMs of the Si-H; peaks.

3.1.4 Conductivity

The conductivities of the a-Si:H films fabricated using the triode system are measured.
Figure 6 shows the dark and photoconductivities of the films. The photoconductivity was
measured under the illumination of 100 mW/cm? white light. The observed dark-
conductivities are of the order of 1011 S/cm. The deposition rate of the triode system is
typically less than 1 A/s, which may cause unfavorable impurity incorporations during the
film growth, causing the reduction of photosensitivity due to the increase of dark-
conductivity. The dark-conductivity of the triode-deposited a-Si:H is, however, in the range
equivalent to that observed in the diode-deposited film grown at 7.3 A/s, and the
photoconductivities of those films are of the order of 10> S/cm. The result indicates that the
triode-deposited a-Si:H films do not contain substantial number of impurities which
deteriorates photosensitivity.
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Fig. 6. The dark and photoconductivities of the a-Si:H films prepared either by a triode or a
diode deposition system (dms = 0 cm).

3.2 Stabilities of the triode-deposited a-Si:H films

3.2.1 Spin density

Degradation of the film prepare by the triode system is checked by measuring the change of
neutral spin density by light soaking. Figure 7 shows the result [Shimizu et al., 2008]. All the
films were prepared at 250 °C, and as a comparison, the results of the diode-deposited films
are also shown. The spin density is plotted against Si-H, bond density. The initial defect
densities are almost the same throughout the samples (= 2x1015 cm3). On the other hand,
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more stable behaviors are observed in the triode-deposited a-Si:H films in the degraded
states. The trend is best seen in the film prepared at the dms of 4 cm where the lowest Si-H,
bond density is observed as shown in figure 3.
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Fig. 7. Change in the neutral spin density (Ns) due to light soaking as a function of Si-H»
bond density in the film. [Shimizu et al., 2008]
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Fig. 8. Light-induced change in the fill-factor (AFF = FFiy; - FF4,) of the Schottky diode
having the intrinsic layer produced at the each condition. Closed circle: triode-deposited
film (triode), open circle: conventionally prepared film (diode). [Shimizu et al., 2005]
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3.2.2 Schottky diode

Furthermore, the stabilities of the triode-deposited a-Si:H films were studied with fabricating
the Schottky diodes where their fill-factor (FF) changes were evaluated as a measure of
degradation. The intrinsic layer of the Schottky diode was fabricated either by a triode or a
diode system under the various conditions. The fill-factors in the initial state (FFi,;) are almost
the same throughout the samples: 52 - 54 %. On the other hand, the fill-factors in the degraded
state (FFqeg) are different each other. In figure 8, the change in the fill-factor (AFF = FFin; - FFqeg)
is plotted against Si-H, bond density [Shimizu et al., 2005]. For comparison, those of the films
prepared with the diode system under the various conditions are also shown [Nishimoto et el.,
2002]. One can see that the triode-deposited a-Si:H films contain low Si-H» bond densities, and
correspondingly, the observed AFFs are low. Note that, the scattered correlation is observed
when AFFs are plotted against the Si-H densities of the films [Shimizu et al., 2005].

3.2.3 Solar cell

The stability of the triode-deposited a-Si:H is checked with fabricating a p-i-n solar cell
where the i-layer is deposited with a triode system. Since a multi chamber was used to
prepare the solar cell, the i-layer fabrication conditions including the chamber geometry are
different from those used in the previous sections. Especially, the distance between the mesh
and the substrate is short as 1.5 cm which lowers the effect of Si-H, bond elimination than
that achieved at larger distances as shown in figure 3. Additionally, the i-layer growth
temperature of 180 °C was chosen. Therefore, the Si-H, bond density in the i-layer is slightly
high as indicated in figure 3. On the other hand, we chose this temperature from the
viewpoint of the device applications in which low temperature operations are preferable.
The i-layer thickness is 250 nm. The I-V characteristic of the solar cell is shown in figure 9
[Sonobe et al., 2006].
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Fig. 9. The I-V characteristic of the p-i-n solar cell. The i-layer was prepared with the triode
system at the substrate temperature of 180 °C. The distance between the mesh and the
substrate is 1.5 cm. [Sonobe et al., 2006]

The initial conversion efficiency is 10.0 %, and after the light soaking, the stabilized
efficiency of 9.2 % is achieved. The degradation ratio is 7.8 % which is the lower value
compared with that generally observed in the a-Si:H solar cell prepared by a conventional
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method with the same i-layer thickness. While further optimization is necessary to achieve
higher stabilized efficiency, the result demonstrates the low degradation ratio of the a-Si:H
solar cell with improving the stability of the i-layer itself, which is one of the essential
solutions to obtain a stable a-Si:H solar cell.

4. Hydrogen elimination process

4.1 Hydrogen elimination process — post annealing

It is observed that the films grown by the triode system contain very low hydrogen
concentrations, namely Si-H> bond densities. Those values change with the distance between
the mesh and the substrate where the lowest hydrogen concentration is observed at the largest
distance between the mesh and the substrate. In this section, we will discuss the possible
mechanism for the reduction of Si-H and Si-H» bond densities in the triode deposition system.

. anncaling time: 30min, e
3 T T T T T T |
l ° FAY bll-l2
= 20+ :
= A AN
SHREY e 1
=" ®e
5 A
0L
L AN
- O
5L [T _
M (|
0 1 1 1 1 1 1 1

0 50 100 130 200 230 300 350 400
annealing temperature “C

Fig. 10. Thermal effusion of hydrogen from the a-Si:H films deposited at 110 °C. The Cy is
the sum of the Si-H and the Si-H; bond densities [Shimizu et al., 2007].

Hydrogen elimination takes place both in a film growth state and in a post annealing state
when a substrate temperature is high. To distinguish it in our case, at first, the thermal
annealing tests were performed on the a-Si:H films prepared at the low substrate
temperature of 110 °C using the diode system. The as-deposited films contain the large
initial hydrogen concentrations (Cn) of c.a. 27 at.%. After the growth, the individual film
was kept in the deposition chamber and was annealed for 30 minutes at the certain
temperature. The result is shown in figure 10 [Shimizu et al., 2007]. One can see that the
hydrogen concentration is reduced at the high annealing temperatures. On the other hand,
at the temperature of 250 °C, which is the substrate temperature used in our triode
deposition system, no Cy reduction takes place at least from the bulk. The result shows that
under the substrate temperature of 250 °C, the hydrogen elimination process takes place
during the film growth, i.e., most likely with gas reactions.
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4.2 Hydrogen elimination process during film growth

The possible hydrogen elimination processes during the a-Si:H film growth are the
following and are schematically shown in figure 11.

a. hydrogen abstraction reaction by an atomic hydrogen

b. spontaneous thermal desorption of surface hydrogen

c. hydrogen abstraction reaction by a SiH3 radical

d. hydrogen elimination process through a cross-linking reaction
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Fig. 11. Schematic of the hydrogen elimination processes during the growth of a-Si:H.

a. Hydrogen abstraction reaction by an atomic hydrogen

Atomic hydrogen exists in an silane plasma [e.g., Matsuda, 2004]. It reacts with a bonded
hydrogen of a film and forms H, molecule, resulting in a hydrogen elimination. The
probability of this reaction should be proportional to the flux of atomic hydrogen. In a silane
plasma, generated radicals and ions collide with SiHs; molecule of which density is high in
the gas phase. When the atomic hydrogen reacts with SiHs, SiH; radical and H, molecule are
generated at the rate constant of ~ 3x10-12 cm3/s [Kushner, 1988; Perrin et al., 1996]:

H + SiH4 =2 SiH3 + Ho. (1)

The stable H» molecule does not contribute to the abstraction of the bonded hydrogen. In the
triode system, basically no atomic hydrogen is generated but only the collisions take place in
the region between the mesh and the substrate, indicating that the density of atomic
hydrogen near the substrate is low. Therefore, it is natural to say that the hydrogen
elimination process is not dominated by atomic hydrogen in the triode system.

b. Spontaneous thermal desorption of surface hydrogen

The hydrogen desorption process from Si-H bond has been studied elsewhere [Toyoshima
et al., 1991]. The activation energy of this reaction is estimated as 2 - 3 eV, and the reaction
takes place only in the temperature range higher than 400 °C [Beyer & Wagner, 1983].
Therefore, it is unlikely that the spontaneous hydrogen desorption takes place under the
substrate temperature of 250 °C as in our case.
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c. Hydrogen abstraction reaction by a SiH; radical

It is reported that the dominant deposition precursor for a-Si:H growth is a SiH; radical
[Matsuda, 2004]. When a SiHj3 radical reaches to a growing surface, it physisorbs to one of the
surface hydrogen atoms under a certain probability [Perrin et al., 1989; Matsuda et al., 1990].

= GiH + SiH; > = SiHSiHs. ?)

The physisorbed SiH3 radical diffuses on the surface with changing the physisorption spot,
and it finally captures one of the surface hydrogen, forming SiHy and it leaves from the
surface. As a result, hydrogen is abstracted and a surface Si dangling bond is created. When
another surface diffusing SiHs radical reaches to the surface dangling bond, it is
chemisorbed and a Si-Si bond is formed [Perrin et al., 1989; Matsuda et al., 1990]. Note that,
if this dangling bond is not terminated with some radicals, defect density is increased in the
resulting film. As one can see, as long as a SiH3 radical is supplied to the dangling bond site
after the hydrogen elimination by another SiHjs, the density of the surface hydrogen does
not decrease through the process since the chemisorped SiHj also contains hydrogen.

d. Hydrogen elimination process through a cross-linking reaction

A cross-linking hydrogen elimination reaction takes place with a pair of Si-H bonds facing
each other. Hydrogen is eliminated with forming a H> molecule and a Si-Si bond [Matsuda
& Tanaka 1986; Perrin et al., 1989],

=Si-H + HSi=> =SiSi= + Ha 3)

Different from the other cases (a)-(c), a dangling bond does not remain after this reaction,
therefore, an atomic hydrogen or a SiHs radical which contains hydrogen atom(s) does not
stick to this site, resulting in a reduction of hydrogen concentration. As described above, a
Si-Si bond is formed through this process, therefore, before the reaction, the both Si atoms
should be located at the configuration of five or six members of ring to form a stable Si-Si
bond. On the other hand, if two Si atoms are located apart from each other where the free
energy of the resulting Si-Si bond including its surrounding structures after the reaction is
higher than that of before, it is unlikely that the cross-linking reaction takes place. Such an
inhabitation can occur when a higher-ordered silane radical sticks to a growing surface as
discussed in the next section.

4.3 Effect of deposition precursors on hydrogen elimination

For the growth of a-Si:H film, a SiH; radical is a dominant species. On the other hand,
higher-ordered silane radicals are also generated in a plasma through insertion reactions of
SiH, [Takai et al., 2000]. It has been reported that when the higher-ordered silane radicals
such as SisHy are incorporated into the film, Si-Hz bond density increases [Takai et al., 2000;
Nishimoto et al., 2002]. Therefore, the flux of those species toward the substrate determines
the property of the resulting film. The diffusion length (L) of a species is

L= (D72, 4)

Do 1/m. ()

where D is a diffusion coefficient, ¢ is a lifetime and m is a mass of a species.
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First of all, the diffusion coefficient of a SiHs radical is larger than that of a higher-ordered
silane radical due to the difference of their mass. The ratio of the mass of a Si,Hn+1 radical
(msint2n+1) and that of a SiHs radical (msips) is

Msint2n+1 / MSiH3 = M. (6)

Therefore, the diffusion coefficient of a SiH3 radical is n-times larger than that of a SinHan+1
radical.

Second, the lifetime of a SiHj; radical is especially long in a SiHy gas phase. The density of
SiHy molecule under the condition used in this study (0.1 Torr, 250 °C) is ~ 101> cm?3. The
density of SiHj; radicals is the highest among the other generated species, and the value is ~
10?2 cm= in an RF silane plasma [Matsuda, 2004]. In the case of VHF plasma, as in our case,
the value changes due to a high electron density and a low electron temperature effects.
Estimating from the deposition rate, SiHs density can be one order of magnitude higher than
that in an RF plasma, but in any cases, the density is still very low with respect to that of
SiHy molecule. Therefore, most of the generated species collide with SiHy. Here, the SiHs
radical does not disappear due to the collision, resulting in its long lifetime:

SiHs + SiHy = SiHy + SiHs. (7)

After all, the diffusion length of SiHj radical is very long according to equations (4) and (5).
Under a certain gas flow rate condition, the radicals having small diffusion lengths are
pumped out, but a large diffusion length species can still reach to the substrate. Thus, larger
the distance between the mesh and the substrate, stronger the diffusion length effect.
Therefore, we would like to propose that in the triode configuration, a long lifetime SiHs;
radical mainly contribute to the film growth than that in a diode system. If a SiH; radical
sticks to a film surface, a cross-linking reaction takes place because the configuration of a
five or six members of ring is easily formed with the SiHs. On the other hand, when a
higher-ordered silane radical sticks to the surface, not all of the Si atoms are located in such
a configuration due to its steric-hindrance. Thus, the cross-linking reaction can take place
partially, resulting in the remaining of hydrogen in the film. Once hydrogen is incorporated
into the bulk of a film, it cannot be thermally eliminated at 250 °C as shown in figure 10.
Indeed, under the low SiH4 flow rate condition, the higher Si-H and Si-H> bond densities are
observed in the triode system [Shimizu et al., 2007].

4.4 Effect of growth rate

In the case of the triode system, the growth rate is low compared to that observed in a
conventional diode system. In our VHF plasma case, the growth rate observed with the
diode system is73 A /s, and that observed in the triode system is 0.7 A/ s at dms =1 cm, and
is 0.2 A/s at dms = 4 cm. When the growth rate is low, hydrogen concentration of the
resulting film can be low when thermal desorption from the surface and the bulk are the
dominant hydrogen elimination processes. However, such elimination processes at the
substrate temperature of 250 °C are unlikely as discussed in the previous sections.

To confirm the effect of the growth rate furthermore, the experiments were performed with
installing a second mesh as described in section 3.1.2. Installing the second mesh reduces the
growth rate drastically. As shown in Table 1, the observed growth rate with the double mesh
at the VHF power of 10 W is c.a. 0.1 A/s and that with the single mesh at the same VHF power
is 0.8 A/ s. Under those conditions, however, almost the same Si-H and Si-H, bond densities
are observed. Since the VHF power is fixed at the same value, the densities of the generated
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radicals and ions in the plasma are basically the same in the both cases. When the VHF power
is reduced to 2 W with a single mesh, the observed growth rate is 0.2 A /s which is the similar
value observed at the VHF power of 10 W with the double mesh (0.1 A/s). On the other hand,
the observed Si-H and Si-H, bond densities are different each other where lower values are
observed in the low power case in which less higher-ordered silane radicals are produced due
to a low electron temperature effect [Matsuda, 2004]. The results indicate that the gas phase
condition is very important for determining a hydrogen concentration in the resulting film.
Note that, when a plasma is unstable even in the triode case due to the lack of electrical
matching, the observed Si-H and Si-H» densities are higher than the expected values shown in
figure 3 (the higher value date are not presented).

5. Prospects for the future applications

The properties and the stabilities of the a-Si:H films prepared by the triode deposition
system have been demonstrated in this study. The quality of the film is very good, and it
exhibits very high stability against light soaking. Although the triode method reduces a
growth rate of a film due to its configuration, which is a disadvantage for mass productions,
we used this system to study the fundamental features. Several results indicate that the
control of the gas phase condition is one of the essential factors to obtain a stable a-Si:H film.
Based on this knowledge, one could establish the alternative fabrication methods which can
produce the preferable gas phase condition for a stable a-Si:H fabrication.

In our result, the degree of degradation correlates well with Si-H, bond density in the film,
which also corresponds to the former works. Beside the possibility of micro-void structure
formation, one can propose the existence of chain-like Si-Si structures when the film contains
large Si-Hy bond density. Since it is a flexible structure, it can cause instability against light
soaking. In figure 12 the AFF (= FFini - FFqeg) of the Schottky diode is plotted against the Si-H,
bond density. It is a re-plot of figure 8 in a semi-log scale. The extrapolated line shows that the
AFF value is zero at the Si-H, bond density of c.a. 1.3x10% cm= (= 0.03 at.%). Although it is a
hypothesis, the correlation indicates the guideline for the fabrication of stable a-Si:H films.
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Fig. 12. Light-induced change in the fill-factor (AFF = FFini-FFeg) of the Schottky diode as a
function of the Si-H, bond density (re-plot of fig. 8 in a semi-log scale).
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6. Conclusions

Stable a-Si:H films against light soaking are prepared with adopting a triode deposition
method where a mesh is placed between a cathode and a substrate. The resulting films contain
very low Si-H and Si-H> bond densities compared with those observed in the films prepared
by a conventional diode electrode method at the same substrate temperature. The hydrogen
reduction effect is higher when the distance between the mesh and the substrate is increased.
The films exhibit low initial defect densities and high photosensitivities. After the light
soaking, high stabilities are observed in the films prepared by the triode system. The high
stabilities of the films are also confirmed with the device configurations. It is most likely that
the density of the precursors that reach to the growing surface is different each other in the
triode and the diode systems. Control of gas phase condition is one of the key issues to
fabricate stable a-Si:H films and related solar cells.
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1. Introduction

Monograin layer (MGL) solar cell combines the features of a monocrystalline solar cell and a
thin film solar cell. The photoactive layer is formed from the kesterite-stannite semiconductor
CuSnZn(S,Se)s (CZTSSe) material with the single-crystalline grains embedded into the epoxy
resin (Altosaar et al., 2003). With the graphite back contact, cadmium sulphide (CdS) buffer
layer, and zinc oxide (ZnO:Al/i-ZnO) window layer, the remainder of the structure resembles
a thin film CIS solar cell in the superstrate configuration (Fig. 1).

Cu:5nZnse.
EpoXx

Fig. 1. The MGL solar cell. The photoactive CuSnZnSes monograins are covered with CdS,
and embedded into the epoxy resin. The thin layer of the intrinsic ZnO serves as the CdS
surface passivation and as the barrier for the ZnO:Al impurities. The front contact comprises
indium fingers while the back contact is made of the graphite paste.
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The main advantage of this cell over the thin film CIGS solar cell are the low production
costs - using a relatively simple powder technology (Altosaar et al., 2005), and the
replacement of the expensive indium (In) by the less expensive tin (Sn) and zinc (Zn) metals.
The photovoltaic properties of this new structure are very promising: the AM1.5 spectrum
conversion efficiency reaches up to 5.9% along with the open-circuit voltage (Vi) up to
660 mV and the fill-factor (FF) up to 65%. The short-circuit current (J) has its maximal value
at the room temperature and then decreases with the lowering temperature. Along with the
low FF, these output parameters point to some specific charge transport properties.

In order to discover the origin of the charge transport limiting mechanism we employed the
numerical semiconductor simulator Aspin (Topi¢ et al., 1996), based on the drift-diffusion
equations (Selberherr, 1984) and coupled to the SRH (Schockley & Read, 1952)
recombination statistics. The optical generation rate profile was calculated with the ray
tracing simulator SunShine (Kré et al,, 2003), which is able to determine the absorption
profile in the illuminated one-dimensional (1D) structure that comprises a stack of layers
with flat and/or rough adjacent interfaces. The input semiconductor material parameters
were determined from the temperature resolved admittance spectroscopy measurements
(Walter et al., 1996): capacitance-voltage (C-V) and capacitance-frequency (C-f), the van der
Pauw measurement (Van der Pauw, 1958) and the dark current density-voltage (J-V)
characteristics measurements (Sah et al., 1957). The numerical model was implemented in a
similar way as in (Cernivec et al., 2008) where the measured parameters were used as the
input and the J-V and the external quantum efficiency (QE) characteristics were the result of
the simulation. By comparing the temperature dependent output characteristics of the
AML.5 illuminated solar cell to the measurements, and additional fine tuning of the input
parameters, we assumed the plausible efficiency-limiting mechanism, and by that also
revealed the region in the structure that could be responsible for the charge transport
limitations.

2. Input parameters measurements

In order to extract material parameters which will be further on used in the numerical
analysis, following measurements were conducted: the dark J-V measurement to get insight
into the recombination and transport properties of the solar cell, the C-V measurement
which indicates the width and the shape of the junction, and the C-f measurement which
results the information of the defect properties of the semiconductor material. The common
assumption in the analyses of the measurements is a single-junction model of the solar cell.
In the interpretation of the Van der Pauw measurement results we assumed a similar
morphology of the annealed tablet of the CZTSSe material as it is one in the solar cell’s
monograin absorber.

2.1 One-diode model

Calibration of the parameters of the one-diode model does not yield any input parameters
for our numerical model, but it rather gives us initial insight into the transport properties of
the MGL solar cell. Table I contains the extracted temperature dependent parameters of the
fitted one-diode model (Sze & Ng, 2007). The high ideality factors (1) of the temperature
dependent dark J-V measurement indicate the CdS/CZTSSe heterointerfacial limited
transport.
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T [K] Jo[mA/cm?]  ngu[/] R [Qcm2] Ggi [mS/cm2]
310 1.08x10-3 2.68 2.10 0.23

290 4.85x104 2.78 2.36 0.17

270 2.50x10-4 2.99 2.66 0.12

250 8.93x10-5 3.19 3.44 0.083

230 3.30x105 3.37 4.37 0.061

210 1.44x105 3.78 6.65 0.033

Table 1. Parameters of the fitted one-diode model.

The ideality factors above 2 deviate from the standard Sah-Noyce-Shockley theory (Sah et
al., 1957) and point either to the tunnelling enhanced recombination in the space charge
region (SCR) (Dumin & Pearson, 1965) or to the multilevel recombination (Breitenstein et al.,
2006; Schenk et al., 1995) occurring in the highly defective interfacial regions.

Fig. 2 shows the Arrhenius plot of the dark saturation current (Jo) and its extracted
activation energy (E4, jo). The activation energy is the distance between the Fermi level and
the edge of the minority carrier energy band, since these are responsible for the
recombination current. In the case of the MGL solar cell, at the CdS/CZTSSe heterointerface
the inverted surface makes holes to be the minority carriers, Fig. 8. Thus the E4, jo represents
the energy distance between the CZTSSe absorber’s valence band and the Fermi level near
the heterointerface.
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Fig. 2. Arrhenius plot of the dark saturation current as obtained from the one-diode model.
The slope of the ideality factor weighted logarithm of the dark saturation current versus the
inverse absolute temperature, results the activation energy E4, jo. T is temperature in Kelvin.

Comparing the value of the E,, j (Fig. 2) to the absorber’s band-gap energy as extracted
from the QE measurement (Fig. 13, Egczrsse =1.49 eV), this indicates the position of the
recombination peak near the heterointerface and inside the SCR - as depicted in Fig. 8.
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2.2 Capacitance-voltage measurement

To obtain the approximate values of the concentration of the uncompensated acceptors
(Kosyachenko, 2010) at the edge of the SCR, and the hole mobility (y5,czrsse) of the CZTSSe
absorber layer, we combined the temperature resolved C-V and the van der Pauw
measurements. Since the concentration of the uncompensated acceptors at the edge of the
SCR corresponds to the density of free holes, we will further on introduce this as new
parameter called the “apparent doping” - pscr.

Fig. 3 shows the temperature and the bias voltage dependent capacitance plot - the Mott-
Schottky plot, where the capacitance results from the admittance measurement at 10 kHz.
The nonlinear curves in the Mott-Schottky plot indicate a spatially non-uniform pscg, while
their temperature trend points to the temperature decreasing capacitance. The slope of the
curves at V = 0V indicates that, in dark conditions, the apparent doping at the edge of the
SCR gradually increases with the decreasing temperature.
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Fig. 3. The Mott-Schottky plot at 10 kHz. The dashed curve correlates to the temperature at
320 K. Arrow indicates the trend of the temperature decrement. The temperature step equals
to 20 K. All curves are measured with a small signal of 10 kHz.

When we observe the OV bias points as depicted in Fig. 4 by the triangles, we can see that
pscr decreases when moving from the quasi-neutral region towards the SCR. However, for
the higher temperatures (320 K, 300 K) psck seems to be increasing towards the
heterointerface after it has reached its minimum value. We are not able to explain this trend
properly, but since the increasing psck towards the heterointerface would produce only a
poor photovoltaic junction, in the modelling we use the pscr values as obtained at 0 V bias.
The trend of the increasing SCR width along with the increasing pscr could results from the
influences of the non-ideally asymmetrical n*/p (CdS/CZTSSe) junction in which the SCR
extends also into the n* buffer region (CdS).
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Fig. 4. The apparent doping density pscr obtained from the bias voltage derivative of the
Mott-Schottky plot. The distance from the junction is calculated from the space charge

region capacitance. Triangles depict the 0 V bias conditions.
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Fig. 5. Arrhenius plot of the van der Pauw measurement conducted on the annealed CZTSSe
tablet. Ear is the extracted activation energy. T is temperature in Kelvin.
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2.3 Van der Pauw measurement

The van der Pauw measurements were conducted on the tablet of the annealed CZTSSe
monograin material. The Arrhenius plot of the resistivity (p) of the monograin material
tablet (Fig. 5) reveals the thermal activation energy (Ear) equal to 0.17 eV, and a very low
hole mobility p,czrss. equal to 0.02 cm2?/Vs at 310 K. The latter was calculated according to
(1) and using the pscr as obtained from the C-V profiling:

1

—. @
q-Pscr P

Hn.cz1SSe =

2.4 Capacitance-frequency measurement

Plotting the capacitance as a function of the measurement frequency on a semi-logarithmic
scale can reveal some defects present in the energy gap of the CZTSSe absorber layer of the
MGL solar cell. A gradually decaying capacitance indicates a defect with a broad energy
band, while a steep transition indicates a single level defect (Burgelman & Nollet, 2005). The
temperature resolved C-f plot shown in Fig. 6 reveals both types of transitions: a gradually
decreasing capacitance at the high temperature limit (indicated with triangles), and a
characteristic inflection point at the frequency equal to 10 kHz in the low temperature limit
(indicated with circles).
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Fig. 6. Frequency dependent space charge region’s capacitance measured at 0.2 V of forward
bias. Solid curve with circles depicts the relation at 100 K. The arrow indicates the trend of
the curves with the increasing temperature. The temperature step equals to 20 K. The curves
at lower temperatures exhibit pronounced inflection points thus indicate emission from
shallow traps.
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The decreasing capacitance going from the high temperature towards the low temperature
indicates the ‘freeze out’ of the carriers located in the deep traps: the temperature shrinking
of the Fermi distribution tail makes the deep trapped charge less sensitive to the small
perturbations of the Fermi level (the applied ac signal). The analysis according to (Walter et
al.,1996) reveals two trap distributions which are shown in Fig. 7. Measurement at room
temperature senses a broad trap distribution extending at least 0.3 eV deep into the energy
gap from the valence band, while the measurement at low temperature fingers a very
narrow distribution with its maximum at 0.05 eV. Since this maximum remains present also
at high reverse biases (not shown here), we believe that this trap extends throughout the
whole CZTSSe absorber layer and acts as the intrinsic acceptor doping level. However we
can not draw any strong conclusions on the type of the deep trap distribution, but since this
could be responsible for the compensating effect; we postulated it to be the donor-like.
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Fig. 7. Trap density distributions extracted at 0.2 V of forward bias calculated as the
frequency derivative of the space charge region’s capacitance. Calibration parameters were
chosen according to (Walter et al.,1996): U;= 0.8 V (built-in voltage), f,Nv = 5x107 Hz (trap
emission coefficient), Eg, = 0.7 eV (the Fermi level position relating the valence band), 1x103 <
f<1x100Hz (frequency range).

In Fig. 7 the pronounced narrow distribution at 0.05 eV above the valence band indicates the
shallow acceptor traps responsible for the intrinsic doping, while the deeper and wider
donor distribution (marked with triangles) results the compensation effect.

3. Modelling

From the measurements we obtained a certain insight into the recombination and transport
properties (the dark |-V and the Van der Pauw measurements), the doping profile (C-V
measurement) and the indication of the shallow traps (C-f measurement). These will be used
as the guidelines to define the numerical model of the CZTSSe MGL solar cell.
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The 1D carrier transport model can accurately describe the current flow only in the direction
vertical to the layered structure (the direction orthogonal to the solar cell plane) therefore
following assumptions are made: i) current flow in the matrix plane between the adjacent
monograins is neglected, ii) all the semiconductor parameters are meant as the “effective
parameters”, thus neglecting the morphology by transforming a single spherical monograin
solar cell into the 1D rod, and iii) the “spatial fill-factor” (Sgr) is introduced, which is the
ratio of the grain covered area to the whole contact area. It is important to note that the Sgr
affects only the extensive solar cell parameters (Ji) while the intensive parameters (V,., FF
and QE) remain intact. In our case the Sr equals to 0.78.

The most important semiconductor parameters which have to be defined for each layer of
the MGL solar cell prior to simulation are the band-gap energy (Ey), the electron affinity (E,),
the acceptor and/or donor doping (Na, Np), the hole and electron low-field mobility (u, ),
the hole and electron effective masses (my, m.), and the parameters of the traps and/or the
recombination centres (N; - distribution density, E; - distance to the valence band, o - trap
cross section, e; — characteristic energy). By analyzing the conducted measurements (C-V,
van der Pauw, C-f ) we extracted the initial values of these parameters, relating to the
CZTSSe absorber and/or to the CdS/CZTSSe heterointerface. These were further on
subjected to the calibration procedure in order to fit the dark structure and the illuminated
structure output characteristics to the measurements (J-V and QE). The rest of the absorber
and heterointerface parameters, and those relating to the window (ZnO:Al/ZnO) and buffer
(CdS) layers of the MGL solar cell, were taken similar to those used in (Cernivec et al., 2008).

3.1 Dark structure J-V characteristics

Fig. 8 shows the CZTSSe MGL solar cell structure in its thermodynamic equilibrium. The
complete solar cell comprises glass(2 mm)/ZnO:Al(1.6 pm)/i-ZnO(200 nm)/CdS(50
nm)/CZTSSe(60 pm)/graphite(500 nm) layers with the additional 100 nm thick surface
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Fig. 8. Energy band diagram of CZTSSe solar cell in thermodynamic equilibrium at 310 K. E4 jo
indicates the recombination activation energy as obtained from the Arrhenius plot from Fig. 2.
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defect layer (SDL) between the CdS and the CZTSSe to account for the interfacial defects.
Because of the degenerate position of the Fermi level in the ZnO:Al, i-ZnO and CdS layers,
we assume these will act as the emitter contact, while the graphite at the back acts as the
ohmic base contact. Further on in the structure we introduce the SDL which has an
increased concentration of the mid-gap defects of the donor (Nipspr) and the acceptor
(Niaspr) types. Nip,spr will be responsible for the recombination current while the N spr
will set the Fermi level position in the SDL layer and thus activate the Np,spr.

The van der Pauw measurements of the sole CZTSSe tablets exhibit unusual high resistances,
thus we assume that i, czrss. will have an important impact to the series resistance - R, (Table I).
The Arrhenius plot in Fig. 5 shows the latter's exponential dependence on temperature,
revealing the activation energy of 0.17 eV. We believe that the high R; originates from the
compensation of the shallow acceptor doping (Ni,czrss) by the broader distribution of
deeper donor levels (Nip,czrsse). This agrees well with the C-f measurement results shown in
Fig. 7. Therefore, rather than calculating the mobility from the van der Pauw measurement,
we will use a numerical fitting procedure to calibrate the py,czrsse and the Nipspr for the
preselected values of the N, czrsse and the Nip,czrsse. The initial values for the latter two
were calculated from the C-f measurement (Fig. 7).

Fig. 9 shows the calibration procedure of the measured and the simulated dark J-V
characteristics at 310 K. By increasing the total concentration of the SDL mid-gap donor
defects (Nip,spr) the dark saturation current increases, as shows the inset of Fig. 9. In the
voltage range from 0.4 V to 0.6 V a good J-V fit can be found for the Nip spr equal to 108 cm-
3, but still expressing a deviation in the slope as the result of the non-matching ideality
factors: with this model it is not possible to obtain such a high ideality factor as yielded the
measurement-calibration in Table I. For the lower applied voltages (V < 0.4 V) there is a
significant deviation in characteristics which can be attributed to the shunt conductance. To
compensate this difference the external shunting element can be added in the model, using
the value equal to the Gy, at 310 K (Table I). A very good fit is found in the voltage range V >
0.5 V by setting the value of the yy,czrss. to 1.5 cm?2/Vs - indicated by the solid line in Fig. 9.
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In Fig. 9 the calibrated value of the CZTSSe hole mobility equals to 1.5 cm?(Vs)?! and the
corresponding electron mobility equals to 8 cm?2(Vs)-1. The inset of Fig 9 shows calibration of
the SDL defect concentration. The calibrated defect concentration (Nip,spr = 8x101° cm3/eV)
corresponds to the solid J-V curve of the three simulated characteristics. The |-V curve above
(dash-dotted) and the J-V curve below (dashed) correspond to one order of magnitude
higher and to one order of magnitude lower SDL defect concentration, respectively.

To summarize the dark model, this is valid for the bias voltages higher than 0.5 V. When the
solar cell is illuminated, this usually happens to be the range at which the recombination
current starts to compensate the photogenerated current, and therefore important to match the
correct V. value. For the bias voltages lower than 0.5 V the recombination current is rather low
and the photogenerated current will dominate the |-V characteristics. Thus the external Gy,
might be of lesser importance when observing the illuminated solar cell structure.

3.2 llluminated structure characteristics

In order to calibrate the CZTSSe solar cell model under illumination, we choose to observe
the temperature behaviour of the Ji. This is mainly determined by the collection efficiency
of the photogenerated carriers in the SCR. The collection efficiency in a large extend
depends on the width of the SCR (Fig. 4), determined by the shallow acceptor traps in the
CZTSSe - Nia,czrsse, while its temperature dependence governs the occupation function F of
the deeper donor traps Nip,czTsse (Flg 10). Fig. 10 shows the Nia,czrsse and Nip,czTsse
distributions similar to the measured trap densities from Fig. 7, and the occupation function
F at 310 K and 210 K. The peak values of the trap distributions are not the same as the
measured traps, but were rather subjected to the calibration procedure of fitting the J-V and
QE measured and simulated characteristics. At the edge of the SCR the apparent doping
pscr is a result of the compensatory effect of the density of the occupied Nia czrss. and the
density of the unoccupied Nip,czTss.:

Pscr = NtA,CSZSSe - (1 - F) 'NtD,CSZSSe : (2)

When temperature decreases the Ez moves towards the valence band, what creates more
deep donors unoccupied (fs decreases), and lowers the pscr.

In Fig. 10 the trap distributions of the model are calibrated to fit the measured short-circuit
current density at 310 K. The distributions correlate well with the calculated distributions
shown in Fig. 7. On the right axis the occupation functions at two different temperatures are
shown in order to explain the temperature dependent collection efficiency and its influence
to the short-circuit current.

The temperature decreasing psck decreases the SCR width, leading into the lower collection
efficiency and lower J.. Fig. 11 shows the SCR narrowing as the result of the Fermi
redistribution according to Fig. 10. The decreased pscrk would normally lead into the wider
SCR, if the net charge of the SDL remained constant. This would be the case with the ideal
asymmetrical n*/p junction, resulting from the shallow doping levels. But since the net charge
in the SDL originates also from the deep defects, these are then affected by the change of the
charge in the CZTSSe layer. Therefore in order to satisfy the Poisson’s balance, the lower
temperature also leads into the charge redistribution in the SDL layer (omitted for clarity in
Fig. 11): the decrement of the negative charge resulting from the less occupied acceptor traps
in the CZTSSe layer is balanced by the decrement of the positive charge from the deep defects
in the SDL. In the SDL the temperature shift of the Fermi level towards the conduction band
makes the deep donor defects less ionized and increases the ionization of the deep acceptors.
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The modelled SCR width of approximately 0.2 pm and the pscr concentration of 1016 cm-3 at
310 K agree well with the respective measured values which equal to 0.18 pm and 2.6x1016
cm3, as observed from Fig. 4. Similarly well agrees the temperature correlation between the
pscr and the SCR width: with the increasing pscr also the increasing SCR width is observed.
In the measurement this correlation is indicated with the triangles (Fig. 4). However the
corresponding temperatures do not comply: in the measurement the 320 K triangle
corresponds to the lowest pscr and the 220 K triangle corresponds to the highest psck. One
should indeed always take care about the width of the SCR calculated in the apparent
doping density analysis. There, the following formula is used to calculate the SCR width:

&

Wscr = c’ ©)

where ¢ is the permittivity and C is the capacitance. This formula however only holds if the
capacitance is governed by the depletion, and not by filling and emptying of deep states. As
can be seen in Fig. 6 the capacitance is indeed governed by defects rather than depletion at
f~10kHz.
Table 2 summarizes the calibrated material parameters. The parameters which were the
subject of calibration are denoted bold, while the dash corresponds to the parameter for
which we used the value 0. In the reality this would correspond to a very low value. Other
material parameters are similar as in (Cernivec et al., 2008). The effective density of states is
calculated from the corresponding effective masses (Sze & Ng, 2007).

ZnO:Al i-ZnO Cds SDL CZTSSe
W [pm] 1.6 0.2 0.05 0.1 60
m, [mo] 0.27 0.27 0.27 0.09 0.09
my, [mo] 0.78 0.78 0.78 0.73 0.73
Np [cm3] 1018 1018 1018 - -
Na [cm3] - - - - -
E, [eV] 33 3.1 24 14 14
E, [eV] 4.0 4.0 4.0 4.0 4.0
E [eo] 9.0 9.0 9.0 13.6 13.6
He [cm2/Vs] 100 100 100 40 8
wn [em2/Vs] 25 25 25 15 1.5
Nia[cm-3/eV] - - - 4x1017 8x1016
Ei[eV] - - - 0.7 0.05
Ona [cm?] - - - 2x10-15 2x10-15
Opa [cm?] - - - 8x10-13 8x10-13
e [eV] - - - 0.1 (step) 0.02 (gauss)
Nip [cm3/eV] - - - 8x1019 7x1017
Ewn[eV] - - - 0.7 0.15
oup [cm?] - - - 8x10-14 1014
oyp [cm?] - - - 2x10-15 10-15
e [eV] - - - 0.1 (step) 0.3 (step)

Table 2. Material parameters of the CZTSSe MGL monograin layer solar cell.
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4. Analysis of the model

Fig. 12 shows the measured and simulated -V characteristics of the CZTSSe MGL solar cell.
The measured characteristics were obtained from the I-V characteristics normalized to the
contacting area of the solar cell equal to A = 4.81 mm?. Here we used the assumptions i) and
ii) as defined in 3. Since the CZTSSe monograins shape in the spherical forms this means
that the real current density varies throughout the structure. In the simulated J-V
characteristics at 310 K we also took into account the Sgr as the assumption iii). This means
that the ], obtained by using the parameters from Table 2 would in fact be larger by this
factor.

In Fig. 12 we can observe a very good agreement of the measured and simulated J-V
characteristics at 310 K while the simulation at 210 K exhibits a discrepancy in all solar cell
output parameters. A possible reason for the non-matched J;. at 210 K could be that in the
modelling we did not account for the temperature dependent mobility, which could be the
case as seen from the van der Pauw measurement of the monograin tablet (Fig. 5).
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Fig. 12. Comparison of the measured and simulated J-V characteristics of the AM1.5
illuminated CZTSSe monograin solar cell.

Dashed lines in Fig. 12 represent the simulation and the arrow indicates temperature
decrement. The short-circuit current and the open-circuit voltage trends are well correlated
while their absolute value deviation at the low temperature indicate the necessity to include
the temperature dependent mobility and the tunnelling enhanced recombination,
respectively. At 210 K a significant mismatch also occurs with the Vi.. This leads us to the
conclusion that it is not merely the SRH recombination (Sze & Ng, 2007) in the SDL layer
that limits the V., but there should also be present other recombination mechanisms which
are less thermodynamically affected, namely the tunnelling enhanced recombination
(Dumin & Pearson, 1965). The tunnelling enhanced recombination would reduce the rate of
the V,-T change.
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The optical simulations were performed using the SunShine simulator (Kr¢ et al., 2003)
which takes as an input a layered structure with the wavelength dependent complex
refraction index coefficients, which comprise the real part n(}), called refractive index, and
the complex part k(1) known as the extinction coefficient. Both are defined in for each layer.
For the monograin material we used the complex refraction index coefficients as obtained
by Paulson (Paulson et al., 2003) for the thin film Cu(In;.xGax)Se; alloy with the x = 0.66. This
corresponds to the energy gap of 1.41 eV. The layer’s interfaces were described using the
roughness coefficient - 0,,;s. In our case we set the 0,5 equal to 100 nm at all interfaces.
Simulation of the external quantum efficiency (Fig. 13) shows a good agreement between the
measured QF and the simulated QE in the shorter wavelengths region, while in the middle
wavelengths there seems to exist some discrepancy - most probably due to the discrepancy
between the measured and modelled p,czrsse. The cut-off wavelengths are well pronounced
at both temperatures and correspond to the band-gap of 1.4 eV. In the long wavelength
region (A > 900 nm) the non-vanishing plateau of the simulated QE points to a mismatch in
the absorption properties of the thin film CIGS and the monograin layer CZTSSe materials.
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Fig. 13. Comparison of the measured and simulated external quantum efficiency of the
AML.5 illuminated CZTSSe monograin solar cell.

In Fig. 13 dashed lines represent the simulation and the arrow indicates temperature
decrement. The non-vanishing plateau of the simulation originates from the mismatch in the
absorption properties of the thin film CIGS (used in the simulation) and the monograin layer
CZTSSe materials.

Both, measured and simulated QE show that the temperature change does not affect their
shape, which inclines us to a conclusion that most of the photogenerated carriers recombine
in the SDL and at the SDL/CZTSSe interface. This fact can as well be observed from the
cumulative recombination profile (not shown here).

The absorptance simulations show that if all photogenerated carriers originating from the
photon flux absorbed in the CZTSSe layer were extracted, the [, would equal to 37.7
mA/cm2 Taking into account the Syr the latter would reduce to a 29.4 mA /cm?. This value
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is still about 3 times larger than the measured (simulated) J.. at 310 K, showing tremendous
possibilities in improvement of the collection efficiency of the monograin CZTSSe absorber.

5. Conclusion

We have set up the baseline model of the CuxSnZn(Se,S)s monograin layer solar cell, which
is able to predict the J-V characteristics and the external QE of the AM1.5 illuminated MGL
solar cell in the temperature range from 310 K to 210 K. The model comprises following
material properties:

i) in between the CdS and CZTSSe layers, the highly defective region called the surface
defect layer - SDL, comprising a high concentrations of the mid-gap donor defects and a
lower concentration of the mid-gap acceptor defects;

ii) in the CZTSSe monograin layer the narrow Gaussian distribution of shallow acceptor
traps at 0.05 eV above the valence band and the wider distribution of the compensatory
donor traps extending at least 0.3 eV deep into the energy band, relative to the valence band;
iii) energy gap of the CZTSSe monograin material equals to 1.4 eV, width of the SCR at 310
K equals to 180-200 nm and the concentration of the apparent doping pscr is in the range
from 1x10%6 cm- to 2x1016 cm3.

Low FF can be attributed to the low CZTSSe hole mobility, which equals to 1.5 cm?2/Vs, and
to the low apparent doping pscr, which originates from the compensatory effect of the
shallow acceptors and deeper donors. Comparison of the flux absorbed in the CZTSSe
monograin absorber and the three times lower actual current density of the extracted
carriers shows us that further possibilities may reside in the shaping of the collection
efficiency of the monograin absorber and/or in the additional passivation of the
CdS/CZTSSe interface. Since the former is mainly attributed to the SCR this might not be an
easy technological task. Whether these limiting properties are the result of the necessary
surface engineering prior to the formation of the CdS/CZTSSe monograin heterojunction or
they simply originate from the physical properties of the structure’s materials, we were be
not able to determine at this point.
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1. Introduction

Providing a sustainable and environment friendly energy source, photovoltaic (PV) power is
becoming ever-increasingly important, as it decreases the nation’s reliance on fossil-fuel
generated electricity. Though widely regarded as a clean and renewable energy source,
large scale deployment of PV is still impeded by the fact that the cost of PV energy is
generally higher compared to grid electricity. Current development of PV technology is
focused on two aspects: 1) improving the efficiency of PV modules and systems and 2)
lowering the cost of delivered electricity through decreasing the manufacturing and
installation cost. The merit of commercial solar cells aiming at terrestrial application is
justified by the cost of unit PV power generation, dollar per watt ($/ Wp), where Wp stands
for the peak power generated by the cells.
Since the first practical PV cell grown on Si wafer at the Bell Laboratory in 1954, PV
technology has been developed for more than five decades and evolved three “generations”
based on different PV materials. The first generation of solar cells use crystalline materials,
where the cost of the bulk materials has hit the point that further cost reduction is very
difficult (Green 2007). In contrast, the second generation cells use thin film materials, where
the required amount of materials is merely a few percent of that of bulk materials,
significantly reducing the fabrication cost of this type of cells. The emerging, third
generation of PV technology applies new materials and novel device concepts aiming at
even higher efficiency and lower cost. At this moment, the commercial PV market is
dominated by the first and second generation PV modules, and the third generation cells are
still under lab research. As shown in Fig. 1, the efficiency of thin film PV system has
improved from ~4 % in 1995 to >11 % in 2010, and will keep increasing to ~12% by 2020, a
three-fold improvement compared to the system efficiency back in 1995. During the same
timeframe, the cost of thin film PV system drops from ~4 $/Wp to ~0.5$/Wp. Crystalline
PV systems, though with higher efficiencies, have higher cost, i.e. 2.5 times the cost of thin
film PV system. From the cost and material supply point of view, thin film solar cells will
have a long-term development and gradually take more market share from the crystalline
cells.
Many thin film materials can be used for PV cells, e.g., Si, CdTe, CIGS or the emerging
organic/polymeric materials. Comparing to other materials, thin film Si, including
amorphous Si (a-Si) and microcrystalline Si (uc-Si), have the following characters:
1. The PV active Si is the most abundant solid state element on the earth’s shell, allowing
for practically unlimited production of Si cells.
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Fig. 1. Photovoltaic (PV) system efficiency and cost. Data from the U.S. Department of Energy.

2. Sihas no toxicity and is environmental friendly.

3. Process of a-Si/pc-Si thin films takes the advantage of the highly mature semiconductor
and display industries.

4. a-Siis a metastable material, and the initial cell performance of a-Si based cells degrades
under illumination and then stabilizes, known as the Staebler-Wronski effect (Kolodziej
2004).

In addition, production of a-Si/pc-Si solar panels has a low entry barrier, thus making it

more acceptable for the emerging PV manufactures. The first thin film Si solar cells were put

into production in the 1980’s when they were used as power sources for small electronic
gadgets. Volume production of a-Si based solar panels started after the year 2000 with the
introduction of large-area chemical vapor deposition (CVD) process at these companies:

Sharp Corporation, United Solar Ovonic, Kaneka, Mitsubishi Heavy Industries, Ltd, etc. The

true burst of Si thin film solar cells, on the other hand, came after 2007 with the “turnkey”

(ready to use) thin-film solar manufacturing equipments introduced by Unaxis SPTec (later

Oerlikon Solar) (Meier et al. 2007) and Applied Films Gmbh & Co. (later part of Applied

Materials Inc.) (Repmann et al. 2007). The idea is that instead of developing the film

deposition and module manufacturing technologies by self, the would-be solar maker can

buy the full set of equipments together with the process recipes, and start manufacturing
panels with relative ease. Each having a designed capacity of 40 - 60 MW, over twenty

“turnkey” systems were sold to solar module makers world wide by Oerlikon and Applied

Materials by 2010. The fast expansion of production capacity directly induced the drop of a-

Si/ pe-Si panel cost from around 5 $/ Wp to less than 2 $/ Wp.

At the moment thin film Si cells, including a-Si and pc-Si, take the largest market share

(more than half of total production volume) among all types of thin film cells. Close to 5 GW

of a-Si/pc-Si panels were manufactured in 2010, and will keep similarly large market share

to at least 2013 (Fig. 2) (Young 2010). It is also noted from the same figure that the
production volume of a-Si panels has an impressive compound annual growth rate (CAGR)
of 42%, highest among all thin film PV technologies. Currently a significant amount of Si
thin film panels are single-junction a-Si panels, whose efficiency will gradually increase to
8% - 8.5%. By adopting the a-Si/ pc-5i multi-junction cells, panel efficiency will move up to
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Fig. 2. Global thin film solar panel manufacturing capacity and compound annual growth
rate (CAGR) by technology, 2006-2013 (estimate) (Young 2010).

around 10% after 2012. Costs for these technologies are expected to range from 0.80 to 1.20
$/Wp (Mehta 2010). Consequently, the energy cost pay-back time of these panels will be
shortened to 0.5-2 years.

For the above mentioned reasons, a-Si/ nc-Si solar panels are the mostly produced among all
thin film technologies and will stay in large volume production the foreseeable future. This
chapter introduces the fundamental thin film PV solar cell structure, the energy conversion
physics, and state-of-the-art large scale solar panel manufacturing. Various methods of
performance enhancement and cost reduction of large area thin film Si solar cells are focuses
of this chapter.

This chapter is organized as follows. Section 1 briefly introduces the history and current
production status of a-Si and pc-Si solar panels. Section 2 analyzes the cost structure of
typical thin film solar panels and systems. The basic solar cell structures, including the PV
active Si p-i-n junction layers and the front and back contact layers, are discussed in Section
3. Next, we describe in details the panel production process in Section 4 and 5. The front end
of line (FEOL) processis first introduced, with discussions on CVD deposition of Si layers,
physical vapor deposition (PVD) process of transparent conductive oxide (TCO) layers and
back contacts, and laser scribing steps. The back end of line (BEOL) process is then
described with the introduction of module fabrication, bus line wiring and panel
encapsulation. Different process flow configurations are also compared in this part. We
summary the chapter in Section 5.

2. Cost structure of PV system

To begin the discussion of the cost of solar panels, we split the cost of thin film PV system
into four major parts:

1. Planning and financing: 15%

2. Inverter: 9-10%

3. Balance of system (BOS) and installation: 10-30%

4. Module: 40-66%
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Sharing similar cost percentage of the first three parts with crystalline Si PV systems, the
much lower module cost gives thin film PV system lower overall cost and a higher
development potential. An increase or decrease of the efficiency of the module implies an
increment or a reduction of the BOS and installation costs, respectively. Nevertheless, the
financing and inverter cost remain always the same. Therefore, the use of lower efficiency
thin film modules are financially more favorable in those cases in which the value of the
installed area is not relevant. Thin film panels are thus more applicable to the PV electricity
power plants built in remote areas like deserts. Large volume production and deployment is
the key factor to fully demonstrate the financial benefit of thin film solar modules.

The cost of thin film modules, in turn is composed of five major components (Jager-Waldau

2007):

1. Material cost (40%). The material consumption is determined by the film growth
technology (e.g., PVD vs. CVD), and is also dominated by the module packaging and
assembly technology. Special, TCO-coated glass substrates take a significant portion of
the direct material cost (25-40%). Assuming similar technology used, the materials cost
is inversely proportional to the production volume and panel efficiency.

2. Equipment related (capital) spending (20%). Initial investment on equipment on a-
Si/pc-Si thin film panel manufactures is generally expensive. Upon fixed initial
equipment investment, the annual depreciation of equipments is dominated by the
deposition materials. The equipment depreciation rate is inversely proportional to the
process throughput and module efficiency.

3. Labor cost (15-17%). The layered, monolithically integrated panel structure minimizes
human operation, and the highly automated production methods used in the state-of-
the art thin film PV panel manufactures reduce the labor cost. For a given total
production volume, the labor cost is inversely proportional to the process throughput,
extent of automation, and production module efficiency.

4. Energy consumption (15%). Modern PV manufactures use a significant amount of
energy to run the factory, including machinery power consumption used for
manipulating the substrate, controlling of substrate temperatures, RF power generators,
film deposition system, vacuum system, exhaust handling, laser tool, lighting, air
conditioning, etc. Once a factory is set up, a large amount of the overhead energy
consumption is fixed, and the energy consumption per module is inversely
proportional to the process throughput.

5. Freight (7-9%). The logistics of shipping and handling of the raw material as well as the
assembled module panels take a larger portion of cost in thin film solar panels
compared to their crystalline counter parts due to their greater size and weight. Unlike
the other factors, freight cost is relatively constant for each panel.

As seen from the relationship of the thin film PV module cost structure summarized in Fig.

3, the process technology determines the direct material and energy consumption,

equipment depreciation and ultimately the panel efficiency, which in turn affect the panel

cost. In another word, more advanced module process technology leads to both higher
panel efficiency and lower panel cost. Thus in this chapter, we put our focus on the process
details of the manufacturing of modern, large-area a-Si/ pc-Si solar panels.

3. Basic thin film Si solar cell structure

Typical a-Si single junction solar cells are composed of five principal layers: Si p-i-n diode
sandwiched between two conductive layers. The front TCO forms the front contact, and the
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Fig. 3. Relationship between fabrication process, cost structure, and production of thin film
PV modules.

back TCO and the reflector form the back contact (Fig. 4). The Si p-i-n junction absorbs sun
light and generates photocarriers, which are collected by the conductive, front and back
contacts. The substrate (e.g., glass) provides mechanical support for all the layers. Stacking
two a-Si/ pc-Si cells on top of each other forms the tandem junction structure, which is also
sandwiched between the front and back TCOs.

Depends on the type of substrates on which the films are grown, there are basically two
kinds of cell structures. 1) “Substrate” structure, where none-transparent substrates, i.e.,
metal foils, are used for growing the film stack. Sun light enters the cell from the top of the
film stack by going through the top TCO. 2) “Superstrate” structure, where transparent
substrates like glass or plastic films are used. Sun light enters the cell through the
transparent glass/plastics and the TCO layer. The growth order of the Si p-i-n diodes are
reversed in the two structures. The monolithically integrated superstrate type solar cells
have superb encapsulation and compatibility with conventional electrical and safety
regulations, thus holding a dominant market share.

3.1 PV active Si p-i-n layers

The Si p-i-n junction is where the sun light is absorbed and converted to charge carriers, i.e.,
electrons and holes. Differs from crystalline Si (c-Si), a-Si for PV and other applications (e.g.,
thin film transistor, TFT) are actually hydrogenated amorphous silicon alloy (a-Si:H, here
noted as a-Si for simplicity), in which the H atoms passivate the otherwise high-density Si
dangling bonds in pure amorphous Si film that introduce trap states and severely affect the
film electrical properties. Normally the H content can be as high as a few percent. The a-Si
completely loses the periodical atomic lattice structure; instead, the Si atoms randomly
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Fig. 4. Schematic single junction p-i-n a-5i solar cell. n stands for the index of refraction.

arrange in space. The lack of lattice structure makes a-Si a direct band gap semiconductor
with a band gap of 1.8-1.9 eV at room temperature.

Hydrogenated microcrystalline Si (uc-Si:H, noted as pc-Si for simplicity) has a more
complex, phase-mixed structure that consists of the crystalline phase made of silicon
nanocrystallites and the amorphous Si matrix. The nanocrystallites grow into conglomerate
clusters perpendicular to the film surface, whose diameters are typically between 10 and 50
nm. Embedded in amorphous silicon, the conglomerates are separated by a-Si, grain
boundaries and micro-cracks. The band gap of pc-5Si is 1.11 eV at room temperature, roughly
the same as crystalline Si.

Photon absorption is proportional to the wavelength-dependent absorption coefficient, o, of
the film. For typical a-Si and pc-Si, o is between 102 and 105 cm-! in the visible range (Shah et
al. 2004), which is 10-50 times larger than that of c-Si. Large «a naturally allows for thinner
absorber in solar cells. In the a-Si/pc-Si i-layer, an absorbed photon excites an electron from
the valance band to the conduction band, creating a free electron and leaving a hole in the
valance band. Due to the amorphous nature of a-Si and pc-Si films, the electrons and holes
haves limited diffusion length and short life time. Electronic carrier transport properties are
normally characterized by the mobility x lifetime product (pt-product), which is the
physical characteristic of both carrier drift and diffusion processes. The measured products
of the electron mobility and lifetime, pot0, is 2x10-8 cm2/Vs for a-Si and 1x107 cm?2/ Vs for pc-
Si, respectively, much lower than those measured in c-Si wafers (Beck et al. 1996; Droz et al.
2000). The low pt-product in a-Si or pc-Si makes the p-n diode configuration that is widely
used in ¢-5i solar cells unsuitable with these materials, as the photocarrier collection in a p-n
diode is diffusion limited. To avoid electron and hole recombination, p-i-n junction is used,
where the built-in field drifts electrons towards the n-layer and holes towards the p-layer.
The measured electron diffusion length is 2 pm in a-Si and 10 um in pc-Si under the filed of
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104 V/cm, comparable to or larger than the thickness of the solar cell film stack. As a result,
the p-i-n type cells have efficient carrier collection efficiency.

Photons absorbed in the heavily doped n- and p- layers, however, don’t contribute to the
photocurrent as there is no net electric field in the doped layers. As a result, the n- and p-
layers are usually less than 20 nm thick to limit photon absorption in these “window”
layers. Further reduction of photon absorption in realized by increasing the band gaps of the
n- and p-layers, e.g., doping the a-Si or pc-Si window layers with carbon so that they are
transparent to the portion of the solar spectrum to be harvested in the i-layer. Total
thickness of a typical single or tandem junction cell is less than 2 um, which is only a few
percent thick of a c-5i cell.

3.2 Front and back contacts

Though not PV active, the front and back contact layers play important roles on the cell
performance. Optical wise, the transparent TCO layers scatter the incident sun light and
enhance the optical absorption inside the i-layer. Electrical wise, since the lateral conductance
of thin, doped p/n silicon layers is insufficient to prevent resistive losses, the TCO contact
layers conduct the photocurrent in the lateral direction to the panel bus lines. The TCO layers
used for thin film solar cells are doped wide band gap semiconducting oxides.

For efficient material usage and fast film deposition, the a-Si/ uc-Si absorbers are so thin that
the incoming light will not be completely absorbed during one single pass for normal
incident rays. Hence, for all absorber materials, optical absorption inside the silicon layers
has to be enhanced by increasing the optical absorption path. The difference of index of
refraction between the TCO layers and the Si layers, plus the rough interface induce
diffusive refraction of incoming light at oblique angles, thus increasing the optical path of
solar radiation (Fig. 4). This is typically done by nano-texturing the front TCO electrode to a
typical root-mean-square (rms) surface roughness of 40-150 nm and/or nano-textured back
reflectors. In the ideal case, these rough layers can introduce nearly completely diffusive
transmission or reflection of light (Miiller et al. 2004).

When applied at the front contact, TCO has to possess a high transparency in the spectral
region where the solar cell is operating (transmittance > 90% in 350 - 1000 nm), strong
scattering of the incoming light, and a high electrical conductivity (sheet resistance < 20
Q/sq.) (Fortunato et al. 2007). For the superstrate configuration where the Si layers are
deposited onto a transparent substrate (e.g., glass) covered by TCO, it has to have at the
same time favorable physicochemical properties for the growth of the silicon. For example,
the TCO has to be inert to hydrogen-rich plasmas, and act as a good nucleation layer for the
growth of the a-Si/pc-Si films. For all thin-film silicon solar cells, scattering at interfaces
between neighboring layers with different refractive indices and subsequent trapping of the
incident light within the silicon absorber layers is crucial to high efficiency.

TCO is also used between silicon and the metallic contact as a part of the back reflector to
improve its optical properties and act as a dopant diffusion barrier. The back TCO layer also
prevents reaction between the metal and the a-Si/pc-Si underlayers. Furthermore, applied
in a-Si:H/ uc-Si:H tandem solar cells, TCO can be used as an intermediate reflector between
top and bottom cells to increase the current in the thin amorphous silicon top cell
(Yamamoto et al. 2006). Finally, nano-rough TCO front contacts act as an efficient
antireflection coating due to the refractive index grading at the TCO/Si interface.
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The front and back TCO layers are at the same time electrodes that collect photogenerated
carriers. As a semiconductor, the optical transparency and the electrical conductivity are
closely related to the band gap structure of the TCO. The short-wavelength cutoff of the
transmission spectrum corresponds to the oxide band gap, whereas the long-wavelength
transmission edge corresponds to the free carrier plasma resonance frequency. On the other
hand, electron conduction in TCO is achieved by degenerate doping that increases the free
carrier density and moves the Fermi level into the conduction band. High carrier density
and carrier mobility are thus required for TCO layers. There is, however, a tradeoff between
high optical transmittance and low electrical resistance. Increasing electron carrier density
decreases resistivity but also increases the plasma oscillation frequency of free carriers, thus
shifting the IR absorption edge towards the visible. The transmission window is thus
narrowed as a result of improved conductivity.

TCO type ITO ZnO:Al SnOx:F

Optical transmission

(350-1000 nm), 95% 90-95% 90%
Resistivity (Q-cm) 1-5x10+4 3-8x10+4 6-10x10-4
Work function (eV) 47 4.5 4.8
Band gap (eV) ~3.7 ~34 41-43

. . RF sputtering, APCVD,
Deposition methods RF sputtering LPCVD spray pyrolysis
Surface roughness Flat Excellent Excellent
Plasma stability Low Excellent Good
Relative cost High Middle Low

Table 1. Different TCOs employed in Si thin film solar cells. RF, radio frequency. LPCVD,
low-pressure chemical vapor deposition. APCVD, atmosphere-pressure CVD.

The most-widely used TCOs in Si thin film solar cells are doped SnO: (i.e., SnO2:F) and ZnO
(i.e., ZnO:Al) due to their temperature and chemical stabilities. Compared to the more
conductive alternative indium-tin-oxide (ITO), they offer a much lower cost by avoiding the
use of the costly In. At the same time, surface roughness induced by the crystalline texture
of SnO; and ZnO is widely applied for increasing the optical absorption. These three typical
TCOs are compared in Table 1.

The reflector layer on top of the back TCO can be Ag, Al, or white paint in a “superstrate”
cell, and is the metal foil itself or another Ag/Al coating on the foil in a “substrate” type cell.
Ag is typically used in laboratory research work, while Al is more often used in mass
production modules due to its lower cost and better properties in removing module shunts.
Back contacts of Oerlikon’s thin film panels, on the other hand, use proprietary white paint
as the reflector (Meier et al. 2005). The white paint can be rolled on or screen printed directly
onto the TCO. At the same time, it offers the following advantages (Berger et al. 2007): 1)
high optical reflectance over a broad wavelength band, 2) optimal light scattering pattern
which is generally beneficial for solar cells because this maximizes the fraction of photons
that are trapped inside the solar cell due to total internal reflection at both cell surfaces, 3)
pigmented materials have the potential of low cost. In certain instances, the white paint is a
better surface reflector than Al, or TCO/ Al reflector.
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4. Factory panel production

As previously discussed (c.f, Section 2), manufacturing of the solar panels directly
determines the cost of modules, which takes 40-66% of the overall PV system cost. This
section focuses on the factory panel production, and addresses various methods of panel
efficiency improvement and cost reduction.
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Fig. 5. Flow diagram of typical thin film solar panel production, comprising of both the front
end of line (FEOL) and back end of line (BEOL) technologies and processes (Bhan et al.
2010).

Development in the a-Si and pc-Si thin film process technology combined with the booming
PV market resulted in the fast expansion of a-Si/ pc-Si based solar panel manufacturing after
2007. This industry largely benefits from the lab demonstration of thin film solar cells on
small size substrates, as well as the large-area thin film deposition techniques developed for
thin-film transistor liquid crystal display (TFT-LCD) industry. The growth of high-quality Si
thin films for PV applications shares many of the skill sets required for growing Si TFT
films, and using similar large-area thin film deposition chambers (Yang et al. 2007). In fact,
both thin film solar “turnkey” equipment providers, Oerlikon and Applied Materials, have
been manufacturing large-scale TFT-LCD deposition systems for years before becoming thin
film solar equipment providers.
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The general process flow of thin film panel fabrication is shown in the diagram of Fig. 5. This is
a typical Applied Materials Sunfab process configuration (Bhan et al. 2010), though that of
Oerlikon (Sun et al. 2009) and other “superstrate” type panel makers are similar. The entire
process is divided into the FEOL steps where the front glass substrate is deposited with active
layers, and BEOL steps where the module is encapsulated. The FEOL mainly involves several
film deposition and patterning steps, including the growth of Si p-i-n junctions by CVD and
the growth of TCOs and metal layers by PVD. Laser scribing steps are used in between film
depositions to form monolithically interconnected cells across the entire substrate. In the BEOL
steps, the front glass with blanket film deposited during FEOL is cut, shaped and encapsulated
to make solar panels. Optical and electrical inspections are taken upon finishing of FEOL for
quality control purposes. Process of the ‘substrate’ type module shares many of the FEOL and
BEOL steps, and the differences are discussed later in Section 4.3.

4.1 Front end of line (FEOL) process

The first step of module deposition involves loading of substrates in FEOL. Either float glass
or TCO-coated glass is used, though an extra TCO growth step is required for the former
case (Kroll et al. 2007; Sun et al. 2009). To prevent the glass from chipping and cracking
during the following thermal cycle steps, as the film deposition steps require substrate
temperatures ranging from 150 to 250 °C, the glass edge is seamed and reinforced. Then the
glass goes through washing and drying steps to thoroughly remove debris, particles and
organic contaminants. Laser-scribing step P1 follows to form isolated TCO contact strips.
After a second washing step, the TCO glass is loaded into the film deposition chambers for
the growth of PV active layers.

4.1.1 Growth of a-Si/uc-Si layers
The PV active Si p-i-n film stack is normally grown by CVD from gaseous precursors.
Several CVD deposition techniques have been developed for the deposition of a-Si/pc-Si
layers, including plasma-enhanced CVD (PECVD) (Schropp and Zeman 1998), remote
plasma enhanced CVD (RPECVD) (Kessels et al. 2001), and hotwire CVD (Schroeder 2003).
Though efficient lab-size solar cells are made with various CVD techniques, PECVD is
prevailingly used for current industrial, high-throughput thin film PV module fabrication,
as it possesses advantages like high deposition rate, in-situ chamber cleaning, good control
over film quality, and requires lowest substrate temperature.
A typical PECVD chamber is structured like the schematics in Fig. 6. The substrate is
supported by a susceptor, directly facing a gas diffuser. Process gases (SiHs, H> and dopant
gases) are fed into the chamber and dispersed by the diffuser. The diffuser and the susceptor
are charged at opposite radio frequency (RF) voltages, thus exciting plasma within the
chamber. Commonly used RF plasma is excited at 13.56 MHZ or 40 MHz, while higher RF
frequencies are also used (Nishimiya et al. 2008). Higher RF frequencies are reported to deposit
Si film faster due to higher plasmornic excitation energy. On the other hand, higher frequency
means shorter RF wavelength, potentially forming standing wave inside the chamber that can
cause non-uniform plasma distribution and reduce the a-Si/pc-Si film uniformity.
Using silane (SiH,) as the precursor gas, the deposition of a-Si/pc-Si films can be described
as a four-step process (Schropp and Zeman 1998):
1. Primary gas phase SiHy decomposition. The plasma excites and decomposes the SiH,
molecules into neutral radicals and molecules, positively and negatively charged ions,
and electrons.
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2. Secondary gas phase reaction. The reaction between molecules, ions and radicals
(product of the previous step) generates reactive species and eventually large Si-H
clusters, which are also called dust or power particles. The neutral species diffuse to the
substrate, while the positive ions bombard the growing film and the negative ions are
constrained within the plasma.

3. Film deposition. The radicals diffusing to the substrate interact with the substrate
surface in various ways, like radical diffusion, chemical bonding, hydrogen sticking to
the surface or desorption from the surface.

4. Formation of a-Si film. The actively growing film then releases hydrogen and relaxes
into the Si network.
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Fig. 6. Schematics of a PECVD process chamber.
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Fig. 7. Challenges met with high deposition rate (Rp) for PECVD grown pc-Si films. (a)
Efficiencies of the optimal pc-5i single junction solar cell at different very-high frequency

radio-frequency power (Pvwr). (b) Corresponding deposition rates RD and SiHy dilution
concentration (SC) (Mai et al. 2005).
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The overall film deposition is a complex process of gas and surface reactions, and is
controlled by many deposition parameters, including gas composition, flow rate, chamber
pressure, RF power density, RF frequency, substrate temperature, and the chamber size and
geometry. Extensive studies are carried out to study the influence of those controlling
parameters on the a-Si/pc-Si film properties, and are summarized in review papers (Luft
and Tsuo 1993; Bruno et al. 1995). Perusing high solar energy conversion efficiency requires
high quality, PECVD grown a-Si/pc-Si films, like high optical absorption, low dangling
bond density, wide band gap for optical transmission of the p- and n- window layers
(Schropp 2006).

Transferring the lab-developed process to solar panel production, however, has its own
challenges. The PECVD steps take a significant portion of the cost in energy consumption
and equipment depreciation (c.f., Fig. 3), thus substantial changes must be made to the lab-
developed PECVD processes in panel manufacturing to fit the goal of lowering the panel
cost. While maintaining the optimal panel performance, the widely adapted strategies are
high rate of deposition (Rp) and large substrate size for high-throughput panel growth.

As previously discussed in Section 2, fast film deposition can lower the energy
consumption, facilitating the throughput and process efficiency, thus effectively lower the
cost of solar modules. The major obstacle to throughput increase is the pc-Si deposition,
which has to be thick (> 1.5 pm) as limited by the finite absorption coefficient, thus requiring
appreciably long deposition time. In fact, deposition of the pc-Si bottom cell in a-5i/pc-Si
tandem junction solar panels takes the longest process time in the Oerlikon and Applied
Materials process lines. To shorten the pc-Si deposition time and improve the overall
throughput, research has been focused on increasing the deposition rate of pc-Si films.
Generally, increasing the density of SiH radicals promotes the growth of a-Si/uc-Si, thus
increasing SiH, flow rate, applying higher RF power density, or using a higher RF excitation
frequency all lead to higher Rp. For the simpler case of a-Si, higher RF power and higher gas
flow rate result in faster film growth. As for the case of nc-Si, changing these deposition
parameters at the same time affects the film crystallization in addition to increasing Rp.
Since a good performed pc-5i solar cell needs to keep at the transition from microcrystalline
to amorphous growth, increasing the film deposition rate should not be compromised by
the film crystallinity. It is observed that increase of RF power requires higher SiH,
concentration to keep the same crystallinity, which at the same time leads to higher
deposition rate. In one example, Fig. 7 compared the high Rp achieved with increasing very
high frequency (VHF) 94.7 MHz RF power (Mai et al. 2005). To maintain the maximum PV
efficiency (Fig. 7a) at different VHF power (Pvmr), the silence concentration (SC) in the
mixed gas has to increase with Pyur (Fig. 7b). At small Pynr, Rp increases linearly with Py,
and saturates around 1.2 nm/s when Pypr is > 60 W. The solar cell efficiency, 7 stays
constant for the same region since the pc-Si crystallinity remains unchanged. Further
increase of Pyur doesn’t lead to higher RD, and the optimal cell efficiency drops at this
region. It is important to note that higher deposition rate greatly improves the throughput of
the panel manufacturing, and lowers the panel cost.

Since the merit of solar cell, $/Wp, is inversely proportional to the total solar module
production (Hegedus and Luque 2003), growing solar cells over large-area substrates is one of
the most efficient ways of lowering solar cell cost. For constant direct materials and labor cost,
growing films over larger area substrates effectively lowers the module cost per unit area. The
major challenge when scaling up the substrate is to maintain uniform film growth over large
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area. Since various PECVD parameters directly affect the growth rate of a-Si / pc-Si film, the
non-uniform distribution of these growth parameters induces local film thickness variation.
For typical p-i-n type a-Si or pc-Si cells, the open circuit voltage (Voc) and fill factor (FF)
decrease upon increasing i-layer thickness, while Jsc increases as a result of the higher
absorption in the thicker cells (Klein et al. 2002). Other than thickness, the RF power
distribution affects the crystallinity of the as-grown pc-Si, which in turn changes the solar cell
performance. For example, slight deviation of RF intensity resulted in unbalanced pc-Si
crystallization in a Gen 8.5 PECVD chamber, as shown by the smaller fraction of crystallinity
(FC) on the left side of chamber before adjusting the RF power supply feed (Fig. 8a), though
such deviation could be too small to affect the a-Si and pc-Si film thicknesses (Yang et al. 2009).
Small size a-Si/pc-Si tandem junction solar cells cut from the solar panels at corresponding
locations, had non-uniform performance distribution. Sample cells from the low RF intensity
side (left) had smaller short circuit current density (Jsc) (Fig. 8b) and higher Voc (Fig. 8c) than
those from the other side, while FF had a uniform distribution despite the RF influence (Fig.
8d). After modifying the RF feed of the PECVD chamber, balanced FC distribution was
obtained, and the sample cells showed uniform distribution of Jsc, Voc and FF. It is thus
important to keep the uniform distribution of all process parameters in large scale process,
and special attention must be paid to the RF power distribution across the whole chamber.
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Fig. 8. pc-Si film uniformity and its impact to solar cell performance (a) Crystalline fraction
(fc) change along substrate diagonal with original and modified RF feed. (b) Jsc, (c) Voc, and
(d) FF profiles along substrate diagonals. The two substrates were grown before and after
modifying the RF feed location.
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4.1.2 Growth of TCO layers

The TCO layers are typically grown by either CVD or PVD on industrial size substrates.
Used as the front TCO layer, SnOxF layer are normally grown by CVD using SnCl,
precursor gas on glass substrates (Rath et al. 2010). The finished SnO»:F-coated glass is
provided as substrates for later PECVD deposition of a-Si/puc-Si layers. Another front TCO
candidate is AZO, which is usually grown by CVD processes using precursors like
Zn(CyHs)s or sputter deposition (Agashe et al. 2004). Substrate temperatures are near 150 °C
for the CVD deposition, and can go as high as 300 °C for sputtering.

For many solar panel manufactures, control of the front TCO properties, especially the
surface roughness, can be financially unfeasible, thus purchasing glass substrate pre-coated
with TCO becomes a good choice. For a-Si absorber layers a high transparency for visible
light (wavelength A = 400-750 nm) is sufficient, while for solar cells incorporating pc-Si the
TCO has to be highly transparent up to the near infrared (NIR) region (400-1100 nm) to
accommodate for the wider absorption spectrum of pc-Si. This imposes certain restrictions
on the carrier density, 1, of the TCO material, as increased free carrier absorption leads to a
reduction of IR transmission (Agashe et al. 2004). SnO:F films fulfilling these requirements
to a large extent, have been developed by Asahi Glass (Asahi Type U) (Sato et al. 1992). The
ZnO crystallite facets imposes diffusive light scattering to the incident sun light, thus
enhances the optical absorption with minimal absorbing layer. Further light trapping for
long-wavelength light is also achieved in the Asahi high haze, HU-TCO glass, where the
TCO surface has two types of textures of different characteristic length thus scattering
different portions of light (Kambe et al. 2009).

The back TCO is typically AZO (c.f., Table 1), which is grown in-line with other in-house
process steps. In addition, AZO provides excellent long-term stability as the back contact
material. Since the back contact is grown on top of finished Si p-i-n stack, the substrate
temperature should be kept low (<300 °C) to prevent the dopant diffusion from the a-Si/ pc-
Si n layers. The back AZO contact is typically grown by RF sputtering (Beyer et al. 2007) or
low pressure (LP)-CVD (Meier et al. 2010) at temperatures < 150 °C.

4.1.3 Laser scribing
A big advantage of the superstrate type a-Si/pc-Si thin film solar panels lies in the
monolithically integrated structure, which greatly reduces operational cost and increases
production throughput and panel yield by eliminating connection of wafers in the
fabrication of crystalline Si PV panels. The thin film panel is scribed into numerous small
cells, which are interconnected in series for a high voltage output, which at the same time
improves panel yield and lowers the resistive energy loss. The monolithically integrated
series connection is realized by a three step patterning process that selectively removes the
individual layers, i.e., TCO front contact, thin-film silicon layer stack, and back contact of the
solar cell. Highly automated laser scribing patterning is widely used for all patterning steps
(c.f., Fig. 5) as it provides precise positioning, high throughput and minimum area losses.
Scribing thin film layers into sections with laser has developed a mature technology applied
to large-area superstrate-type module fabrication, where laser beam incidents through the
glass substrate. As depicted in Fig. 9, laser scribing mechanism can be described as a four-
step process (Shinohara et al. 2006).
1. Absorption of laser beam. By choosing appropriate laser energy/wavelength, the layer
to be scribed absorbs the laser energy following Lambert’s law, with more heat created
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at the glass-side of the film (Fig. 9a). Typical laser energy is >1x106 W/cm?, and
calculation shows more than 80% of that energy is absorbed and converted to heat
building up in the film.

2. Decomposition of H from a-Si:H. The absorbed heat induces the decomposition of a-
Si:H, and releases hydrogen at a temperature of > 600 °C (Fig. 9b). In fact, the local
temperature in the film can be heated up to 700 °C by the laser.

3. Destruction of the PV layers and back contact. The gaseous H, quickly expends its
volume and pressure under the high temperature. The pressure of the H> gas can
amount to >1x107 Pa, inducing enormous shear stress on the layers above the heated
zone. In one estimation, applying a 532 nm, 12 kHz and 9.5 x 106 W/cm? laser beam on
a-Si single junction module created shear stress of 3.9x108 Pa, enough to break the
layers on top of the heating zone, among which the most ductile Ag layer has a shear
strength of 107 - 108 Pa (Fig. 9c).

4. Formation of heat affected zone (HAZ). Along with the H> volume expansion, the film
cracks quickly followed by blasting off, effectively removing the a-Si/uc-Si layers and
the back contact layers above the local, heated zone. The laser heating also damages the
film around the removed region, creating a HAZ with high density of defects and poor
electrical properties (Fig. 9d). By using high-frequency pulsed laser, the HAZ is limited
to less than a few tens of nm wide.

It is important to note that the laser scribing removal is not a true thermal process but the

mechanical blasting off of the film. By applying different wavelengths of lasers, the laser

energy is absorbed by different layers, thus selectively removes those layers without
affecting other, underlying layers.
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Fig. 9. Laser-scribing mechanism. (a) absorption of laser beam incidents through the glass,
(b) decomposition of H from a-5i:H, (c) destruction of the photovoltaic layer and back
electrode, (d) film blasted off and formation of heat affected zone (Shinohara et al. 2006).
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Combination of several laser-scribed layers is used to create interconnection in Si thin-film
modules (Fig. 10a). The cell strips are defined by selective ablation of individual layer stacks,
and the interconnection between neighboring strip cells are provided by the overlap of
conductive layers. In the microscope view of a typical interconnection area (Fig. 10b), P1 is
the first laser scribing step that cuts through the front TCO layer, P2 is the second scribing
step that cuts through the p-i-n junction layers, P3 is the last step that cuts through the
junction layers and the back reflector. The dead-area, i.e., the narrow area between P1 and
P3 lines including the HAZ, makes up the interconnection junction but doesn’t contribute to
photocurrent generation. State-of-the-art laser process can limit the interconnection width to
< 350 pm to minimize the dead-area. For a-Si/pc-Si module production, the scribing laser is
typically powerful Nd:YVO; solid-state laser with primary emission at 1064 nm and second
harmonic generation at 532 nm. P1 is scribed by the 1064 nm irradiation, in which the strong
absorption in TCO results in intensive local heating and explosive TCO evaporation
(ablation); the glass that doesn’t absorb in this wavelength keeps cool and is free from
damage. P2 and P3 are similarly scribed by the 532 nm irradiation. As shown in Fig. 10c, the
P3 laser cuts abrupt edges on the a-Si film without leaving any observable damage to the
underlying TCO layer. The three laser scribing steps combining the subsequent film
deposition steps form differences in the depths of different layers and conductive channels,
forming the interconnection region of the cell strips’ series connection. Power optimized,
high-speed laser scribing technique is already applied in making 5.7 m?2 solar panels with
exceptional performance (Borrajo et al. 2009).
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Fig. 10. (a) Schematic cross-sectional view of Si thin film solar panel showing the sectioned film
and laser scribing lines (P1, P2 and P3). (b) Optical microscope image of the laser scribed lines.
(c) Scanning electron microscope image of P3 scribed PV layer (Shinohara et al. 2006).
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Making up the interconnection of cell strips, the laser scribing pattern is decisive to the
assembled panel performance. Since the total panel area is fixed, the width of cell strips
determined by the laser scribing pattern is inversely proportional to the number of cell strips.
Laser scribing pattern also affects the number of junctions and total dead area, which both
contribute to losses in panel power output. Thus design of the laser scribing pattern is
optimized with the width of strip cells and the sheet resistance of the front and back contacts.
Precisely scribing fine lines that defines the monolithically integrated thin film solar module,
laser scribing technology greatly enhanced the overall panel performance and improves the
automation of the process flow. It is an important step in improving the module efficiency
and driving down the module cost independent of the film deposition processes.

4.1.4 Rest of FEOL steps

After all film deposition and laser scribing steps conclude, the central PV active region is
isolated from the panel edge to avoid electrical shock. In one way, the outside edge of the
entire film stack is removed by 10-20 mm of width, called edge deletion. This is typically
done by mechanical grinding or laser scribing (same as P2 laser).

To burn out the defects and improve panel yield, the final FEOL step involves removing cell
shunts by reverse biasing the cells, or shunt busting. Shunting in Si thin film solar cells
refers to high leakage current in reverse bias, which leads to a loss of power and efficiency.
In large scale deposition, pinholes or locally thinner Si layer could form, which allow a
connection between the top and bottom contacts, forming partially shorted PV diodes.
When applying a reverse bias, larger current is focused at these shunt regions, resulting in
local heat generation and consequent burning out of the low resistance pathway.
Microscopic observation confirms the change of film morphology and its connection to the
curing of the solar cells (Johnson et al. 2003).

As all cells are readily formed at this stage, electrical and optical inspection of individual cell
strips are taken after the shunt busting for quality assurance purposes. This completes the
FEOL processing of the solar panel.

4.2 Back end of line (BEOL) process

Panels fabricated at FEOL have to be further shaped and encapsulated to complete the solar
panel module at the BEOL steps. Though no more film is deposited in the BEOL steps, these
are important processes to ensure high quality solar panel production.

4.2.1 Module fabrication and bus line wiring

If the module size is smaller than the substrate, glass with deposited film is first scored and
broken into the final panel size, and goes through edge deletion. Then the panel is
thoroughly washed for another time and ready for final bus line soldering.

According to the laser scribing layout, the two terminal segments of the series connected cell
strips are each soldered to a bus line. These two terminal segments serve as the beginning
and ending of the series connection of all cell strips on the panel. The cross bus bars are then
attached to the terminal bus line and leaves out the final electrical connection to the external
circuit.

4.2.2 Module encapsulation
To stand for extreme weather conditions in field usage, the functional films, i.e., TCO
layers, a-Si/pc-Si films, metal coatings, and bus lines need good encapsulation to achieve
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for long panel lifetime. The most common encapsulation method for panels with the glass
substrate is to use another piece of glass to cover the functional films. The gap between
the two glass plates is filled with an epoxy (ethylene vinyl acetate, EVA, or polyvinyl
butyral, PVB) film, which not only insulates the functional films against reactants like
oxygen and moisture, but also mechanically strengthens the rigidness of the finished
panel. Quality of the module encapsulation is directly associated with the failures of
panels in the field. Judgment of the encapsulation properties includes low-interface
conductivity, adequate adhesion of encapsulants to glass as a function of in-service
exposure conditions, and low moisture permeation at all operation temperatures
(Jorgensen et al. 2006).

The panel then passes through a laminator where a combination of heated nip rollers
removes the air and seals the edges. The lamination film at the same time provides electrical
insulation against any electric shock hazard. At the exit of the laminator conveyer, the
modules are collected and stacked together on a rack for batch processing through the
autoclave where they are subjected to an anneal/pressure cycle to remove the residual air
and completely cure the epoxy. Finally, a junction box is attached to the cross bus wire and
sealed on top of the hole of the back glass and is filled with the pottant to achieve a complete
module integrity.

The fully processed module is then tested for output power, Isc, Voc, and other
characteristics under a solar simulator. Then it is labeled, glued to the supporting bars, and
packaged. At this point, the full panel assembly is finished.

4.3 Production process flow

Multiple chambers are used for deposition of different functional layers in the module
production process. Optimizing the arrangement of chambers and controlling of the process
flow are crucial to the production throughput and directly affect the panel production cost.
There are mainly three types of process flows: batch process, continuous process and hybrid
process. Characteristics of the three processes are compared in Table 2.

Batch process of film deposition is the most intuitive way of arranging deposition chambers.
In this configuration, functional layers are deposited consequently onto batches of
substrates. The typical batch processes are seen in Oerlikon’s thin film production lines. An
example is the Oerlikon KAI-20 1200 production system (Fig. 11a), which consists of two
PECVD process towers, two load-locks, one transfer chamber and an external robot for glass
loading from cassettes (Kroll et al. 2007). Each process tower is equipped with a stack of ten
plasma-box-reactors where ten substrates are deposited simultaneously. The layers are
processed in parallel at the same time in both stacks (2x10 reactors). The whole KAI-20 1200
PECVD production system shares one common gas delivery system including the mass flow
controllers and one common process pump system. Engineering work has been put to
ensure small box-to-box variations of deposition rates, layer thickness uniformities. The
batch process normally requires small footprint, and is suitable for slow deposition that
requires long process time (e.g., the absorbing i-layers). In fact the PECVD deposition of
different p-, i-, and n- layers can be combined within the same chamber as long as dopant
diffusion from the process chamber can be minimized. In most cases more than one
chambers are used for the entire film stack, thus when they are moved between separate
chambers the substrate manipulation and heating / cooling time has to be minimized to
increase the process throughput.
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Process flow Batch Process Continuous Process Hybrid Process
types
Schematics Fig. 12a Fig. 12b Fig. 12¢
Examples Oerlikon Solar customers ~ United Solar, ECD, Xunlight Applied Materials
customers
Production 20 MW /yr 30 MW /yr 40-55 MW /yr
volume
System footprint 6 m x 8.6 m (KAI 1200) 6m x 90 m Variable sizes
Substrate Glass, 1.1 m x 1.25m Stainless steel roll, Glass, 2.2 m x 2.6 m
36 cm x 2.6 km
Operational Same equipment canbe  Moderate operational Same equipment can be
flexibility used for multiple flexibility but often leads to  used for multiple
depositions inefficient capital use. depositions
Standardized Easily modified to Recipe of the entire lineis  Easily modified to
equipment produce different solar fixed. Equipments are produce different solar

Rate of deposition
affects
throughput

Processing
efficiency

Product demand

Equipment
fouling

cell structures

Favors slow depositions
that require long
residence time.

Requires strict scheduling
and control. Minimal
energy integration.

Changing demand for
products can be easily
accommodated. Possible
of making multiple solar
panels with different
structures.

Tolerable to significant
equipment fouling
because cleaning / fixing
of equipment is a
standard operating
procedure. Throughput
can be affected when
individual plasma-box
fails in the process tower.

optimized for minimal
operating conditions

Slow depositions require

large equipments and slow

process flow.

Reduces fugitive energy

losses by avoiding multiple

heating and cooling cycles

Difficult to make changes as
the process recipes are fixed

for the entire line.

Significant fouling in
continuous operations is a
serious problem and
difficult to handle.
Sometimes significant
fouling requires shutting
down of the entire
production line.

cell structures.

Slow process is shared
by parallel chambers for
high throughput.

Scheduling and
synchronization of
chambers are optimized
by artificial intelligence.

Changing demand for
products can be easily
accommodated.
Possible of making
multiple solar panels
with different structures
at the same time.

Fouling chamber can be
by-passed or replaced
with similar chambers,
thus minimizing the
adverse effect to the
throughput.

Table 2. Comparison of three thin film solar module process flow types

Continuous deposition of the multilayer structure is realized in a roll-to-roll manner, which
ensures stable chamber conditions for consistent film growth for large volume production.
United Solar, Energy Conversion Devices (ECD), and Xunlight took this type of growth
configuration. For example, the ECD 30 MW a-Si process line consists of nine series-
connected chambers with gas gates that isolate dopant gases between chambers (Fig. 11b)



354 Solar Cells — Thin-Film Technologies

(Izu and Ellison 2003). The film deposition substrates are 2.6 km long, 36 cm wide, 127 pm
thick stainless-steel rolls fed into the deposition system at constant speed. For quality
assurance, online diagnostic systems are installed allowing for continuous monitoring of the
layer thickness and characterization of the PV properties of the manufactured solar cells. A
big advantage of the continuous process is that the substrate does not see the atmosphere
during the process, and needs to be heated and cooled only at the beginning and last
chamber, thus greatly saving the pumping time and energy cost. At the same time, all
chambers continuously run at the optimized, stable states, thus depositing films with
uniform and consistent properties. On the other hand, Since the deposition rate and
thickness of each layer varies a lot (e.g., typical p-layers are < 20 nm while the pc-i layer is
normally 1-2 um), the deposition time in each chamber are very different. Limited by a
constant substrate roll feeding speed, the chamber for growing i-layers are much longer
than the doped layer chamber. In fact, this 30 MW system is 90 m long.
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Fig. 11. Typical process systems used for Si thin film solar cell manufacturing. a) Batch
process. Schematic side and top view of an Oerlikon KAI-20 1200 PECVD process system for
a-Si deposition (Kroll et al. 2007). b) Linear Process. Schematic diagram of a United Solar
Ovonic Corporation roll-to-roll a-Si:H alloy triple-junction solar cell processor (Yang et al.
2005). c) Hybrid (batch plus linear) process. Schematics of a Applied Materials SunFab thin
film production line (Applied Materials 2010).
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The hybrid-process system is designed to combine the advantages of batch and continuous
processes. In this configuration, separated chambers are used like those in batch process, but
individual substrates are fed into different chambers for optimal chamber utilization. Each
substrate sees a queue of different process chambers like that in continuous process.
Applied Materials configured its SunFab in the hybrid mode, where a group of several
process chambers construct a functional cluster unit sharing a heating chamber and a center
transfer robot (Fig. 11c). Each cluster is focused on a group of related functional layers (e.g.,
layers comprising a subcell in a multi-junction structure), and deposition of the multi-
junction stack is realized by going through clusters. In this configuration, each chamber can
have flexible deposition time, and the flow of substrates and synchronization of chambers
are controlled by artificial intelligence algorithm for optimal system throughput (Applied
Materials 2010; Bourzac 2010). This process flow combines the advantages of small footprint,
easy maintenance and high production throughput, and provides flexible system
configuration for versatile panel fabrication.

There are a number of considerations to weigh when deciding among batch, continuous or
hybrid processes, and some of the major reasons are listed in Table 2. Generally, small
production volumes favor the batch process type while continuous process is more suitable
for high volume production. Capital investment cost of a batch or hybrid process system is
also usually lower than the continuous process because the same equipment can be used for
multiple unit operations and can be reconfigured easily for a wide variety of panel
structures, though the operating labor costs and utility costs tend to be high for the former
two systems (Turton et al. 2008). The continuous configuration is also more favored for
‘substrate” type solar cells on metal foil substrates in a roll-to-roll deposition (Izu and Ellison
2003). Though the comparisons in Table 2 generally holds true, it is also possible that the
configuration works for one solar plant may not be the best choice of another, as each plant
differs at production scale, materials supply, geological confinement and many other
practical characters.

5. Conclusion

In this chapter, the cost structures of a-Si/pc-Si solar modules has been described with
analysis of the multilayer cell structure and module production. The monolithically
integrated structure is described with explanations of layer functions. The industrial
fabrication of large-area modules are introduced, including FEOL and BEOL process steps.
Module costs around half of the total thin film PV system. We analyzed the factors affecting
the module efficiency and cost in terms of energy consumption, equipment investment,
spending on direct material, labor and freight cost. To probe strategies of efficiency
improvement, we started from the introduction of the Si p-i-n junction structure and the
front/back contacts, and discussed the light absorption and its enhancement with light
trapping. The photocurrent generation is achieved by effective capture of the incident solar
photons, and conversion into free electrons and holes by the build-in field of the p-i-n
junction. Resistance loss during photocurrent collections is minimized by the conductive
front and back contact layers. At the meantime, enhancing the light absorption within thin
layers is achieved using band gap engineering of the absorbing layer and optical trapping of
the front/back contact layers.

Fabrication of large-area tin film solar panels are the key to increasing the production
volume and reducing the $/Wp of modules. State-of-the-art fabrication includes FEOL and
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BEOL process steps. In the FEOL processes, glass substrates are subsequently coated with
functional layers, i.e., the a-Si/pc-Si layers by PECVD, TCO and reflector layers are grown
by PVD or CVD. The monolithically integrated module structure is achieved by laser
scribing of individual layers. In the BEOL processes, the panels are cut and encapsulated.
Electrical wiring are also finished in the BEOL steps. The batch, linear, and hybrid process
flow schemes are compared with actual factory examples.

Thin film a-Si/pc-Si solar panels have been holding the largest market share among all
produced thin film panels. The power conversion efficiency of these panels is likely to
increase to above 12% in the near future, but not exceed that achieved in crystalline cells.
Advantages such as large-area, low-cost fabrication, and demonstrated field performance,
nevertheless, render a-Si/ pc-Si thin film technology attractive for large-area deployment like
in solar power plants. In particular with the uncertain elemental supply becomes an issue
for CdTe and CIS cells that might impair the sustainability of those PV products (Fthenakis
2009), thin film a-Si/ pc-Si is likely to have long-term potential for providing energy supply
in an even larger scale. Improvements on efficiency and stability would continue to drive
the research in this area, while panel manufacturing will continue to be optimized for
achieving lower production cost and optimal $/ Wp.
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1. Introduction

The microcrystalline silicon material is reported to be a quite complex material consisting of
an amorphous matrix with embedded crystallites plus grain boundaries. Although this
material has a complex microstructure, its optical properties have a marked crystalline
characteristic: an optical gap at 1.12 eV like c-Si. This implies the spectral absorption of pc-
Si:H covers a much larger range than a-Si:H which posses an optical gap between 1.6 and
1.75eVi. Compared to a-Si:H that absorbs light up to 800 nm, pc-Si:H absorbs light coming
from a wider spectral range, extending up to 1100 nm . On the other hand, within its range
of absorption, the absorption of a-Si:H is higher than that of pc-Si:H -due to the indirect gap
of the latter. Therefore, the optical combination of these two materials takes advantage of a
larger part of the solar spectrum (compared to a single-junction cell) and the conversion
efficiency of the incident light into electricity can be consequently improved. Furthermore,
the pc-Si:H solar cell is reported to be largely stable against light induced degradation and
enhanced carrier mobility in contrast to amorphous silicon films counterpart. Consequently
hydrogenated microcrystalline silicon is one of the promising materials for application to
thin-film silicon solar cells.

2. Growth techniques of hydrogenated microcrystalline silicon

The growth of pc-Si:H material uses silane (SiH,) and hydrogen as source-gas. It is currently
admitted that free radical precursors (SiH,)-SiHs is suspected to favor the pc-Si:H growth-
and H-enhances crystalline growth by etching of looser a-Si:H tissue-were needed to attain
microcrystalline growth. In order to obtain such reactive species, decomposition of the
source-gases is necessary. At first, this was obtained by using PE-CVD at high temperatures
(600°C). The use of low deposition temperatures of 200-300°C with a plasma present in the
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deposition chamber, the so called Plasma-Enhanced Chemical Vapor Deposition technique
(PE-CVD) was developed later on and allowed the low-temperature deposition of pc-Si:H
films, and rapid progresses have been achieved. Unfortunately, “state-of-the-art”
microcrystalline silicon solar cells consist of intrinsic pc-Si:H layers that are deposited by rf
and VHF PE-CVD at deposition rates of only 1-5 A/s. On the other hand, a pc-Si:H film
with a 2-um- thickness intrinsic absorption layer is required for application to Si thin-film
solar cells because of the low optical absorption in the visible region. The pc-Si:H i-layer
deposition step is the most time consuming step in the deposition sequence of the solar cell.
Therefore, a novel fast deposition technique of pc-Si:H is required.

3. Novel fast deposition techniques of microcrystalline silicon

Now-a- days, for the high throughput of high-efficiency pc-5Si solar cells in PV industry, one
of the most crucial requirements is fast deposition of pc-Si without deteriorating the optical,
structural and electronic properties of the film. To overcome the difficulty, several high-
density plasma sources have been developed, such as very high frequency (VHF) plasma,
inductive coupling plasma (ICP) and surface wave plasma (SWP). As it has been reported,
the excitation frequency of a plasma source has an important effect on the electron
acceleration in the plasma, and a high excitation frequency is expected to result in a high
electron density and a low electron temperature. Therefore two new microwave plasma
sources have been developed i.e. Low-pressure high-density microwave plasma source
utilizing the spoke antenna and the remote-type high-pressure microwave plasma using a
quartz tube having an inner diameter of 10 mm and applied those for the fast deposition of
pc-Si films for Si thin-film solar cells. The remote-type high-pressure microwave plasma will
be discussed in elsewhere.

3.1 Low-pressure high-density microwave plasma source utilizing the spoke antenna

The microwave plasma source is shown schematically in Fig. 1, which is composed of the
combination of a conventional microwave discharge and a spoke antenna. Its chamber size
is 22 cm in diameter, which enables large-scale film processing. The spoke antenna is located
on a 15 mm-thick quartz plate, which is not inside of the vacuum chamber. The antenna
system is shown in Fig. 2 more in detail. The length of each spoke is 4 cm, which is about
1/4 of the wavelength of a 2.45 GHz wave. The design of the spoke antenna assembly

81? antenna

Spoke antenna

Power Supply

Quartz Plate

22 cm

Chamber

Fig. 1. A schematic illustration of the microwave plasma source
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is based on an inter-digital filter composed of parallel cylindrical rods (spokes) arranged
between parallel-grounded plates. The spokes are resonantly coupled by the stray
capacitance between adjacent spokes and the inductance of the spokes themselves. The
resonance condition of an introduced angular frequency is given by w=2mf=1/(CxL)1/2,
where f is the introduced frequency, C is the array capacitance, and L is the antenna
inductance. Thus, the antenna operates as a band-pass filter. The spokes are arranged like
those in a wheel, and the plasma serves as one of the grounded plates. The electromagnetic
wave propagates through the spokes consecutively with a phase difference of 90°, and
microwave current flows in every spoke. The current in the spokes couples inductively
and capacitively to the plasma (“CM coupling”), and the induction current in the plasma
accelerates the electrons to sustain the plasma, as shown in Fig. 2 & 3. The power is
supplied from the center of the antenna, and the plasma under the spoke antenna is
radially discharged because induction current flows near every spoke. As a result,
uniform microwave plasma over an area of diameter greater than 20 cm can be generated
efficiently. As well, since no magnetic field is required to generate the high-density
microwave plasma, it is possible to design a simple source yielding high-density and low-
temperature plasma.

Power supply

(a) Microwave current (b) Electric field

Fig. 2. The newly developed spoke antenna for introduction of microwave power (a)
Microwave current, (b) Electric field.

From a material processing standpoint, large-area microwave plasmas (MWPs) have several
advantages in comparison with other types of high-density sources. First, MWPs, being no
magnetized sources, are free from such magnetic field induced problems as inhomogeneous
density profile and charge-up damage, which is often, experienced in electron cyclotron
resonance (ECR) or helicon plasma sources. Second, MWPs can be enlarged to diameters
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Fig. 3. The coupling of the spoke antenna with microwave plasma [x]
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~20 Torr
(b)

Fig. 4. Images of Ar plasma at a) 80 mTorr and b) 20 Torr. The plasma maintains uniform

state under a wide pressure regime.

longer than 1 m more easily than inductively coupled plasmas (ICPs). Thus, the application
of MWPs to giant electronic devices such as solar cells is promising. Third, MWPs have
lower bulk-electron temperature. Fourth, MWPs can be operated stably from atomic
pressure down to below 10 mTorr. Fig. 4. demonstrates that Ar plasma maintains a uniform
state over 22 cm in diameter up to 20 Torr. The schematic diagram of the low-pressure high-
density microwave plasma utilizing the spoke antenna is shown in Fig. 5.
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Fig. 5. The schematic diagram of the low-pressure high-density microwave plasma utilizing
the spoke antenna
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A uniform, high-density (electron density, n.: >1011 ¢m3) and low-temperature (electron
temperature, Te:1~2 eV) plasma can be generated by the microwave plasma source utilizing
a spoke antenna without using complex components such as magnetic coil as shown in
Figures 6 & 7 . The T. is almost independent of working pressure up to ~150 mTorr as
shown Figure 8, which is suitable for the large area thin film processing.
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Fig. 7. Electron density and electron temperature plotted against working pressure.

(a)

"Fﬂ
g10” -3 =
(5] ] I~
~ A 1 &
= Z=6¢m 15 s
g | — L I
Z Geo0000b, 12 8
S| e | E
: : o 1 =
S feo®, 158
S ®e ) 1
- [ ) o0 0 -
|3} 1 =
*] —H1 =
= |2
10""“““H“w‘m‘w:o.s”H
0 2 4 6 8 10 12
r (cm)

(b)

<18 101 3

E . 7\ T T T ‘ T T \‘\ T T \7 '%
) - 1| &
-’ 11

e;1.610 SR Y —Z_>733
zra'fe ! ¥ | S
g i .J. 4252

11 \ \

21.210"[ &7 ) 1 B
= i Y =
g 110" \’ 18
E o L |8
H - .

< 10 |- \ 1.
é, 810"| °, ;\' %

610107”HHH\HHHH\\HHHHF l'ﬁ
0 5 10 15
Z (cm)

Fig. 8. The radial and axial distributions of ne and T. in microwave Ar plasma under
microwave power of 700 W at 80 mTorr with Ar flow rate of 20 sccm.



Novel Deposition Technique for Fast Growth
of Hydrogenated Microcrystalline Silicon Thin-Film for Thin-Film Silicon Solar Cells 365

3.2 Fast deposition of highly crystallized pc-Si:H films with low defect density from
SiH4 using low-pressure high-density microwave plasma

In this study, a new source gas supply method was introduced, i.e., the SiH; was introduced
using a shower head placed 2 cm above the substrate holder under a steady flow of the H,
plasma supplied by the ring. The results from these gas supply method were compared with
the results from the another gas supply method, i.e. a SiHs-H, mixture was fed into the
chamber using a ring just beneath the quartz plate. Figure 9 shows the schematic of the two
different gas supply methods. The film deposition parameters were included the SiHj
concentration R=Fr(SiHy)/[Fr(SiH4)+Fr(H,)] (Fr is the flow rate). The SiH4 concentration was
varied in a range from 5% to 67% by increasing Fr(SiHy) from 3 to 30 sccm with a constant
H, flow rate of 15 sccm. The film depositions were performed at the distance (Z) between
the quartz plate and the substrate holder of 6 cm and the working pressure of 80 mTorr. The
microwave power was fixed at 700W.

| n.&T.

. E
S102 Py

4 cm
SiH4+H;
SiH, H,
l \ /
Nt ¥ |
SiH.+H,
SiH4 H.

Z (cm)

Fig. 9. Schematic of the two different gas supply methods used in this study. The distance
(Z) between the quartz plate and substrate holder was 6 cm.

Fig. 10 shows the deposition rate dependence of ESR spin density, Ns for the corresponding
pe-Si films fabricated using two different SiHy gas supply methods at Ts of 150 and 250°C.
Here, the film deposition rate was controlled by varying Fr(SiHs) from 3 to 30 sccm under
constant Fr(Hz) of 15 sccm and working pressure of 80 mTorr. For all samples, the film
thickness was ~ 1.5 pm and the ESR measurements were performed directly on these films.
It is to be noted that Ns was decreased by about one order of magnitude when the shower
head was used for both Ts conditions despite the other deposition conditions being the
same. However, Ny was almost independent of Fr(SiHs) on the order of (3-4)x1016 cm3,
which was still one order of magnitude larger than that of high quality pc-Si films reported
elsewhere.
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Fig. 10. ESR spin density, N; for corresponding pc-Si films fabricated using different gas
supply method as well as that for samples prepared at Ts=150°C are plotted as a function of
film deposition rate Rg.
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A very fast deposition rate of 65A/ s has been realized for uc-Si:H films with a Raman
crystallinity ratio of Ic/Ia of about 3.5 under very low H> dilution (i.e. with high SiH4
concentration of 67%) as shown in Fig. 12 and low defect density of (1-2) x10% cm=3 using
high-density and low-temperature microwave plasma. The imaginary part of the dielectric
function <e»> spectra of pc-Si:H films fabricated from SiHy using high-density and low-
temperature microwave plasma is shown in Fig. 13 along with that using rf PE-CVD
methods. Using the optical model the best fitted volume fraction of c-Si and void i.e. fc-Si
and fvoid in the bulk layer and void in surface layer, fioiq, with SiHy concentration R for the
corresponding pc-Si films is shown in Fig. 14.
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Fig. 12. Film deposition rate and Raman crystallinity, I./I, as a function of SiHy
concentration R: Fr(SiHy)/Fr(SiHa)+Fr(Hy).
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Fig. 13. Imaginary part of the pseudo dielectric function<e;> spectra for the pc-Si films
fabricated from SiH, using MW Plasma along with that using rf PECVD methods and five
layers optical model.
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Fig. 14. Changes in f.s; and fiiqin the bulk layer and surface layer, with SiHy concentration
R for the corresponding jic-Si films shown in Fig. 11.

Transmittance (%T)

2300 Wave number (cm™) 1800

Fig. 15. The FTIR spectra for the corresponding pc-Si:H films fabricated from SiH, using
MW plasma.

Highly crystallized pc-Si:H film was synthesized despite low H» dilution ratio rather than
the conventional rf and VHF plasmas, because of high generation efficiency of atomic
hydrogen. FTIR spectra and microstructure of pc-Si:H film and of SiH, absorption region
are shown in Fig. 11 & 15 for the corresponding pc-Si film. Generally, two IR absorption
peaks are observed at 2000 and 2100 cm-1, which are attributed to the bulk SiH in a-5i and
SiH; in pc-Si phase, respectively, in the film fabricated by the rf plasma CVD. However, no
SiH absorption peak at 2000 cm? is observed in the film fabricated by high-density
microwave plasma. These imply that the film crystallization is promoted extremely in the
high-density plasma with negligibly small fraction of amorphous Si phase. In addition, the
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IR absorption peak at 2090 cm?! corresponding to the surface SiH mode in the pc-Si phase
appeared as a shoulder in the high-density film. These results suggest that the c-Si phase is
isolated in a-Si network as shown in Fig. 11 & 16, which is not preferable for the Si thin-film
solar cells. Therefore, the suppression of the excess film crystallization is required by the
selection of deposition precursor.

SiH (uc-Si phase)

Fig. 16. pc-Si:H films fabricated from SiHy using MW plasma

Highly crystallized pc-Si:H films with a preferred (220) crystal orientation at a high
deposition rate of 65 A/s were fabricated from SiH, with a negligibly small volume
fraction of amorphous Si but pc-Si network included high volume fraction of voids as
shown in Fig. 15. which was hardly compatible with a device quality material. To
overcome this problems, the fast deposition of highly photoconductive hydrogenated
chlorinated microcrystalline Si (pc-Si:H:Cl) films with amorphous Si phase and with less
volume fraction of void have been fabricated from SiH,Cl, with higher threshold energy
for the dissociation instead of SiHa.

3.3 Fast deposition of highly crystallized pc-Si:H:Cl films with low defect density from
SiH2Cl; using low-pressure high-density microwave plasma

3.3.1 Fine structure of Si network of microcrystalline silicon thin-film fabricated from
SinClz and SiH4

The typical FTIR spectra of 1-pm-thick pc-Si:H:Cl films fabricated from a SiH>Cl>-H»
mixture, compared with those of pc-Si:H films from SiHy as shown in Fig. 17. Here, the peak
assignments of SiH (bulk and surface stretching) and SiH» bulk stretching are also shown in
Table 1.
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Si-H (bulk stretching) 2000 cm-!
Si-H (surface stretching) 2080 cm-!
SiH; (bulk stretching) 2100 cm-!

Table 1. Assignment of SiH, SiH, vibration modes

Transmittance (%)
‘H\‘H\ HH‘HH‘HH

2200 2100 2000 . 1900
ngzClz/ Hz

Wave number (cm'l)

Fig. 17. FTIR spectra of pnc-Si:H:Cl films at different Tss. The typical FTIR Spectrum for the
SiHy stretching absorption region in the pc- Si:H film from SiHy is also shown as a reference.

However, marked differences were observed in the fine structure between pc-Si:H:Cl and
pe-Si:H. In the pe-Si:H films from SiHy, the absorption peaks at 2080 cm? and 2100 cm-!
attributable to surface and bulk SiHy stretching absorption modes, respectively, in the
nanocrystalline Si phase were dominant with a negligibly small peak of SiH absorption in
the bulk a-Si phase at 2000 cm-1. Thus, the film is highly crystallized with a negligibly small
fraction of the amorphous Si phase. In addition, the IR absorption peak at 2080cm-
corresponding to the surface SiH mode in the pc-Si phase appeared as a shoulder in the pc-
Si:H film. These results suggest that the c-Si phase is isolated in a-Si network, which is not
preferable for the Si thin-film solar cells. Moreover, because of excess dissociation of SiHy,
the pc-Si:H network showed a porous structure, which resulted in a poor carrier transport
property of photo-generated carriers.

On the other hand, both SiH and SiH, absorption peaks were observed at 2000 and 2100 cm-,
respectively, in the pc-Si:H:Cl films, were similar as to the pc-Si:H films fabricated using
conventional rf and VHF PE-CVDs of SiHy. No SiH at the surface of pc-Si phase was
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observed. Moreover, the inclusion Cl in the microcrystalline Si network produces a new
absorption band, which is assigned to Si-Cl bonds centered at 530cm-! as described in ref.
These suggest that film structure is a continuous Si network including a mixture of
amorphous and crystalline Si phase, although the crystalline size is smaller. The film
deposition rate reached 20 A/s for the film synthesized from 5sccm SiH,Cl,, which was
almost same as that for the film synthesized from SiH,. Therefore, the fine structure of the
pe-Si network from SiHy and SiHoCl is different from each other.

The spectroscopy ellipsometry (SE) characterization was performed for the pc-Si:H:Cl films
fabricated from a SiH>Cl>-H> mixture at different Tss. Figure 17 shows the imaginary part of
pseudo-dielectric function <e> spectra of pc-Si:H:Cl films fabricated from a SiH>Cl-H,
mixture at different Tss with that of pc-Si:H from SiH, with a thickness of 1 pm.

Nye———-—-—————— D ———— .
SiH,Cl, Ts: 400 C
25
T.: 250°C
A 20
N o
& s T,: 200°C
10 .
Ts: 100 C

02.5‘ 3 ‘3‘.5‘ T4 45
Photon Energy (eV)

Fig. 18. Imaginary part of pseudodielectric function <e;> spectra of pc-Si:H:Cl films
fabricated from a SiH,Cl,-H; mixture at different T,s with that of pc-Si:H from SiH, with a
thickness of 1 pm.

In both pe-Si:H:Cl and pe-Si:H films, the fine structures were observed clearly at 3.4 and 4.2
eV, which are attributed to the E; and E; optical band transitions, respectively, in the
crystalline Si (c-Si) band structure. However, the magnitude of <e;> was much smaller in the
pe-Si:H films from SiHy than in the pc-Si:H:Cl films from SiH>Cl,. Here, the magnitude of
<gy> presents qualitatively the degrees of homogeneity and the surface roughness of pc-Si
films.

The <e> spectra were analyzed to understand the micro-structural properties of jic-
Si:H:Cl films as described in section 3.2 above. The reflective index n at 2.2 eV determined
by SE analysis also increased with Ts as determined using the reference poly-Si given by
Jellison as shown in Fig. 19. It was higher for the pc-Si:H:Cl films in all T, regions than
that for pc-Si:H films. Thus, the rigidity of the Si-network is greater in the pc-Si:H:Cl films
from SiH>Cl, than in pc-Si:H films from SiHy using the high-density microwave plasma
source.
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Fig. 19. The refractive index at 2.2eV in the bulk layer for pc-Si:H:Cl films plotted as a
function of T,

fesi, fa-siand fyoiq in the pe-Si:H:Cl films, corresponding to the bulk component, are shown in
Fig.20 as a function of T together with those in the films synthesized from SiH, . Notably,
fooia in the pc-Si:H:Cl films is less than 5% despite that being 10-15% in pc-Si:H.

The differences in the fine structure of the pc-Si network between pc-Si:H:Cl films and pc-
Si:H films is shown in Fig.21. The degree of the excess dissociation of SiH>Cl, is considered
to be suppressed rather than that of SiH,, because the threshold energy of SiH>Cl is higher
than that of SiHy, although the high energy part of electron energy distribution (EED) also
depends on the feed gas. Film crystallization was promoted efficiently in the high-density
and low-temperature microwave plasma of SiHy. However, the resulting Si film structure
was still porous with much fuis, although f..si was over 80%. These findings originated from
the excessive dissociation of both SiH, and H; in the plasma, which promoted the generation
rate of not only of SiH3 but also short life-time radicals, i.e., SiH and Si. On the other hand,
fa-si was still more in the pc-Si:H:Cl films than in the pc-Si:H films with less fyoid.

3.4 Defect density of microcrystalline silicon thin-film fabricated from SiH.Cl, and

SiH,4

In the case of MW SiHj plasma, film deposition rate 65 A/s was achieved while maintaining
the low defect density but that pc-Si:H film was not available for solar cell application
because of film structure was porous as described above. Similar study was performed
using SiH>Cly to realize the fast deposition of pc-Si:H:Cl films with no creating additional
defects, higher flux of SiHxCl, generated by the primary reaction in the gas phase was
supplied to the depleted growing surface by increasing flow rate of SiH>Cl, at a constant
pressure of 120 mTorr and T of 250°C. Here, the deposition precursor SiH,Cly generated by
the primary reaction in the plasma is expected to be supplied at the growing surface
efficiently by increasing a flux of SiH,Cl at a constant pressure. Thus, the fast deposition of
highly crystallized pc-Si:H:Cl film with lower defect density is expected because the efficient
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(A) pc-SisH Thin-film (B) pc-Si:H:Cl Thin-film

Fig. 21. Schematic of pc-Si:H and pc-Si:H:Cl network

termination of dangling bond by efficient supply of SiH,Cly is accelerated with the abstraction
of H and Cl as HCI at the depleted growing surface. The deposition study was performed at
two different Tss of 250 and 400°C. Figure 22 demonstrates Ngs and deposition rates of pic-
Si:H:Cl films fabricated at different Fr(SiH>Cl) at Tss of 250 and 400°C, respectively. The high
deposition rate of 40 A/s has been achieved with increasing Fr(SiH>Clo) up to 20 sccm at Tss of
400°C and 250°C respectively. The Ns was almost independent of Fr(SiH>Cly) at Ts of 250°C,
whereas the Ns was markedly decreased at Ts of 400°C. These are considered because of the
efficient abstraction of H and Cl at the growing surface. The film crystallization was enhanced
up to flow rate of 20 scem of SiH,Cl at Ts of 400°C. The Ngs were decreased systematically with
increasing SiH>Cl, at both Tss to 4x10%5cm at 15 scem of SiH>Cl,.
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Fig. 22. ESR spin density and deposition rates of the pc-Si:H:Cl films fabricated at different
flow rates of SiH>Cl, at Ts of 250 and 400°C.
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By supplying the sufficient flux of SiHCly at a high Ts of 400°C, the termination of dangling
bond is accelerated with enhancing the abstraction of H and CI. These findings are effective
to form a rigid Si network with less void fractions. In fact, the defect density N was almost
constant of 4-5x10% cm?3 at Ts up to 250°C, whereas it decreased markedly to 3-4x10%5 cm
with Fr(SiH,Cl,) at T; of 400°C. Therefore, highly crystallized pc-Si:H:Cl film with low defect
density was formed from a SiH>Cl>-Hy mixture.

3.5 XRD and Raman spectra of microcrystalline silicon thin-film fabricated from
SinClz and SiH4

The XRD diffraction patterns and the Raman spectrum of the pc-Si:H:Cl film fabricated at T
of 250°C and 400°C with increasing SiH,Cl, flow rates are shown in Fig 23 and Fig. 24. The
XRD and Raman study of pc-Si:H:Cl films fabricated at Ts of 400°C revealed that high film
crystallinities with diffraction intensities ratio of Ia0)/Ia11) of 1.5-8.75 and with Raman
crystallinity of I./1,:5-6 were obtained.

As a consequence, highly crystallized pc-Si:H:Cl film with low defect densities of 3-4x1015
cm was fabricated at fast deposition rate of 27A/s. These findings suggest that the efficient
abstraction of H- and CI- terminated growing surface.
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Fig. 23. XRD and Raman spectra of the pc-Si:H:Cl films fabricated at different flow rate of
SiH,Cl, at T of 250°C.

3.6 Photoelectrical properties of a-Si:H:Cl and pc-Si:H:Cl films

Fig. 25 shows the relation between the dark and photo conductivities for the pc-Si:H:Cl
films fabricated by increasing the SiH>Cl, flow rate at the substrate temperatures of 250°C
and 400°C. The photosensitivity reached at 5-6 orders of magnitude at room temperature.
The level of photoconductivity was 10> S/cm under 100 mW /cm? white light exposure. The
dark and photo-conductivities were the order of 1012 and 105 S/cm, respectively, which
shows highly photosensitive films. Fig.26 shows the activation energies for the pc-Si:H:Cl
films fabricated by increasing the SiH>Cl, flow rate at the substrate temperatures of 250°C
and 400°C The activation energies of electrical conductivity were 0.40-0.80 eV, suggesting
that both a-Si:H:Cl and pc-Si:H:Cl films were intrinsic semiconductor films.
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Fig. 24. XRD and Raman spectra of the pc-Si:H:Cl films fabricated at different flow rate of
SiH,Cl, at T of 250 and 400°C.
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Fig. 25. Dark and photo conductivities for the pc-Si:H:Cl films as a function of SiH>Cl»
flow rate at the substrate temperatures of 250°Cand 400°C

4. Preliminary results of p-i-n structure pc-Si:H:ClI thin-film solar cells

The preliminary result of Si thin-film solar cells using pc-Si:H:Cl thin-film fabricated by the
high-density microwave plasma (MWP) of a SiH2Cl>-H> mixture are shown here. High-rate
grown pc-Si:H:Cl thin-films were applied to p-i-n structure Si thin-film solar cells as
intrinsic absorption layer. The solar cell was fabricated using a single chamber system. The
structure of the solar cell TCO/ZnO:Al/p-i-n/ZnO:Al/ Ag is as shown in Fig. 27. After the
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Fig. 26. Activation Energies, /E for the pc-Si:H:Cl films as a function of SiH.Cl, flow rate at
the substrate temperatures of 250°C and 400°C.

deposition of ZnO:Al and p-type Si layers on SnO; coated glass, respectively by rf magnetron
sputtering and plasma CVD methods, pic-Si:H:Cl film with a 2-um-thickness is fabricated using
a high-density microwave plasma as a photovoltaic layer and n-type Si layer was fabricated
using conventional rf plasma CVD method. When the samples were being transported
between the rf chamber and MWP chamber, they were exposed to air. Subsequently, ZnO:Al
and Ag layers were deposited as a top electrode using a shadow mask with a 55 mm? holes.
Table 3 shows the typical deposition conditions for p, i and n layers, respectively. Table 4
shows the typical deposition conditions for ZnO:Al, Ag layers fabricated by rf magnetron
sputtering. The photocurrent-voltage, I-V characteristics under AM 1.5, 100mW /cm? exposure
condition are measured and the performance of solar cell is characterized with open circuit
voltage, Vo, short circuit current, I, fill factor, FF and conversion efficiency, . The collection
efficiency was also measured from 300 to 1200 nm under bias light conditions.

Ag (25mm?)

Zn0O:Al
&

n-type Si:H:Cl
i-type Si:H:C
p-type Si:H:Cl —»

ZnO:Al
SnO,( revae )

glass P AA

Fig. 27. The structure of the p-i-n solar cell



378 Solar Cells — Thin-Film Technologies

3 T T L L T T
J :2.15(mA/ecm?)
sc
25 V. 10.54(V) .
FF:0.4451
2

Eff:0.5236 (%) T

1.5}

Current density (mA/cmz)
(=4
n

0 1 1 1 1 1 1
0 01 02 03 04 05 0.6 0.7
Voltage (V)

0.8 prrrrTrrrrrrrr
0.75- (b) .
0.6 |
0.55
0.4
0.35

0.2 F

Quantum Efficiency (%)

0.1 F|

0¢ 8- J
300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 28. (a) Photocurrent-voltage characteristics under AM 1.5 exposure condition and (b)
QE spectra under -1V biased conditions of Si thin-film solar cells using a 1um-thick pc-
Si:H:Cl layer by high-density microwave plasma source.
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p(RF) i(MW) n(RF)

Substrate Distance (mm) 20 60 20

Substrate Temperature (&C) 250 250 250

Power (W) 5 700 5

Pressure (mTorr) 200 120 200

Ho (scem) 61 15 55

SiH,Cl, (sccm) 3 3 3

PH; (sccm) 15

ByHe (sccm) 9

Table 3. Typical deposition conditions for p, i and n layers

ZnO:Al(front side) Zn0O:Al(back side) Ag
Substrate Position (cm) 6 6 6
Substrate Temperature (°C) 350 250 250
RF Power (W) 100 100 50
Pressure (P?) 2.5 25 2.5
thickness (A) 2500 2500 1500

Table 4. Typical deposition condition for ZnO:Al and Ag layers

Fig.28 illustrates photocurrent -voltage characteristics for Si:H:Cl thin-film solar cells under
100 mW/cm? white light exposure. Fig. 28a shows the I-V characteristics for the cell using
pe-Si:H:Cl films fabricated at 20 A/s by the high-density microwave plasma CVD of
SiH»Cl,. The 5-6% efficiencies have been achieved for the cells fabricated by the
conventional rf plasma-CVD method. However, the performance is still poor and the open
circuit voltage, (Voc):0.54 V, short circuit density, (Jsc):2.15 mA/cm?, Fill Factor, FF:0.5236
and the conversion efficiency was 0.5236% in the cell made by the high-density microwave
plasma from SiH>Cl, but solar cell performance is confirmed by the high-density
microwave plasma from SiHCl, for the first time The diffusion of Boron and Chlorine
happens easily in i-layer by the high-density microwave plasma. Moreover, the etching
reaction of p layer has occurred because of the hydrogen plasma. It is required to evaluate
not only a single film but it is also necessary to evaluate the each interface i.e. AZO/p, p/i
and i/n in order to improve the solar cell performance. More over precise control of p/i,
i/n, AZO/p interface formation is needed for obtaining the further high performance.

5. Conclusion

The highly photoconductive and crystallized pc-Si:H:Cl films with less volume fraction of void
and defect density were synthesized using the high-density and low-temperature microwave
plasma source of a SiH,Cl,-H, mixture rather than those from SiH, while maintaining a high
deposition rate of 27 A/s. The pc-Si:H:Cl film possesses a pc-Si and a-Si mixture structure with
less volume fraction of voids. The role of chlorine in the growth of pc-Si:H:Cl films is the
suppression of the excess film crystallization at the growing surface. H termination of growing
surface is more effective to suppress the defect density rather than that of Cl termination. The
fast deposition of the pc-Si:H:Cl film with low defect density of 3-4 x1015cm?3 is achieved with
reducing Cl concentration during the film growth. Both a-Si:H:Cl and pc-Si:H:Cl films show
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high photoconductivity of 105 S/cm under 100 mW /cm-2exposure, are the possible materials
for Si thin-film solar cells. The performance of p-i-n solar cell from pc-Si:H:Cl films using the
high-density microwave plasma source was confirmed for the first time.
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1. Introduction

Solar cells (SC) are the most effective devices that allow direct one-stage conversion solar
energy into electricity from the view of energy. The last yers tendency in traditional
energetic forced to direct a significant part of research on the establishment of modern
technology for production available and effective thin film SC that would not require the
use of high temperature and pressure, a large number of rare and expensive materials. At
the same time, to find ways for increase the conversion efficiency of solar energy it is
necessary to understand the processes that occur in the elements. Therefore it is necessary to
establish a correspondence between characteristics of elements and main structural,
electronic and optical properties of initial semiconductor films. Therefore, the investigation
of CdS thin films deposition process with desire photoelectric properties and fabrication on
their base thin-film SC have great significance.

CdS is the main material for buffer layer in thin-film CdTe and Cu(In, Ga)Se; solar cells. It
has a high photosensitivity and absorption, favorable energy band gap (Eg) 2,4 eV and
photoconductivity (o) 102Om-lcm? and does not change the properties with SC surface
temperature increase during the work. One more peculiarity of this material is absence of
the hole conduction due the acceptor additives and point defects recombination. Effective
lifetime of the main carriers is very large (10...100 ms), that causes a initial photocurrent
increase up to 10> times (Hamakawa, 2002). An important advantage of CdS thin films
use in SC is possibility of their synthesis by different methods, including chemical
deposition from solution which has significant preference over others: 1) grown
nanocrystalites with a form close to spherical, while the electrochemical deposition - non-
spherical (Jager-Waldau, 2004); 2) CdS thin films deposited from solution have structural,
optical and electrical parameters thet do not inferior parameters of films received by other
methods, but used equipment is available, simple, does not require use of the high
temperatures and pressures compared, for example, with the vacuum evaporation or ion
(sputtering or pulverization, spraying) methods; 3) the method is not explosive and low-
toxic, compared with the vapor deposition methods; 4) enable control of the film growth
and dynamically change the fabrication conditions for polycrystalline or smooth solid
films.
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2. Deposition of CdS thin films and structures based on

2.1 Fabrication methods

The thin film semiconductor properties largely depend on fabrication technology. Therefore
development of actual methods, which would allow an influence on material parameters in
the synthesis process and to obtain coating with the set properties, is an important scientific
and technological problem. Recently the methods based on chemical processes dominate in
the technology of metal sulfides thin films semiconductor. The semiconductor films with a
thickness from several tenth of nanometers to hundreds of microns can be fabricated by a
large number of so-called thin-film and thick-film methods. For large area in ground
conditions aplication of thin-film solar cells crucial are not only their energy characteristics,
but also their economic indicators. This causes use of bough thin film and thick-film
technology methods for satisfying of such requirements as: fabrication simplicity, low cost,
ability to create homogeneous films with a large area, controlling the deposition process,
and ability to obtain the films with preferred structural, physical, chemical and
electrooptical properties.

The deposition methods for wide range of semiconductors in detail are considered in
literature (Aven & Prener, 1967, Chopra & Das, 1983, Green, 1998, Moller, 1993, Sze, 1981,
Vossen & Kern, 1978,). We will consider only those methods that are used for cadmium
sulfide films fabrication and are the best for solar cells producing. Thin film deposition
process consists of three stages: 1) obtaining of substance in the form of atoms, molecules or
ions; 2) transfer of these particles through an intermediate medium; 3) condensation of the
particles on substrate. The methods of thin films fabrication are classified in several ways.
Depending on the film grown phase are four methods of films deposition: 1) from the vapor
phase; 2) from the liquid phase; 3) from the hydrothermal solutions; 4) from the solid phase.
Depending on which way the vapour particle were obtained: using physical (thermal or ion
sputtering), chemical or electrochemical processes, it is possible to classify deposition
methods: physical vapor deposition; chemical vapor deposition; chemical deposition from
the solution; electrochemical deposition. On the basis of physical and chemical vapor
deposition were developed combined methods, such as: reactive evaporation, reactive ion
sputtering and plasma deposition. Among the nonvacuum deposition methods of cadmium
sulfide thin films for inexpensive solar cells with a large area perspective are: chemical
deposition from baths (CBD), electrochemical deposition, mesh-screen printing, pyrolysis
and pulverization followed by pyrolysis. Selection of the films deposition method first of all
are specified by structural, mechanical and physical parameters, which should have thin-
film sample.

Although, cadmium sulfide is the most widely studied thin film semiconductor material,
interest of researchers to it is stable, and the number of scientific publications increasing all
the time. Changing the deposition conditions drasticly alter electrical properties of CdS thin
films. CdS films, obtained by vacuum evaporation have specific resistance 1¢103 Omecm
and carrier concentration of 1016-1018 cm3. Films always have n-type conductivity, that
explains their structure deviation from stoichiometry, by sulfur vacancies and cadmium
excess. Electrical properties of the films are largely depended from the concentration ratio of
Cd and S atoms in the evaporation process and the presence of doping impurities. Electrical
properties of CdS films, fabricated by pulverization followed by pyrolysis, are determined
mainly by the peculiarities the chemisorption process of oxygen on grain boundaries, which
accompanied by concentration decreaseing and charge carriers mobility. Due to presence of
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the sulfur vacancies such films always have n-type conductivity, and their resistance can
vary widely, differing by the amount of eighth order. Epitaxial CdS films are characteristic
due to carrier high mobility. With the increase of substrate temperature concentration of
carriers grows by an exponential law. This increase the electron mobility. Optical properties
of CdS films are strongly dependent on their microstructure and thus on the method and
conditions of deposition. For example, evaporation of CdS results in smooth mirror
reflective films, but increasing their thickness leads to a predominance of diffuse reflection.
The CdS films, obtained by ion sputtering have the area with rapid change of transmission
at 520 nm, corresponding CdS band gap. In the same time in the long-wave spectral range
films have high transparency.

2.2 Use of the CdS films in photovoltaic cells

Edmund Becquerel, a French experimental physicist, discovered the photo-voltaic efect in
1839 while experimenting with an electrolytic cell, made up of two metal electrodes placed
in an electricity-conducting solution. He observed that current increased when the
electrolytic cell was exposed to light (Becquerel, 1839). Then in 1873 Willoughby Smith
discovered the photoconductivity of selenium. The first selenium cell was made in 1877
(Adams, 1877), and five years later Fritts (Fahrenbruch & Bube, 1983) described the first
solar cell made from selenium wafers. By 1914 solar conversion eficiencies of about 1 % were
achieved with the selenium cell after it was finally realized that an energy barrier was
involved both in this cell and in the copper/copper oxide cell.

The modern era of photovoltaics started in 1954. In that year was reported a solar
conversion efficiency of 6 % (Chapin at al., 1954) for a silicon single-crystal cell. In 1955
Western Electric began to sell commercial licenses for silicon PV technologies. Already in
1958 silicon cell efficiency under terrestrial sunlight had reached 14 %. At present, available
in the market SC are mainly represented of monocrystalline silicon SC. Through high-
temperature process of their formation, crystal (from ingots grown from melt by Czochralski
method) and polycrystalline silicon solar cells have too high price, to be seen as a significant
competitor to the formation of energy from solid fuels. Polycrystalline silicon provides
lower expenses and increase production, rather than crystalline silicon. In 199§,
approximately 30 % photovoltaic world production was based on the polycrystalline silicon
wafers. Nowadays solar cells conversion efficiency based on monocrystalline silicon is 25 %,
polycrystalline - 20 % (Green at al., 2011).

In 1954 reported 6 % solar conversion efficiency (Reynolds at al., 1954) in what later came to
be understood as the cuprous sulfide/cadmium sulfide heterojunction (HJ). This was the
first all-thin-film photovoltaic system to receive significant attention. In following years the
efficiency of Cu,S/CdS increased up to 10 % and a number of pilot production plants were
installed, but after several years of research it was realized that these solar cells have
unsolvable problems of stability owing to the diffusion of copper from Cu,S to CdS layers.
By taking advantage of new technology, work out on Cu,S/CdS, researchers have rapidly
raised the effciency of the gallium arsenide based cell with 4 % efficiency (Jenny at al., 1956)
to present eficiencies exceeding 27 % (Green at al., 2011).

However in the last 20 years other thin films solar cells have taken the place of the cuprous
sulfide/cadmium sulfide, and their eficiency have raised up to almost 20 %. The most
predominant are two: copper indium gallium diselenide/cadmium sulfide
(Cu(In,Ga)Sez/ CdS) and cadmium telluride/cadmium sulfide (CdTe/CdS). The first CdTe
heterojunctions were constructed from a thin film of n-type CdTe material and a layer of p-
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type copper telluride (Cuz-<Te), producing ~7 % eficient CdTe-based thin-film solar cell
(Basol, 1990). However, these devices showed stability problems similar to those
encountered with the analogous Cuy-S/CdS solar cell, as a result of the difuusion of copper
from the p layer. The lack of suitable materials with which to form heterojunctions on n-type
CdTe, and the stability problems of the Cu,-S/CdS device, stimulated investigations into p-
CdTe/n-CdS junctions since the early 1970s. Adirovich (Adirovich at al, 1969) first
deposited these films on TCO-coated glass; this is now used almost universally for
CdTe/CdS cells, and is referred to as the superstrate configuration. In 1972 5-6 % eficiencies
were reported (Bonnet & Rabenhorst, 1972) for a graded band gap CdS«Te;— solar cell.

The research for CulnSe;/CdS started in the seventies, a 12 % efficiency single-crystal
heterojunction p-CulnSe,/n-CdS cells were made by in 1974 (Wagner, 1975) and in 1976 was
presented the first thin film solar cells with 4-5 % eficiency (Kazmerski at al., 1976). In the
last 30 years a big development of these cells was given by the National Renewable Energy
Laboratories (NREL) in U.S.A. and by the EuroCIS consortium in Europe.

Nowadays CdS among Si, Ge, CdTe, Cu(In, Ga)Sez, ZnO belongs to the widespread group
of semiconductors. Beyond the attention of researchers are still many issues associated with
cadmium sulfide as componenet of thin-film semiconductor devices, although the CdS is
one of the most studied semiconductor materials.

2.3 Peculiarities of chemical bath deposition (CBD)

CBD technology consist of the deposition of semiconductor films on a substrate immersed in
solution containing metal ions and hydroxide, sulfide or selenide ions source. The first work
on CBD is dated 1910 and concerns to the PbS thin films deposition (Houser & Beisalski,
1910). Basic principles underlying the CBD of semiconductor films and earlier studies in this
field were presented in the review article (Hass at al,, 1982), which encouraged many
researchers to begin work in this direction. Further progress in this area is presented in
review article (Lokhande, 1991), where references are given for 35 compounds produced by
the mentioned method, and other related links. Chemical reactions and CBD details for
many compounds were listed in the next paper (Grozdanov, 1994). The number of materials
which can be produce by CBD, greatly increased, partly due to the possibility of producing
multilayer film structures by this method with subsequent annealing, which stimulates
crosboundary diffusion of metal ions and thereby motivates fabrication of new materials
with high thermal stability. For example, crossboundary diffusion of CBD coatings PbS/CuS
and ZnS/CuS leads to materials such as Pb,Cu,S; and Zn,Cu,S, with p-type conductivity and
thermal stability up to 573 K (Huang at al, 1994). Annealing of Bi;S3/CuS coatings at
temperatures 523-573 K leads to formation of new Cu3BiS; compounds with p-type
conductivity (Nair at al., 1997). In recent years we counted approximately 120 CBD
semiconductor compouns.

Among the first applications of CBD semiconductor films were photodetectors based on PbS
and PbSe (Bode at al., 1996). Although the chemically precipitated CdS films were made
back in the 60's of last century, for photodetectors were used CdS layers, obtained by screen
printing and sintering (Wolf, 1975). Chemically deposited CdSe films are fully suitable for
use in photodetectors (Svechnikov & Kaganovich, 1980). At late 70's and early 80-ies the
main direction in chemical bath deposition technology was deposition of thin films for use
in solar energy conversion. One of the first developments in this area was the coating
producing that absorbs sunlight (Reddy at al., 1987), and its use in glass vacuum tube
collectors (Estrada-Gasca at al., 1992). Application of the chemically deposited films in



Chemical Surface Deposition of CdS Ultra Thin Films from Aqueous Solutions 385

coatings for controlling the flow of sunlight was first proposed in 1989 (Nair at al., 1989).
The efficiency improving of such coatings in glass vacuum tube collectors were presented in
(Estrada-Gasca at al., 1993). One of the main applications of chemically deposited
semiconductor films has been their use in photoelectrochemical SC, mostly CdS and CdSe
films (Hass at al., 1982, Boudreau & Rauh, 1983, Rincon at al., 1998). The use of chemically
deposited semiconductor films in thin SC has a short history. In the structure
Mo/ CulnSe;/ CdS/ZnO, which showed 11% efficiency (Basol & Kapur, 1990), was by the
first time used chemically deposited CdS thin film. Further structure improvement allowed
to reach 17% efficiency (Tuttle at al., 1995). Chemically deposited CdS film with thickness of
50 nm has been an essential element of this structure. The biggest, confirmed today for SC
based on CdS/CdTe, is 16,5% efficiency in which CdS film was chemically deposited in bath
(Green at al., 2011). Entering highly resistive CdS film in p-CulnSe,/CdS/n-CdS solar cell
structure deemed necessary step towards improving of the solar cells stability (Mickelsen &
Chen, 1980). Performed theoretical calculations (Rothwarf, 1982) showed that the thickness
of CBD CdS films should be as small as possible to increase efficiency of solar cells with its
use. Therefore, chemical deposition technology, which allows to fully cover the substrate at
small film thickness was selected for the fabrication of thin films and showed significantly
better results (Basol at al., 1991). Efficiency of n-CdSe or n-Sb,S; chemically deposited films
with WO; inclusions as absorber material in solar cells based on the Schottky barrier has
been proved in practice. For example, elements on the Schottky barrier ITO/n-
CdSe(5 um)/Pt/Ni/ Au (13 nm) shows U,=0,72 V, L,;=14,1 mA cm?, fill factor 0,7, and 5,5%
efficiency (Savadogo & Mandal, 1993 & 1994). Abovementioned possible applications of
chemical bath deposition, particularly in solar energy conversion, provided the growing
interest to chemical deposition of semiconductor thin films. Chemical deposition is perfect
for producing thin films on large areas and at low temperatures, which is one of the main
requirements for the mass use of solar energy.

2.4 The advantages of chemical surface deposition (CSD) over CBD

In the CBD process, the heat necessary to activate chemical reaction is transferred from the
bath to the sample surface, inducing a heterogeneous growth of CdS on the surface and
homogeneous CdS formation in the bath volume. The reaction is better in the hottest region
of the bath. Therefore, for baths heated with thermal cover deposition also occurs on the
walls, and bath, which heat up immersed heater, significant deposition occurs on heating
element. Additionally, the solution in the bath should be actively mixed to ensure uniform
thermal and chemical homogeneity and to minimize adhesion of homogeneously produced
particles to the surface of CdS film. The disproportion of bath volume and that which is
necessary for the formation of CdS film, leads to significant proportion of wastes with high
cadmium content. Different groups of researchers put efforts for decreasing the ratio of
volumes bath/surface through use of overlays. However the clear way for unification of
large areas deposition with high cadmium utilization and high speed of growth, to achieve
high efficiency of transformation is not represented.

The chemical surface deposition (CSD) technology demonstrated in this paper overcomes
these limitations through use of the sample surface as a heat source and use of solution
surface tension to minimize the liquid volume. The combination of heat delivery method to
surface and small volume of solution leads to high utilization of cadmium and its
compounds.
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This paper describes CSD technology of CdS thin films from aqueous solutions of cadmium
salts CdSOs, CdCly, Cdl,. The properties of CdS films deposited on glass and ITO/glass
from the nature of the initial salt and solar cells based on CdTe/CdS with CSD CdS films as
windows was investigated.

3. Chemical surface deposition of CdS thin films from CdSO,, CdCl,, Cdl,
aqueus solutions

3.1 Introduction

One of the methods to increase SC efficiency based on CdS/CdTe, CdS/Culni«GaxSes,
with the CdS film as the window is increasing the current density value (Stevenson, 2008).
This can be achieved by reducing losses in the photons optical absorption from A> 500 nm
by reducing CdS film thickness. To provide a spatially homogeneous work of the device
the CdS films should not only be thin, but solid, durable and resistant to further
technology of SC production. To produce ultra-thin (from 30 to 100 nm) and
homogeneous CdS films the technology of bath chemical deposition is widely used (Estela
Calixto at al., 2008, Mugdur at al., 2007).

Chemical deposition technology is quite simple, inexpensive and suitable for the deposition
of polycrystalline CdS films on large areas. Deposition of thin CdS films from aqueous
solutions is a reaction between cadmium salt and thiocarbamid (thiourea) in alkaline
medium. Mostly are used simple cadmium salts: CdSO4 (Chaisitsak at al., 2002, Contreras at
al., 2002, Tiwari & Tiwari, 2006, Chen at al., 2008), Cdl, (Nakada & Kunioka, 1999,
Hashimoto at al., 1998), Cd(CH3COO); (Granath at al., 2000, Rau & Scmidt, 2001) and CdCl,
(Qiu at al.,, 1997, Aguilar-Hernandez at al., 2006). Thiourea (TM) is used as sulfide agent in
the reactions of sulfide deposition, as has a high affinity to metal cations and decomposes at
low temperatures. Deposition process can be described by two mechanisms (Oladeji, 1997,
Soubane, 2007). Homogeneous mechanism involves formation of layer with the CdS
colloidal particles, which are formed in solution and consists of several stages.

1. Ammonium dissociation:

NH} + OH™ & NH, + H,0 1)

In alkaline medium due to interaction Cd2* ions with the OH- environment ions is possible
formation of undesirable product - Cd(OH).:

Cd** + OH™ — Cd(OH), 4

)

2. Thiourea hydrolysis (NH2)2CS with the the formation of sulfide ions
(NH,),CS+H,0 2 HS + H' +(NH,),CO (3)
HS +OH £ S* +H,0 (4)

3. Final product formation

Cd** +5* 2 CdS{ )
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Deposition of thin CdS films from the aqueous solutions through the stage of cadmium
tetramin [Cd(NH3)4] 2+ complex ion formation, which reduces the overall speed of reaction
and prevents Cd(OH); formation by the heterogeneous mechanism.

Cd** + 4NH,OH — [Cd(NH,),I** + 4H,0 (6)
[CA(NH,),J** +S* — CdS{ +4NH, 7)

In general form:
[CA(NH;),]** +(NH,),CS+OH™ — CdS{ +4NH, + H* +(NH,),CO @)

The sulphides films deposition from thiocarbamid coordination compounds has some
chemical peculiarities. Depending on the nature and the salt solution composition may be
dominated different coordination forms, and with thiourea molecules in complex inner
sphere may contain anions CI, Br-, J-, and SO4% under certain conditions. Thus, the cadmium
atoms close environment are atoms of sulfur, halogens and oxygen, and at the thermal
decomposition part of the Cd-Hal or Cd-O bonds are stored and in the sulfide lattice are
formed Hals* and Os*defects. In conjunction with the substrate the thiocarbamid complexes
orientation on active centers of its surface is observed. The complex particles that can
interact with active centers on the substrate are the link that provides sulfide link with the
substrate. The nature of this interaction determines the nature of film adhesion. In the case
of cadmium sulfide deposition on quartz or glass substrates the active centers are sylanolane
groups (=5i—-OH) which interact with halide or mixed hydroxide complexes. In result of
such interaction the Cd-O-5i oxygen bridges are created. This explains the good adhesion
of the cadmium sulfide films deposited from thiocarbamid coordination compounds to glass
substrates (Palatnik & Sorokin, 1978).

3.2 Chemical surfact deposition of CdS thin films

In CSD, a solution at ambient temperature containing the desired reactants is applied to a
pretreated surface. Glass or ITO/glass (16x20 mm) substrates, CdTe (10x10 mm) and Si
(30x20 mm) wafers were used in the entire work. After that sample with working solution is
heated and endured for a given temperature (Fig. 1). To ensure uniformity of heating plate

solution:

Cd*" + CS(NH,), + NH,OH CdS

’ | glass

T I

Heating

[CA(NH;),*" + CS(NH,), + OH <>CdSY + 4N; + H' +(NH,)CO

Fig. 1. Scheme of CdS films thin chemical surface deposition
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with working solution is previously placed on thermostated (343 K) surface. Surface tension
of the solution provides a minimum volume of reaction mixture and its maintenance on the
substrate. Film deposition occurs through the heterogeneous growth of compounds on the
substrate surface by transfer of heat to the work solution. Heterogeneous growth is
preferred over homogeneous loss due to thermal stimulation of chemical activity on warmer
surface. At a result we receive a high proportion of cadmium from a solution in film and
depending on the substrate, the heteroepitaxial film growth. The outflow of heat from the
solution to environment helps to keep the favorable conditions for the film heterogeneous
growth in time required for film deposition. After heating the plate was removed, the
surface was rinsed with distilled water and dried in the air.

The combination of factors of the heat delivery to phase division surface (substrate-solution)
and small volume of working solution in the CSD allows to receive coverage with
satisfactory performance, increase the efficiency of the reagents, and therefore simplify their
utilization. For deposition of CdS films were used freshlyprepared aqueous solutions of one
of three cadmium salts: CdSO,, CdCl,, Cdl,. Solution ingredients and the corresponding
concentrations are presented in Table. 1.

salt C(cadmium salt), mol/1 C(CS(NH>)2), mol/1 C(NH4OH), mol/1
CdsO,

CdCl 0,001; 0,0001 0,1;0,01 1,812

CdL

Table 1. Ingredients and concentrations of solutions for CSD of CdS films, T=343 K, pH=12

Several modifications of films CSD were used. First modification (A) includes single
applying of working solution and it different time exposure (5 to 12 min.) on the substrate.
The second modification (B) provided repeated addition (3 min intervals.) of fresh working
solution on the substrate surface. The difference of the third modification (C) consistent in
applying (with 3 min. time exposure) and subsequent flushing of working solution on the
substrate surface, ie in layer deposition. In such way we achieved increase and regulation of
CdS film thickness.

modifications
A B C

maximum thickness, nm 62 65 105

deposition rate, nm/min. <6 4-6 >8

Table 2. The CdS films maximum thickness and deposition rate depending on the CSD
modification

Aplying of A modification results in the smallest CdS film thickness, as seen from Table. 2.
This is because the main part of the film (80-90 % thickness) is deposited in 2-3 min. Further
time exposure of the working solution-substrate system is not accompanied by visible
changes in the appearance of the formed film, apparently due to exhaustion of working
solution. Therefore, during the multistage (CSD modifications B and C) CdS films
deposition the duration of elementary expositions deposition was 3 min. Based on the
structural studies results for further work modification B was selected.
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3.3 Properties of CSD CdS thin films

The film thickness was determined by ellipsometric measurement of light polarization
change after light reflection from an air-film interface on the LEF-3M instrument, allowing
precision from 5 to 10 nm, for film thickness less then 100 nm. Morphology of the film
surface and the elemental composition were investigated using the scanning electron
microscopes REMMA-102-02 with EDS and WEDS and JSM-6490LV. Crystallinity of the CdS
film structure was investigated using the automated X-ray diffractometer HZG-4A (with
CuK, radiation, A=0,15406 nm). The optical transmission measurements have been done at
room temperature with unpolarized light at normal incidence in the wavelength range from
300 to 1000 nm using Shimadzu UV-3600 double beam UV/VIS spectrophotometer. The
optical absorption coefficient a was calculated for each film using the equation

I, = I exp(-at) ©)

where t is the film thickness, I; and I, are the intensity of transmitted light and initial light,
respectively. The absorption coefficient a is related to the incident photon energy hv as:

a~hv=A(hv—Eg)% (10)

where A is a constant dependent on electron and hole effective mass and interband
transition, Eg is the optical band gap, and # is equal to 1 for direct band gap material such as
CdS. The band gap E, was determined for each film by plotting (ahv)? vs hv and then
extrapolating the straight line to the energy axis.

3.3.1 Thickness and deposition rate

The peculiarity of the CSD method is that after the first deposition the function of the
substrate is performed not by glass, but by formed CdS film. All subsequent depositions are
conducted on the same substrate. Through this growth rate of successive layers is
approximately the same, and the total film thickness increases in equal size. The data of film
thickness measurements and calculated average growth rate is shown on Fig. 2. The
accuracy of ellipsometric measurements of thickness increased as the total thickness of the
film growth, so that the absolute error varied from + 10 nm to + 5 nm. The highest thickness
obtained was in the case of CdSQO,, and the least thickness in the CdI, case.

Apparently, among all other Cd salts, Cdl, always results in a much thinner film. This
observation was in agreement with what was reported earlier (Kitaev at al., 1965, Ortega-
Borges & Lincot, 1993). This can be explained by different values of stability constant of Cd
complexes complementary (Khallaf at al., 2008).While using for CSD the CdCl, (Fig. 2, a)
were obtain almost linear dependence increase of film thickness on the deposition time. For
films deposited with CdSO4 and Cd]» (Fig. 2, b and c, respectively), the dependence of film
thickness on deposition time was more complicated, but also had a character close to linear.
This fact can be used for CdS films thickness control with high precision in the CdS/SdTe
HJ fabrication. The differences in the nature of layer growth of thin CdS films can be
explained by the process stages. When solution is applied to the substrate and heated,
thiocarbamid complexes start to orient on active centers of the substrate surface and form
CdS growth centers. The maximum possible number of growth centers is determined by the
number of active centers on the substrate surface, which is considerably less than reactive
particles in solution. Under the influence of continuous solution flow the grow centers
increases and turn into islands. After a surface filling the islands are merging and form netted
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Fig. 2. The CdS thin film thickness dependence on time and quantity of deposition from
aqueus solution: CdCl, (a); CdSO4 (b); CdJ> (c). The mean deposition rate of CdS thin films

on figure inset.

structures that consist of pores and channels. Further film growth is, in fact, filling the pores
and channels. It slows the increase of film thickness, but does not alter the film weight gain.
At later stages of the growth occurs reflection of the particles stream from the surface that
leads to film growth rate decrease, and in the future - to its almost complete stop. Maximum
growth rate of CSD at 343 K had films deposited from CdI solution. Big deposition rates
cause to the significant film defections, which confirm the results of their structural studies.
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3.3.2 Surface morphology
The results of the CdS films investigation by scanning electron microscopy, deposited from
diferent aqueous salt solutions are shown in Fig. 3-7, in the reflected and secondary

electrons mode.

Fig. 3. Surface morphology of CdS film deposited from CdSO, aqueus solution, A modification
(a) and C modification (b). REMMA-102-02, accelerating voltage 20 kV, scale 1:2000

W20 mm MUKV T aEk Tam

b

Fig. 4. Surface morphology of CdS film deposited from CdSO4 aqueus solution on ITO
coated glass in the secondary-electron mode (a) and reflected-electron mode (b). REMMA-
102-02, accelerating voltage 30 kV, scale 1:8000
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Fig. 5. Surface morphology of CdS film deposited from CdCl, aqueus solution in the
secondary-electron mode (a) and reflected-electron mode (b). REMMA-102-02, accelerating
voltage 30 kV, scale 1:600

.
WD=20.4mm 000KV xl.20k S0pm

WD=20.4mm S0.00KV  xl.20k

Fig. 6. Surface morphology of CdS film deposited from CdI, aqueus solution in the
secondary-electron mode (a) and reflected-electron mode (b). REMMA-102-02, accelerating
voltage 30 kV, scale 1:1200
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In reflected electron mode the photo qualitatively displays the surface composition (the
lighter point, the heavier elements), and in secondary electron mode - the surface morfology.
As seen all CdS film fabricated by C modification completely covers the substrate across the
sample area, are homogeneous and solid. In reflected electrons mode are observed white
dots indicating the localization heavier compared to the film phase. Comparison of CdS film
images, obtained in both reflected and secondary electrons (Fig. 4-6), indicates that the
heavier phase inclusions are on the film surface.

So, these heavier phase inclusions are particles on the surface (surface macrodefects) and
most likely were formed in the final phase of deposition. The concentration of macrodefects
on the surface in the investigated CdS films deposited from varus cadmium salts are
presented in table 3. Regardles of applied salt surface macrodefects concentration is almost
the same and is 100 times smaler than for CBD films (Romeo at al., 2003). Using EDS and
WDS measurements, the stoichiometry of all films were studied. The generalized results of
the surface morphology and X-ray microanalysis investigation of thin CdS films, deposited
from various cadmium salts are given in Table 3. We determined that the particles on the
CdS films surface (macrodefects) are CdS particles with a different stoichiometry than the
film. The stoichiometry deviation towards sulfur is quite unexpected because in most
nonvacuum deposition methods the lack of sulfur is observed.

. & e o g
200V X15,000  1umg #1237 ,1n.!a.

b

20kV  X15,000  pm 0937 10 58 SE|

Fig. 7. Surface morphology of CdS film deposited from Cdl, aqueus solution before (a) and
after annealing (b). JSM-6490LV, accelerating voltage 20 kV, scale 1:15000

The Cdl,-based films had composition close to stoichiometric while the CdSO,-based films
showed the biggest deviation from stoichiometric composition that agre with results of CBD
(Ortega-Borges & Lincot, 1993) (Table 3). Sulfur excess in CSD CdS films gives us the
opportunity to perform annealing in the normal (air), not sulfur medium because they do
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not need to enter in film extra amount of sulfur to ensure stoichiometry. Analysis of CdS
films surface morphology, obtained by AFM (Fig. 8) shows that the method of deposition
and the nature of the initial cadmium-containing salt have significant affect on the CdS film
surface structures. Using the deposition B modification ensure much more evenly cover
over the sample area than A modification. The best results were obtained by C modification.
The CdS films deposited from CdSO; aqueous solution by B and C (Fig. 8, a and b,
respectively) have different surface morphology. The surface of all films obtained in the C
modifications, is completely packed with crystalline grains. The exception is the film
obtained from cadmium iodide aqueous solution. Along with the films surface morphology
the results of surface roughness analysis are presented.

salt surface macrodefects concentration, Cd/Srateon | Cd/S rate of surface
cm-2 film surface macrodefects
CdsO, 106-107 0,880 0,800
Cdcl, 107 0,898 0,908
106-107, the pineholes are observed,
CdL for films deposited from two other 0,911 1,061
salts the pinholes are almost absent

Table 3. Summarized results of surface morphology and X-ray microanalysis investigation
of CdS thin films, deposited from various cadmium salts

3.3.3 Crystal structure

Experimental diffraction intensities of CdS films, obtained by B and C modification of
(curves 2 and 3), respectively, are shown in Fig. 9. In all tested samples polycrystallinity of
CdS films is expressed with the noticeable presence of cubic phase. The curves 2 and 4 on
fig. 9. indicates that the samples are almost completely polycrystalline.

The first 26,450 peak of cubic phase (curves 2 and 4) is slightly expressed and shifted
compered to the corresponding XRD peak from single CdS crystal (curve 1), which can be
explained by the small size of grains as the probability of mechanical stress in films is very
small because of low speed growth (Table 2).

In addition to the 26,450 peak on curve 3 (Fig. 9) are present two more - 43,900 and 52,000,
corresponding to the cubic phase. Implemented sample heat treatment does not result in a
significant increase in the intensity of any of the three peaks, and even the intensity of first
one decreases (curve 4). The shift of the first (26,450) peak (curves 3 and 4) related with a
decrease after annealing of mechanical tensions in the film, and intensity decrease of this
peak indicates a simultaneous transition in polycrystalline cubic phase. Size grains expected
increase by recrystallization has not occurred. Thus, annealing conditions to improve
crystallinity of films need correction. Based on the data diffraction pattern most of the cubic
phase is contained in the films deposited by C modification C(CdSO4) = 0,001 mol/1. The
transition to the hexagonal phase after annealing is not observed, unlike CBD CdS film
(Archbold at al., 2005, Romeo at al., 2000).

Fig. 10 shows the experimental diffraction intensities obtained from CdS films, deposited
from aqueous solutions of CdSO,, CdCl,, Cdl, salts on glass substrates before and after
annealing. In all tested samples polycrystallinity of CdS films is expressed with the
noticeable presence of cubic phase. From the curves 2 (Fig. 10, a, b, ¢) can be seen that as
deposited samples are almost entirely polycrystalline. The first peak of 26,45 ° for the cubic
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Fig. 8. AFM images and mean roughness distribution of CdS thin films grown from aqueus
solution: CdSOs, B modification (a); CdSO,, C modification (b); CdCl,, C modification (c);
CdJ,, C modification (d)
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Fig. 9. XRD pattern of CdS film deposited on glass substrate from CdSO,aqueous solution
with C(CdSO4)=0,001 mol/1 by B and C modification (curves 2 and 3);

C(CdSO4)=0,001 mol/1 by C modification, after annealing (curve 4); with

C(CdS0O4)=0,0001 mol/1 C modification (curve 5); CdS cubic monocrystal reference pattern
(curve 1).

phase have low intensitivity and is slightly shifted against the corresponding peak of CdS
single crystal. This can be explained by the small size of grains as the probability of
mechanical tensions in films deposited from CdSO4, CdCl; salts solutions is neglectible
due too low growth speed. Besides peak 26,45°, on curve 2 (Fig. 10 b) are present two
more - 43,90° and 52,00° corresponding to the cubic phase. The heat treatment of samples
leads to a significant increase in the intensity of the first two peaks for films deposited
from CdSO,, Cdl. For films deposited from CdCl, aqueous solutions, the nature of XRD
curve practically unchanges due to annealing. For CdS films, deposited from Cdl,
aqueous solution (fig. 10c curve 1) after annealing were observed intensity increases of
26,45°, 52,00° peaks and the appearance of third peak 43,90°. This indicates a reduction of
disordered polycrystalline phase which transforms into crystalline phase and a rather
significant restructure of CSD film, that cinsides with the results of the surface
morphology investigations (Fig. 7).

Experimental diffraction intensities of CdS films deposited on Si and CdTe substrates are
presented in Fig. 11. As seen, the results for various substrates were different, but both
express polycrystallinity of CdS films. Besides the peaks of Si (Fig. 11 a, Ne 3) and CdTe
(Fig. 11 b, Ne 5, 8) substrates are present a significant number of peaks corresponding to
different phases of CdS compound. These results indicate the existence of a mixture of
two structural phases (cubic and hexagonal) that is often observed for CdS films
fabricated by nonvacuum methods (Calixto & Sebastian, 1999). The X-ray diffraction
peaks N 1, 2, 7, 4, 9 (Fig. 11a) on silicon corespond to hexagonal structure, cubic may
respond only the peak number 1. For films on CdTe substrate peaks intensity of
hexagonal and cubic phases is much higher.
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Fig. 10. XRD pattern of CdS film deposited on glass substrate from aqueus solution: CdSO,
(a); CdCl; (b); CdJ2 (c); as deposited (2); after annealing (1).

3.3.4 Optical properties
Absorption coefficient in the fundamental absorption area for all CdS samples was 105

cm1.The absorption spectra of samples (Fig. 12.) clearly shows the existence of the CdS
compounds in all films deposited from aqueous solutions of cadmium-containing salts.
Spectral dependence of CdS films absorption in the coordinates (a*hv)? vs hv demonstrate
the presence of fundamental absorption edge (Fig. 12), localized in the region 2,5 eV. The
calculated band gaps of the films are in good agreement with the reported values (Landolt-
Bornstein, 1999, Aven & Prener, 1967) and correspond to the direct allowed band transition.
We do not observe a straight-line behaviour on graphs of (ahv)?/3 vs hv (direct forbidden),
(ahv)/2vs hv (indirect allowed) (ahv)1/3 vs hv (indirect forbidden). These plots (not shown)
reveal that the type of transition is neither direct forbidden nor indirect. For films deposited
in the same technological modes on glass and ITO coated glass substrates, the location of
fundamental absorption edge are olmost the same. A small (0,01 eV) difference between the
fundamental absorption edge values for films on glass and ITO/glass are caused by the
difference of substrates surface roughness.
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Fig. 11. XRD pattern of CdS films deposited from CdCl; aqueus solution on Si (a) and CdTe
(b) substrates

The fundamental absorption edge localization feature in CdS films, in comparison with CdS
monocrystal, is that in films it is shifted to higher energy region (2,537 eV and 2,547 eV for
films on glass and ITO/ glass, respectively).
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Fig. 12. Optical absorbance spectra of CdS film deposited on glass substrate from aqueus
solution: CdSO4 (a); CdCl; (b); Cd]2 (c); as deposited (1); after annealing (2).
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This allows to expand CdS/CdTe solar cells phototransformation area and increase their
efficiency. Reducing energy fundamental absorption edge of CdS films after annealing (Fig.
12, curves 2) can be coused by grain growth (Nair at al., 2001). Sharpest edge of fundamental
absorption have CdS films, deposited on glass substrate. This indicates a smaller number of
macro defects in these films compared with annealed. Energy levels of this defects are lying
near the edge zones. The increase long-wave "tail" of the absorption curve for annealed film
(Fig. 12, a, b, curve 2) is caused by increase of absorption near the CdS film surface, where in
the process of annealing in air CdO can be formed.

All films have high transmission, with the transmission in the Cdl, case being better than
that of the other three films. This was expected, since the SEM micrographs, showed the
pinholes on Cdlr-based film. The lowered transmission of our films is caused by their
surface roughness, due to coverage by surface macrodefects which are overgrowth
crystallite, causes light scattering. Spectral dependence of optical transmission in the visible
region of CSD CdS films before and after annealing are shown in Fig. 13. The main feature
of the annealed CdS films spectra is small (0.033 eV) shift of fundamental absorption edge in
the longwave region and reducing the optical transmission more than 20%. Reducing the
transmission is determined not only by absorption and reflection from the film surface, but
olso by quite significant changes in the film structure after annealing. From the SEM holes
were observed (Fig. 7) after annealing they completely disappeared. X-ray pattern (Fig. 10, c,
curve 1) also confirm a significant increase in the film's crystallinity structure as a result of
annealing, despite indifferent directing effect of the glass substrate.
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Fig. 13. Optical transmittance spectra of CSD CdS films deposited from aqueus solution:
CdCl; (1); CdSOxs (2), CdJ2 (3) as deposited (a) and after annealing (b).

4. Solar cell performance

The n-CdS/p-CdTe HJ was fabricated and their electrical and photoelectric properties were
investigated. The CdS thin films with 100 nm thickness were deposited by CSD using CdCl,
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cadmium chloride solution. Thin polycrystalline CdS films completely covered the substrate
across the sample area, hade stoichiometric composition, was solid with a small surface
macrodefects concentration (107sm-2). Typical spectral dependence of transmission of CSD
CdS film is shown on Fig. 13. Resistance of is fabricated n-CdS/p-CdTe SC Ro~104-105 Q at
T= 300 K and was determined by the electrical properties of the p-CdTe substrates. This is
coused by the resistivity of used substrates which is 2-3 orders of magnitude greater than
the similar parameter for n-CdS films (Rcas~ 10° Q). Voltage cutoff in n-CdS/p-CdTe
structures, as seen in Fig. 14 is Up ~ 1,4 V and its value is close to CdTe bandgap (Landolt-
Bornstein, 1999). Inverse branches of curent-voltage characteristic for anisotropic structures
are well described by power dependence Ig~Um, where the m = 1 to U> 2, which is typical
for charge carriers tunneling or inherent space charge limited currents in velocity saturation
mode (Hernandez, 1998, Lamperg & Mark, 1973). Reverse current increase observed in the
investigated anisotropic heterojunction with increasing voltage bias can also be caused by
imperfections in their periphery.

Fig. 15 shows relative quantum efficiency of photoconversion (ratio of short circuit current
to number of incident photons) n(hv) spectra of CdS/CdTe heterojunction fabricated by
CSD of CdS film on CdTe wafer. The n(hv) spectra find out to be similar for structures
fabricated on different substrates what indicate high local homogeneity of substrates and
reproducibility of the CSD films properties. The sharp long wave increase of n(hv) in narrow
spectral range 1.4-1.5eV for CdS/CdTe structure illumination from CdS film side is
observed. Its value reach maximum in region hvm~1.5 eV what correspond to energy of
direct band transitions in CdTe (Landolt-Bornstein, 1999, Aven & Prener, 1967).
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Fig. 14. Curent-voltage characteristic of n-CdS/p-CdTe HJ at 300 K

It should be notice that photosensitivity of the fabricated CdS/CdTe heterostructures
maintain on high level (fig. 15, curve 1, 2) in vide region of incident photons energy. The
table like part of n(hv) curve confirm fabrication of the CdS/CdTe high quality
heterojunction. The observed n(hv) curve decrease at hv>2.3eV is similar to specular
transmission spectra of CdS film used for CdS/CdTe heterostructure fabrication. The full
wide on half of the maximum (FWHM) of n(hv) spectra 6~1.1-1.2 eV in our structures is
more bigger then FWHM of Ox/CdTe heterostructure (II'chuk at al., 2000) and indicate
higher quality of fabricated structures compared to known.
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Fig. 15. Spectral distribution of the quantum efficiency of 1n-CdS/p-CdTe heterojunction at
300 K. [lumination form CdS film side. The 1 and 2 curves corespond to samples with diferet
thickness of CdS film.

5. Conclusions

The II-VI binary CdS compound semiconductor thin films (30-100 nm) has been successfully
deposited from aqueous solutions of CdCl,, CdSO,; Cdl: salts using Chemical Surface
Deposition and employing the direct heating of the substrate.

The linear dependence increase of film thickness on the deposition time was experimentally
demonstrated for CSD CdCl, based films. For the two other salts of the film thickness
dependence on deposition time is more complex, but has a character close to linear.
Established that for growth rate <15 nm/min. chemical deposition method allows to growth
solid polycrystalline CdS films with 106-107 cm-2 surface macrodefects concentration.

It is proved that CdlI, based CdS film composition was close to stoichiometric, compared to
films deposited from solutions of two ather salts under identical conditions.

The possibility of n-CdS/p-CdTe high quality solar cell fabrication by CSD of CdS thin film is
demonstrated. High value of CdS/CdTe heterojunction photoconversion, in region limited by
CdS and CdTe band gaps, in our opinion was provided by CdS deposition method.
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1. Introduction

Clean energy resources as an alternative to fossil fuels has been required. Photovoltaics is
the most promising among renewable energy technologies. On the other hand, the cost of
the electrical energy generated by the solar cells was higher than that generated by fossil
fuels. The cost reduction of the solar cell is therefore required.

Since high-conversion efficiencies have been demonstrated for solar cells using GaAs
substrates in 1977 (Kamath et al., 1977, Woodall et al., 1977), a critical problem is how to
reduce power generation cost. The characters required to solar cells strongly depend on its
applications. In particular, thin film solar cells are promising for terrestrial applications,
because thin film solar cells are more advantageous than bulk type solar cells in terms of
consumption of raw materials. Konagai et al. fabricated the thin film solar cells on a single
crystalline GaAs substrate by the liquid phase epitaxy mehtod, and focused on the reuse of
GaAs substrates by detaching these thin film solar cells from the GaAs substrates (Konagai
et al., 1978). Konagai et al. named this separation technique the Peeled Film Technology
(PFT). This is the invention of the lift-off method in solar cell development. A specific
explanation of the PFT is as follows. An Al;..Ga\As layer was introduced between the thin
film solar cell and the GaAs substrate as a release layer. The thin film solar cell was
separated from the GaAs substrate by etching the Al GasAs layer by the HF solution,
because Al«GasAs was readily dissolved by the HF solution compared to GaAs. Since a
chemical technique was mainly used for the peeling, this method is defined as a chemical
lift-off process. Recently, this has been researched as the epitaxial lift-off (ELO) method
(Geelen et al., 1997; Schemer et al., 2000, 2005a; Voncken et al., 2002; Yablonovitch et al.,
1987).

On the other hand, the cleavage of lateral epitaxial films for transfer (CLEFT) process, where
the thin film was mechanically peeled, was developed as a transfer method of a single
crystalline GaAs thin film (McClelland et al., 1980). A specific explanation of the CLEFT
process is as follows. A photoresist was applied to a surface of a GaAs substrate. The
photoresist was patterned with equally-spaced stripe openings by standard
photolithographic techniques. Next, a GaAs layer was grown on this patterned substrate
surface. In this case, a GaAs layer was grown on only the openings of the photoresist. The
lateral growth of a GaAs layer occurs during the GaAs deposition. A single crystalline GaAs
layer is therefore formed on the photoresist. Alternative substrate was bonded onto this
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surface with epoxy glue. The single crystalline thin film was transferred to the alternative
substrate by applying tensile strain. The CLEFT process is theorefore defined as a
mechanical lift-off process.

Unfortunately, the conversion efficiency of the GaAs thin film solar cell using the lift-off
process was lower than that of the GaAs bulk solar cell (Schermer et al., 2006). Recently,
comparable conversion efficiencies have been demonstrated (Bauhuis et al., 2009).

On the other hand, the energy:weight ratio of the photovoltaic module is a very important
index for space applications. Integration of high-efficiency III-V solar cells with light weight
substrates is required. Schermer et al. developed high-efficiency III-V solar cells with light-
weight by the ELO process using the GaAs substrate (Schermer et al., 2005b).

In addition, the lift-off process was applied to reuse Si substrates (Bergmann et al., 2002;
Brendel, 2001). Moreover, the lift-off process was applied to fabricate flexible solar cells in
the developments of II-VI and I-III-VI, semiconductor thin film solar cells (Marrén et al.,
2005; Minemoto et al., 2010; Romeo et al., 2006; Tiwari et al., 1999).

Here, we focus on advantages of the lift-off process in fabrication of flexible Cu(In,Ga)Se;
(CIGS) thin film solar cells. For example, for the fabrication process where CIGS layers were
directly grown on flexible substrates, Ti foils (Hartmann et al.,, 2000; Herz et al.,, 2003;
Ishizuka et al., 2009a; Kapur et al., 2002; Kessler et al., 2005; Yagioka & Nakada, 2009), Cu
steel sheets (Herz et al., 2003), Mo foils (Kapur et al., 2002, 2003), stainless steel sheets (Britt
et al., 2008; Gedhill et al., 2011; Hashimoto et al., 2003 ; Kessler et al., 2005; Khelifi et al., 2010;
Pinarbasi et al., 2010; Satoh et al., 2000, 2003; Shi et al., 2009; Wuerz et al., 2009), Al foils
(Brémaud et al., 2007), Fe/Ni alloy foils (Hartmann et al., 2000), ZrO, sheets (Ishizuka et al.,
2008a, 2008b, 2009b, 2010), and polyimide (PI) films (Brémaud et al., 2005; Caballero et al.,
2009; Hartmann et al., 2000; Ishizuka et al., 2008c; Kapur et al., 2003; Kessler et al., 2005;
Rudmann et al., 2005; Zachmann et al., 2009;), are used as flexible substrates. Since these
materials do not include Na, other processes to introduce Na are required (Caballero et al.,
2009; Ishizuka et al., 2008a; Keyes et al., 1997). Since the thermal tolerance temperature of a
PI film is ~450°C, the low temperature growth of a CIGS layer is required. The first of the
advantages of the lift-off process is to enable to use a high quality CIGS layer grown on a
conventional Mo/soda-lime glass (SLG) substrate in the flexible solar cell fabrication.
Consequently, the low temperature growth technology for high quality CIGS layer
formation and novel processes for a Na source are not required. The second is to enable to
use low thermal tolerance films as the flexible substrate of a CIGS solar cell, because in the
CIGS solar cell fabrication process, the highest temperature process is the growth of a CIGS
layer and the process temperature after the growth of a CIGS layer is less than 100°C.

2. Experimental

2.1 Flexible Cu(In,Ga)Se; solar cell fabrication procedure

A schematic illustration of the fabrication procedure of our flexible CIGS solar cell using the
lift-off process is shown in Fig. 1 (Minemoto et al., 2010). A 0.8-um-thick Mo layer was
deposited on an SLG substrate without intentional substrate heating by the radio frequency
(RF) magnetron sputtering method. A 2.5-um-thick CIGS layer was deposited on the
Mo/SLG substrate by the three-stage deposition process at the highest substrate
temperature of approximately 550°C (Contreras et al., 1994a; Negami et al., 2002). From
energy dispersive x-ray spectrometry measurements, the Cu, In, Ga, and Se composition
ratios of this CIGS layer were approxymately 23, 18, 8, and 51%, respectively. The
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[Cu]/[Ga+In] and [Ga]/[Ga+In] ratios of the CIGS layer were therefore calclated to be ~0.88
and ~0.31, respectively. After CIGS surface cleaning by a KCN solution, a 0.2-pm-thick Au
layer was deposited on the CIGS surface by a resistive evaporation method as a back
electrode. The samples were annealed for 30 min at 250°C in N, ambient. Flexible films were
bonded onto support SLG substrates with a silicone adhesion bond for preparation of the
alternative substrates. These alternative substrates were also bonded onto the
Au/CIGS/Mo/SLG structure with conductive epoxy glue. To dry the conductive epoxy
glue, the samples were annealed on a hot plate at 100°C for 10 min in the atmosphere. Then,
the alternative-sub./epoxy/Au/CIGS stacked structures were detached from the primary
Mo/SLG substrates by applying tensile strain. In this detachment, the CIGS layer was
transferred to the alternative substrate side (Marrén et al., 2005). The lift-off flexible CIGS
solar cells were fabricated using this peeled CIGS layer. After cleaning of the CIGS rear
surface by a KCN solution, a 0.1-um-thick CdS layer was deposited on the CIGS rear surface
by the chemical bath deposition method. 0.1-um-thick i-ZnO and 0.1-pm-thick InyOs:5n
layers were deposited by the RF magnetron sputtering method. Al/NiCr grids were formed.
Finally, the flexible CIGS solar cells using the lift-off process were completed by detaching
the flexible films from the support SLG substrates. For comparison, we also prepared a
standard solar cell where the lift-off process was not carried out (the
Al/NiCr/Iny03:5n/Zn0O/CdS/CIGS/Mo/SLG structure). The properties of the films used
in this study are summarized in Table 1. Figure 2 shows a photograph of the flexible solar
cells using the PI film.

Material PI | PTFE | Polyester
Thermal tolerance temperature ('C) | 450 | 260 120
Thickness (um) 55 120 25

Table 1. Properties of PI, polytetrafluoroethylene (PTFE) and polyester films used in this
study are summarized.

2.2 Characterization methods

Current density-voltage (J-V) measurements were performed under standard air mass 1.5
global conditions (100 mW/cm?) at 25°C. External quantum efficiency (EQE) measurements
of the AC mode were performed at 25°C under white light bias (~0.3 sun) conditions. The
laser-beam-induced current (LBIC) method using the laser diode (A: 783 nm, laser power: 0.3
mW) was performed to investigate a spatial distribution of an EQE (Minemoto et al., 2005).
In LBIC measurements, a nominal spot size is less than 50 pm and a scan step is 53 pm. The
surfaces of the fabricated flexible solar cells were observed with an optical microscope. The
J-V, EQE, and LBIC measurements were performed after light soaking.

3. Results and discussion

3.1 Characterization of flexible Cu(In,Ga)Se; solar cells fabricated using lift-off
process
The |-V characteristics of the fabricated flexible solar cells are shown in Fig. 3. For

comparison, the J-V characteristic of the standard solar cell is also shown. Solar cell
parameters such as the short-circuit current density (Js.), the open-circuit voltage (V..), the
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Fig. 1. Schematic illustration of fabrication procedure of flexible CIGS solar cell using lift-off
process.
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/

Fig. 2. Photograph of flexible CIGS solar cells using PI film.
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Fig. 3. Photo J-V curves of flexible solar cells using PTFE (red) and PI (blue) films. Photo |-V
curve of standard solar cell without lift-off process (brack) is also shown for comparison.

Sample structure | Eff. (%) | Joo (mA/cm?) | Voo (V) | FF (%)
PI flexible 5.9 25.7 0.420 54.9
PTFE flexible 6.6 25.6 0.445 57.9
Standard 11.4 36.9 0.497 62.4

Table 2. Solar cell parameters obtaind from flexible solar cells using PI and PTFE films. Solar

cell parameters of standard solar cell are also shown for comparison.
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conversion efficiency (Eff.), and the fill factor (FF) are summarized in Table 2. The
conversion efficiencies of the flexible solar cells are an approximately half conversion
efficiency of the standard solar cell. EQE spectra of these solar cells are shown in Fig. 4.
EQEs of the flexible solar cells remarkably decrease in the long wavelength region from 700
to 1200 nm compared to the standard solar cell. We discuss this cause as below.
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Fig. 4. EQE spectra of flexible solar cells using PTFE (red) and PI films (blue). EQE spectrum
of standard solar cell without lift-off process (black) is also shown for comparison. EQE
spectra of flexible solar cells are similar irrespective of substrate materials.

As shown in Fig. 5(a), the band gap profile of the standard solar cell consists of the graded
band gap structure because of the three-stage deposition process. The diffusion length of
electrons generated by the long wavelength light near the back electrode is improved due to
the quasi-electric field in which the CIGS layer forms (Contreras et al., 1994b). The graded
band gap structure is therefore beneficial for collecting the photogenerated carriers. On the
other hand, as shown in Fig. 5(b), the band gap profile of the CIGS layer is inverted due to

Photogenerated Photogenerated
electron Conduction electron

Conduction
P ) band =€ band

Rear Rear

I surface | Surface | T surface

Valence Valence
Photogenerated @ band Photogenerated @ band
hole hole
(a) (b)
Fig. 5. Schematic illustrations of band gap profiles of CIGS layers. CIGS absorber layers with
(a) double geraded band gap and (b) inverted double graded band gap structures are shown.
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the lift-off process for the flexible solar cells. We speculate that the band gap profile of the
inverted graded band gap structure is not beneficial for collecting the photogenerated
carriers by long wavelength light. We conclude that the EQE reductions observed for the
flexible solar cells are attributed to the influence of the inverted graded band gap structure.
We describe an interesting point of our flexible solar cells as below. Different materials with
different thermal tolerance temperatures are used as the flexible substrates of these flexible
solar cells, as shown in Table 1. These flexible solar cells, however, show the similar
characteristics irrespective of the flexible film materials from Fig. 3 and Fig. 4.

LBIC and optical microscope images of the flexible solar cell using the PTFE film are shown
in Figs. 6(a) and 6(b), respectively. There is a low EQE region on the lower side of the solar
cell from Fig. 6(a). This low EQE region corresponds approximately to the flexurelike region
from a comparison between Figs. 6(a) and 6(b). This result therefore suggests that this
flexure cause reduction of an EQE. LBIC and optical microscope images of the standard
solar cell are shown in Figs. 6(c) and 6(d), respectively. In contrast, the LBIC and optical
microscope images are uniform for the standard solar cell.

Low EQE (arb. unity ~ High Low EQE (arb. unit) ~ High
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Fig. 6. (a) LBIC and (b) optical microscope images of flexible solar cell using PI film. (c) LBIC
and (d) optical microscope images of standard solar cell. Indicators of EQE intensity are
shown next to LBIC images.
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Fig. 7. Schematic illustration of fabrication procedure of flexible CIGS solar cell using
(Zno.83,Mgo.17)O window layer and lift-off process.
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3.2 Development of Cd-free flexible Cu(In,Ga)Se; solar cells

We developed a new Cd-free flexible CIGS solar cell using a (Zn,Mg)O window layer. The
fabrication procedure is shown in Fig. 7. This process is basically similar to Fig. 1. We
deposited a 0.1-um-thick (Znog3,Mgo.17)O window layer in stead of the ZnO window/CdS
buffer layers. The RF magnetron cosputtering method using ZnO and MgO targets was
used as the deposition technique (Minemoto et al., 2000, 2001). We also deposited a 0.2-um-
thick Ni layer by the resistive evaporation method as the back electrode in stead of the Au
layer. In this subsection, a 55-um-thick polyester film was used as a flexible substrate.
Interestingly, when the flexible solar cell using the polyester film was separated from the
support SLG substrate, the detachment occurred not at the support SLG/ polyester interface
but at the polyester/epoxy interface due to the weaker adhesion at the polyester/epoxy
interface. After the substrate-free structure was once, the polyester film was therefore
bonded onto the rear surface of the solar cell with a silicone adhesion bond. The photograph
of the flexible solar cells fabricated via the above procedure is shown in Fig. 8. We also
prepared not only the flexible solar cells using the conventional ZnO window/CdS buffer
layers but also the solar cells without the lift-off process for comparison.

Conventional
,Mg)O flexible ZnO/CdS flexible
solar cells solar cells

Fig. 8. Photograph of flexible solar cells using polyester film. Left solar cells are Cd-free solar
cells using (Zn,Mg)O window layer. Right solar cells consist of conventional ZnO
window/CdS buffer layers structure.
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The J-V characteristics of the flexible solar cells are shown in Fig. 9. The results of the standard
solar cells without the lift-off process are also shown in Fig. 9. Solar cell parameters obtained
from the J-V characteristics are summarized in Table 3. All parameters of the ZnO/CdS solar
cell is higher than those of the (Zn,Mg)O solar cell for the standard solar cells. On the other
hand, although there are the differences in the window layer/ buffer layer structures for the
flexible solar cells, these flexible solar cells show the similar properties.

40
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Fig. 9. Photo J-V curves of flexible solar cells using (Zn,Mg)O window layer and
conventional ZnO window /CdS buffer layers. Photo |-V curves of standard solar cells
without lift-off process are also shown for comparison.

EQE spectra of these solar cells are shown in Fig. 9. EQEs of the (Zn,Mg)O standard solar
cell are higher than those of the ZnO/CdS standard solar cell in the region from 300 to 480
nm, because the band gap of (Zngs;,Mgo17)O is higher than those of CdS and ZnO
(Minemoto et al., 2000). These high EQEs in this region is therefore attributed to a low
transmission loss of the short wavelength light. Moreover, the tendency of this result is also
observed for the flexible solar cells. We found that the (Zn,Mg)O window layer structure
was effective for reducing a transmission loss of the short wavelength light even in our
flexible solar cells.

Sample structure | Eff. (%) | J« (mA/cm?) | Voo (V) | FF (%)

(Zn,Mg)O flexible 1.0 14.8 0.231 30.5

ZnO/CdS flexible 1.0 14.8 0.227 30.2
(Zn,Mg)O standard 8.3 324 0.465 54.9
ZnO/CdS standard 13.7 34.9 0.562 70.0

Table 3. Summary of solar cell parameters obtained from flexible solar cells using (Zn,Mg)O
window layer and conventinal ZnO window/CdS bulffer layers. For comparison, solar cell
parametaers otained from standard solar cells using (Zn,Mg)O window layer and ZnO
window /CdS buffer layers are also summarized.
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Fig. 10. EQE spectra of flexible solar cells using (Zn,Mg)O window layer (red) and
conventional ZnO window/CdS bulffer layers (blue). EQE spectra of standard solar cells
using (Zn,Mg)O window layer (dark red) and ZnO window/CdS buffer layers (dark blue)
are also shown for comparison.

Here, we discuss why these flexible solar cells showed the similar solar cell parameters. In
this subsection, we used Ni in stead of Au as a back electrode material. In subsection 3.1, the
ZnO/CdS flexible solar cells with the Au back electrode showed a conversion efficiency of
~6%. We think that the Ni back electrode may limit performance of these solar cells. We
therefore speculate that the Ni atoms, which diffused into the CIGS layer from the back side
due to the low temperature annealing, behave as recombination centers for electrons.

4. Conclusion

After we described the review of the lift-off process, we also described the advantages of the
lift-off process in the flexible CIGS solar cell fabrication. We developed the fabrication
procedure of the flexible CIGS solar cells using the lift-off process. The characteristics of the
flexible solar cells were shown compared to the standard solar cell. Although the conversion
efficiencies of the flexible solar cells using the lift-off process are an approximately half
conversion efficiency of the standard solar cell, the flexible solar cells showed the similar
characteristics irrespective of the substrate materials. Moreover, we attempted the concept
of a Cd-free solar cell. We found that the choice of back electrode materials is a crucial
problem rather than the window layer/buffer layer structure. We expect that the lift-off
process further advances through our results.
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1. Introduction

The advances and promises of thin-film photovoltaics (PV) are much discussed these days,
typically using the viewpoint that a picked technology and process approach would provide
“the” solution to many problems experienced implementing PV commercialization. In 2009,
a thin-film PV company, First Solar, garnered world-leadership as a PV company, being the
first company to produce or ship more than 1 GW of PV modules in a single year. This
makes it timely to discuss the advantages and limitations of thin-film PV technology, as
compared to the currently prevailing crystalline Si PV industry. Traditionally, the following
technologies are considered constituting “thin-film PV:”

1. CdTePV

2. CIGS PV (or copper-indium-gallium diselenide)

3. a-Si:H (and nc-Si:H nanocrystalline or “micromorph” silicon films)

4. less than 50 micron thick crystalline Si films

In the amorphous silicon (a-Si:H) based category, several approaches are pursued, ranging
from amorphous silicon single junction modules to spectrum splitting multijunction cell
structures using either a-SiGe:H cell absorbers or a-Si:H/nc-Si:H multijunctions. Pros and
cons will be given for these different approaches that lead to this multitude of device
structures. It is argued that as long as the advantages of the aforementioned materials are
not understood, it would be difficult to “design” materials for more efficient solar cell
operation.

This review will recap what is currently known about these materials and solar cell devices,
keeping in mind that there will always be some unexpected “surprises,” while there were
many other approaches that did not result in anticipated cell/module performance
improvements. This knowledge leads the author to ask the following question: “Was
improper implementation or inadequate process choice responsible for the lack of solar
cell/module performance improvement, or was the expectation for improved device
performance or decreased device cost simply not warranted?”

The chapter of this book is written such as to not prejudge an outcome, i.e., an a priori
assumption that a given measure would result in a commensurate expected performance
improvement. The impact (i) of an improvement is broken down into probability (p) of
achieving a projected improvement times the effectiveness (e) of such improvement, where

*

i=p*e
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It is of interest to note that while impact is costed and/or priced by many companies, the right
hand side of the above equation also has associated cost elements associated with effectiveness
e plus an estimated probability p. Probabilities (p between 0 and 1 or 0% and 100%) are often
assumed to be either 0% (for an unsuccessful project) or 100% (for a successful project), with
the benefit of hindsight. This is true only with the benefit of hindsight, forward looking
probabilities should be estimated and accounted for as accurately as possible. In financial
terms, a probability between 0 and 1 should be accounted for by applying appropriate
financial discounts to probabilities falling outside the extreme values, 0 or 1. Instead, often p=1
is being “assumed,” but strictly speaking, this is inadmissible in forward-looking situations.
Whenever p is increased at the expense of e, the total benefit for i may not be achieved as
planned. Typically, p has to be empirically assessed, which is important for appropriate
financial “discounting” leaving much room for discussion as to what value (between 0% and
100%) to assign to p. The foregoing statement is valid for all PV technologies (not just thin-film
PV), but in the following, mainly elucidated picking thin-film PV examples. This chapter does
not want to chime in on a debate about what appropriate probabilities or discount factors
should be used, but rather serve as a reminder to the fact that projected probabilities occur
with less than 100% probability.

2. Status and challenges for CdTe based solar cells and modules

In the year 2009, a company relying on producing CdTe based PV modules, First Solar Inc.,
became the World's largest photovoltaic (PV) company, producing about 1,100 MW of PV
modules. Its production costs per Watt were quite low by industry standards. In 2010, direct
manufacturing costs of less than $0.8/W were reported by First Solar. First Solar modules
are 120 cm x 60 cm in size and were reported in 2010 to generate between 70 and 82.5 Watts
under standard testing conditions, resulting in commercial module efficiency levels on the
order of 10% to 11.5%. Time will tell how much room there is to further enhance power
ratings and commercial module efficiency. It can be expected that in the foreseeable future,
First Solar will remain among the top World Producers of PV modules. The CdTe device is a
true thin-film device consisting of a TCO-coated (typically, SnO,) glass superstrate, a CdS
junction partner layer, an active CdTe layer, an often proprietary back contact, packaged in
a hermetically sealed package. First Solar buys SnO,-coated superstrates, uses vapor
transport deposition (VID) for the CdS and CdTe layers, and applies a proprietary back
contact and cell series interconnect to the device structure.

Champion CdTe cells have achieved in excess of 16% efficiency (Green et al, 2011). It is of
concern to some researchers that this champion cell was reported already some 10 years ago
and has not improved since. The compound semiconductor CdTe has a tendency to grow
and sublime stoichiometrically when exposed to high temperature. Instead of using vapor
transport deposition used by First Solar, many R&D efforts use “Close-Space Sublimation”
(or CSS) to deposit the CdTe layer. It appears that the deposition method for the CdS
junction partner layer is not of as great importance as in the case of CIGS solar cells, where
frequently chemical wet deposition schemes are used for depositing the CdS layer which is
only about 100 nm thick, because that deposition method produces the greatest and most
reproducible performance. CdTe layers deposited at the highest temperature compatible
with the soda-lime glass superstrates typically result in the greatest device efficiency.
However, other CdTe deposition schemes, most notably electro-deposition, also resulted in
PV modules exhibiting substantial efficiency and performance (Cunningham et al, 2002). It
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was, however, found that a critical CdCly-anneal step is crucial to achieve best solar cell or
module performance (McCandless, 2001). Anneal temperatures on the order of 400 °C are
typically used after the CdCl, exposure. For industrial production rates, it is important to
limit the time for such anneal step in order to achieve an appropriate throughput. Looking
at current commercial throughput rates, one has to conclude that this is possible. It was also
attempted to substitute this CdCl, anneal step (where CdCl is often applied as an aqueous
solution] with a gaseous anneal step using HCl dry gas (McCandless, 2001). While this
approach resulted in similar results as the aqueous CdCl, anneal step, a superiority using
this “dry” process could not be established .

CdTe cells can be made stable and lasting, but not all production schemes result in stable cells.
It was reported that excessive reliance on the CdCl-anneal step to obtain the highest cell or
module efficiencies often led to less stable devices (Enzenroth et al., 2005), with processes
leading to the highest pre-anneal efficiency often resulted in the most stable manufacturing
recipes. It is now known that Cu, applied to many back-contacting schemes, is correlated with
the stability of CdTe cells. While it has been established that “too much” Cu results in unstable
cells, some rather stable cell deposition schemes were developed that use Cu-doped back
contact recipes. The degradation process shows a mixture of diffusive and electromigration
behavior (Townsend et al., 2001). Alternatives to using Cu for the back contact were developed
(e.g., P-doping, N-doping) (Dobson et al. 2000). These ‘Cu-free’ recipes also showed
instabilities and did so far not improve cell performance over that achieved with stable Cu-
containing back-contact recipes. Perhaps, it is a flaw to ask: “Is Cu in the back contact good or
bad for cell stability?” The appropriate question may well be: “When is Cu good, when is it
bad, and when is it irrelevant for cell performance and stability?”

While all commercial CdTe solar modules are currently fabricated in a superstrate
configuration (using a glass superstrate), the question has been posed whether such process
could be inverted and/or be applied to flexible substrates. Flexible substrates (like
polyimide foil) limit the temperature that can be applied during the position process. Also,
the issue of low-cost hermetic packaging of such transparent foils has to be addressed in
greater detail in a cost-effective manner. Because glass-encapsulated PV works, the cost of
glass (on the order of $10/m? for a single sheet) can often be used as a cost-guideline for
terrestrial flexible packaging schemes for power modules. It is clear at this juncture that
CdTe PV and CIGS PV have greater moisture sensitivity than many Si PV schemes,
requiring a more hermetic seal than Si PV might require. A point of research continues to be
the “edge delete” for modules. Typically, SnO: coated superstrates are coated with all layers
of the entire glass surface. A fast removal of such films, including the SnO»-layer, along the
module edges is required. For CdTe modules, often rather crude methods (like bead-
blasting or using grinding wheels) are employed for this “edge delete” step were employed.
The drawback of employing these methods is that glass surfaces are damaged using such
processes, resulting in greater water penetration rates from the module edges. Also, such
processes tend to weaken the glass. However, less damaging edge delete techniques like
laser ablation methods are rapidly becoming feasible and more cost effective.

In order to make a monolithically interconnected module, cell “strips” have to be created
that carry CdTe currents through the SnO,. Typically, 1 cm-wide cell strips are used for
CdTe modules. These strips require 3 scribes sometimes labeled P1 (SnO,), P2
(semiconductor layer), and P3 (back-contact) scribe line. The area including and between
scribes P1 and P3 is electrically “dead” and does not contribute to module power, hence
reducing the total area module efficiency. Therefore, scribe lines should be narrow and close
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to each other, which requires a good parallel alignment of the scribe lines with each other.
With the advancement of laser technology, all of these scribes are often achieved by laser
scribing. CdTe (and CIGS) cells can also be scribed with a mechanical stylus, and sometimes,
lift-off techniques were used for the P3 scribe by printing a lift-off paste to segment the cell’s
back contact. CdTe modules can be scribed in a picture frame or landscape format. First
Solar scribes in a picture frame format, arguing that high module voltages would reduce
resistive (I2R) losses in the dc module wiring. However, it was also discovered that modules
are installed with a maximum string voltage of 600V (dc, in North America, 1000V in
Europe), leading to relatively short strings for high-voltage modules. Realizing this, for its
series 3 modules, First Solar has reduced the voltage, resulting in lower voltage (and greater
current) PV modules. Other CdTe companies have elected to scribe in a landscape format.
Research activities for CdTe cells and processes concern themselves with achieving a greater
open-circuit voltage (Voc), greater stability, and more repeatable solar cell processing. While
the CdTe semiconductor possess nearly the ideal band gap for absorbing the solar spectrum
in a single junction device (about 1.5 eV), Voc is limited to approximately less than 900 mV
for champion cells,( about 750 - 800 mV per cell for commercial devices), well below values
that were achieved for high efficiency GaAs solar cells (Voc of about 1200mV in
“champion” cells) where the semiconductor absorber has a very similar band gap near
1.5eV. Investigation of back contacts and device stability is sometimes hampered by the
proprietary nature used by industry for these processes. Also, the role of impurities (oxygen,
water vapor) and the process when and how these impurities are added are currently poorly
understood.

Long-term concerns for CdTe PV are a perceived toxicity (Cd-containing compounds) and
the availability of Te. While Te availability is not a problem now, it may become so after
multiple terra-Watts of CdTe PV have been produced. A known mitigation scheme for
incorporating less Te (and Cd) into a cell would be to make the absorber layer thinner.
Unfortunately, as the absorber thickness is reduced to values below 1.5 microns, an often
precipitous decrease in cell fill factor and Voc were observed. For some solar cell processes,
a more gradual decrease of these cell parameters is observed even as thicker absorber layers
are thinned. Because absorber material costs are not a significant manufacturing cost factor,
manufacturers are reluctant to sacrifice performance by making thinner absorbers, hence the
development of thin absorber cells is currently only infrequently pursued. There comes a
point when very thin absorber cells would also loose current density due to incomplete light
absorption, but in a direct band gap thin-film semiconductor this would only happen for
absorber thicknesses below 1 micrometer. Further, as the a-Si:H and nc-Si:H PV
communities have shown, it may be possible to mitigate such current loss by employing
optical enhancement techniques (Platz et al. 1997).

3. Status and challenges for CIGS based devices

Champion CIGS Cells have been reported near 20% cell efficiency (Green et al, 2011). It is
remarkable that (a) 2 different groups on two continents (National Renewable Energy
Laboratory, NREL and Center for Solar Hydrogen, ZSW) have achieved this efficiency
level, and that (b) different material compositions all can achieve high efficiency cells (Noufi
2010). The record cells were mostly made by a process call co-evaporation. Typically, this
process has multiple “stages” involved, finishing devices with a Cu-poor (or In-rich) surface
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layer (Gabor et al. 1994). This process has also been adopted for CIGS module
manufacturing. Other processes used for commercial module fabrication are sputtering and
(time-consuming!) selenization using H>Se gas, various hybrid processes, electro-deposition,
and nano-particle precursor inks. Only time will tell if the latter deposition processes can
achieve the same performance as the co-evaporation process can? There are currently
different schools of thought as to why best solar cell results are obtained using these multi-
stage processes. Some people argue that the Cu-poor surface phase is a perfect ordered
vacancy compound (Schmid et al. 1993), while other researchers believe that a non-perfect
Cu-deficient surface layer can enhance CIGS solar cell performance (It may be instructive to
compare this issue to the crystalline Si PV case. Traditionally, this PV technology has used
monocrystalline and multicrystalline Si wafers. While several promoters have some
understanding that there is an efficiency difference between mono-Si and multi-Si based
technologies, some Si advocates say that all Si cells “should” have the same efficiency
potential.)

Nano-particle approaches have been promoted based of the promise that the absorber
properties could be fixed in the ink precursor. Nevertheless, the scale-up of nano-particle
precursor deposition approaches has also shown significant variation in output power.
Researchers typically have the uniformity of a semiconductor absorber layer in mind when
looking at enhanced control scheme, thereby neglecting the “junction-uniformity” upon
scale up, which can be observed in any commercial manufacturing process even when the
absorber properties remain constant upon deposition area scale-up and/or throughput.

This author ranks the probability as quite low that Se could be added in a “fast” process to
metallic precursor layers. Past work was carried out along these lines (Attar et al. 1994) .
Similarly, advantages of CuSe or InSe precursors have not as yet been demonstrated to lead
to high solar cell efficiencies (Anderson et al. 2003). In addition to films made by the former
process having problematic mechanical film properties (flaking), rapid post-deposition
selenization approaches have also not yet lead to great solar cell efficiency. This observation
currently necessitates handling a high vapor pressure Se (relative low temperature) Se
evaporation source and low vapor pressure Cu evaporation source (relative high
evaporation temperature) in the same vacuum system.

CIGS PV showed the last significant “win-win" situation in PV when it was suggested (for
reasons of lowering manufacturing cost) to change substrate material from using boro-
silicate glasses to soda lime (ordinary window) glass. What was not anticipated was that
such switch also increased the cell performance obtained. It is now understood that
controlled addition of Na can enhance the performance seen in CIGS cells. In fact, Na
addition was essential for making high-efficiency CIGS cells on metal foils a reality. The
reasons for this advantage are poorly understood, but the observation is overwhelming that
Na can improve CIGS solar cell performance.

The CIGS cell typically consists of the following structure: Glass/Mo-film/multi-stage-
CIGS/CdS/TCO. Since a finished cell can be exposed only to moderate temperature (<200
°C, perhaps <150 °C), sputtered ITO or ZnO or LPCVD (Low Pressure Chemical Vapor
deposited) ZnO are typically used as the TCO. The Mo-film and the TCO deposition
processes may use more than one deposition process for fabricating such layer (e.g.
sputtering condition). When using co-evaporation for the CIGS deposition process, the best
performance results are obtained when substrate temperatures during the deposition
process are high, approaching the softening point of glass. The CdS layer, for high
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performing CIGS cells and modules, uses a wet (CBD chemical bath deposition) process for
a thin (100 nm thick) CdS layer. For modules, scribing the p(1) through p(3) scribe lines can
involve laser and/or mechanical methods (Tarrant & Gay, 1995). Because of a higher current
density in CIGS (typically, 33 mA/cm? + 15%) cell strips are typically only 5 to 6 mm wide.
For such cells, scribing tolerances are particularly important for minimizing the non-
contributing module area.

Many commercial CIGS modules are currently fabricated on rigid glass substrate/cover
glass structures, limiting moisture ingress to the module perimeter. Even these structures
initially had problems passing the damp heat (1000 hours at 85% relative humidity, 85 C)
tests. This suggests that CIGS cells are more moisture sensitive than modules made using Si
solar cells. Some commercial CIGS manufacturers fabricated on flexible metal foil material
have therefore designed their cells as Si cell replacement to be packaged within glass sheets.
The question has been posed whether such process could be inverted and/or be applied to
flexible substrates. Flexible substrates (like polyimide foil) limit the temperature that can be
used to deposit the CIGS films, but allow monolithic (scribed) integration of the module,
while stainless steel substrates allow the use of higher deposition temperatures, but, because
they are conductors, not the monolithic interconnection. Typically, PV made on metal foils is
“slabbed” into individual solar cells, giving up some advantages of a roll-to-roll fabrication
process.

In order to increase the humidity tolerance, it is presently not clear whether to make the
solar cell more tolerant to moisture or whether to lower the water transmission rate of the
module package. It is known that the ZnO layer used as the top contact by some entities
deteriorates upon moisture contact. Some groups therefore work on replacing the TCO
material. On the other hand, it is also known that there can be degradation for CIGS cell
recipes that use an ITO instead of a ZnO contact for CIGS cells, and that other technologies
(like a-Si or a-Si/nc-Si technologies) have achieved acceptable stability using ZnO for top
and/or bottom solar cell contacts. It is somewhat likely that there is not a single cause or
mechanism for moisture sensitivity, and that CIGS PV will be more sensitive to moisture
than Si-based PV. This leaves the question how cost-competitive flexible CIGS is for power
generation. Such competitiveness will require a light-weight, flexible and optically
transparent low-cost moisture barrier. Acceptable barriers may exist as commercial
prototypes, but commercial cost for such foils is not clear. If these foils were significantly
more expensive than glass, the advantage of flexible CIGS PV could be diminished.

The long-term stability of CIGS is acceptable, depending on details of device processing and
the quality of the package. Having been discovered some time ago, “transients” in CIGS-
based devices are poorly understood. If finished solar cells or modules are exposed to
moderate heat in the dark (<150 °C, for example when modules are laminated), a power loss
is often (but not always) observed. Such behavior is currently not predictable. Often, but not
always, the power loss recovers when the module is exposed to natural or artificial light.
These “transients” may change as modules age and pose a problem for qualification tests,
specifying a pre-and post stress power variations that could be larger than stress induced
power losses. For some CIGS pilot production modules, it was found that such transient loss
effects were on the same order as stress or deployment induced losses. The question is to
what degree recovery can be relied upon to achieve performance predictions that on
average are correct?

Some tests (like the 85/85 test) heat the modules in the dark. Because of this behavior, the
qualification test for modules utilizes the manufacturer’s labeled module power rather than
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the measured module power as the criterion for power loss upon stressing. CIGS (and all)
thin-film modules are tested using the IEC 61646 accelerated testing specifications. One
manufacturer exposed CIGS modules with questionable lamination power losses to actual
sunlight to ascertain the amount of recovery.

Long-term potential limitations to CIGS PV are the limited availability of In metal. The use
of In could be reduced by manufacturing thinner cells than the thicknesses used today.
However, experimental and commercial reality is similar to what has been said about thin
CdTe solar cells above, because materials cost for the semiconductor layer currently are low,
typically best performance, not minimum thickness is used for commercial activities. It is
also unclear if a competing technology, flat panel displays, will continue to use In (ITO) or
will switch to a different TCO material. Being limited by In availability is not expected to be
a problem until terawatts of CIGS PV modules have been fabricated. Another potential
problem is customer acceptance. CIGS cells use a small amount of CdS in the buffer. Several
entities have therefore developed alternative buffers to CdS (Contreras et al. 2003). Such
work may be successful (but no performance improvements were yet found because of
using alternative buffers), and it is of interest to note that a similar wet deposition process
for best alternate junction partners also uses CBD. There are also efforts to develop CIGS-
solar cells using earth-abundant non-toxic materials only. This requires replacing the In (and
perhaps Ga) used in CIGS solar cells. A popular candidate is currently Zn (“CZTS” cells),
and efficiencies near 9% were reported for such cells (Todorov et al. 2010). Using such
alternative materials suffers from the fact that the “secret” of CIGS solar cell operation is not
understood (why the device optimizer has to do what he has to do in order to attain high
efficiency solar cells, why In, Ga and CBD CdS work extremely well). Researchers focus on
materials that have appropriate optical properties, but appear to miss out on the important
relevant electronic differences between CIGS and alternative materials.

Research issues for CIGS based solar cells are: Understanding the difficulties scaling up
current champion cell recipes to commercial size, understanding the befits of incorporating
Na into cell, understanding the stoichiometric requirements (In to Ga to Cu to Se
concentration ratios, in combination with other parameters such as solar cell thickness,
chemistry of buffer layers etc.), understanding ‘transients’ in solar cells, understanding the
‘secrets’ of In, Ga, Cu, Se, and Na required for achieving champion-level efficiencies,
developing alternative buffer layers, and understanding how Voc, FF and Jsc losses could be
mitigated in cell using absorbers <1 micrometer thick. There is less focus on the quality of
the back contact, but unless Mo is used as the contacting layer, cell results are typically
much poorer. The secret of the Mo use should be part of understanding why current
champion cell recipes have to be made the way that they are being made.

4. Status and challenges for amorphous silicon and micromorph solar cells
and modules

Amorphous silicon constituted the first commercial thin-film PV module product. The
process of making amorphous silicon solar cells and modules was first invented by the RCA
and Energy Conversion Devices (ECD) laboratories (Catalano et al. 1982, Izu et al, 1993).
There was also a strong push by Japanese Companies (Sanyo, Fuji, Cannon, Sharp, to name
a few) for commercializing this PV technology. At the time, both power and consumer
products were being developed.

Spectrum splitting multijunction solar cells were invented in Japan (Kuwano et al. 1982) and
consequently developed at ECD (later, doing business under their Uni-Solar brand name)
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and Solarex (later doing business as BP Solar, but in 2002, pulling out of all thin-film PV
activities), and also in Japan and Europe. For a while, it was believed that this was the
easiest pathway to achieving high-efficiency low-cost solar cells and modules. While
multijunctions offer a theoretical efficiency advantage, the practical advantages are of a
lesser degree. This is because in case of the a-Si-based multijunction cells, the subcells of the
stack are not perfect in terms of their I(V) parameters. This has a beneficial aspect for energy
generation, because as long as non-ideal subcells are stacked, one cannot invoke ideal
mismatch factors when calculating mismatch for the stack (Chambouleyron and Alvarez,
1985). In fact, for multijunction III-V-based solar cells, it was shown that by managing the
current flow through the stack (limiting the current by the top-cell), fill factors of the stack
can well exceed the fill factor of the weakest cell in the stack (Wanlass & Albin, 2004).
Fabrication of a-Si:H solar cells and modules uses plasma enhanced chemical vapor
deposition (PECVD). Typically, silane gas (SiHs) (germane gas GeH, for a-SiGe:H layers) is
piped into a deposition chamber near 1/1000 of one atmosphere, and by applying an rf
frequency, hydrogenated amorphous silicon (hydrogenated amorphous silicon germanium
alloy) layers are deposited. In many instances, the frequency of 13.56 MHz set aside for such
applications was used to excite such plasma, but in the 1980s, it was reported that using
higher frequencies could produce a-Si:H films and solar cells with slightly improved
properties and/or higher deposition rates (Shah et al. 1988). The higher frequency
deposition has been adopted by a few commercial companies. Amorphous silicon can be
doped, typically with phosphorus or boron, by adding a phosphorus or boron containing
gas to the gas mixture. Typically phosphine (PHz3) is used for n-type doping, while for p-
type doping, BoHe, BF3, and B(CHs)s have been investigated among other doping gases.

The a-Si:H cells and modules are available in both substrate and superstrate configurations.
Due to the relative low deposition temperature (200 °C or less) the choice of substrate
material is less driven by temperature capabilities, but rather by issues like substrate
availability, cost, and commercial handling issues. Commercial cells are illuminated through
the p-doped contact and are hence termed n-i-p structures in substrate configuration or p-i-n
structures for superstrate configurations. For superstrate configurations, a commercial or in-
house prepared TCO layer is coated with one or more p-i-n sequences. Illumination through
the p-type contact is clearly enhancing cell performance. Glass superstrate modules are
typically scribed and interconnected into 1 cm-wide cell strips, commonly using laser
scribing and welding methods. When conductive substrates (like Uni-Solar’s stainless steel)
are used, individual cells are cut from the substrate. Methods have been found to contact the
top-contact TCO layer in such cells to extract the substantial currents from large-area cells.
Amorphous silicon (a-Si:H) PV went to its so far highest market share in 1988, thereafter
losing market share because a resurgent activity in crystalline Si PV and because a-Si:H
based module efficiencies were quite low and did not achieve stabilized efficiency levels
that were predicted then (15% efficient module efficiency was predicted to be achievable by
the late 1990s). Amorphous silicon suffers from so called Staebler-Wronski degradation. The
a-Si:H based solar cells and modules are made with greater “initial” efficiency at modest
deposition temperature (say 200 °C), but when the devices are exposed to light, a reduction
of power (and all parameters like Voc, FF, and Jsc) typically occurs. The exact amount of
such loss depends on the details of device fabrication, but the effect is significant (say
typically for commercial devices on the order of 30%). The Staebler-Wronski degradation
can mostly be removed by annealing (for one hour or so) at temperatures of 130 C, but this
temperature is greater than the normal operating temperature of PV modules and could
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damage module components. The strongest tool for mitigating such degradation is keeping
the intrinsic-a-Si:H absorber layer thin. In 1990/1991, the US a-Si program therefore asked
that only “stabilized values” for material properties and solar cell efficiencies should be
reported. The stabilization procedure was specified as light-soaking under one-sun light
intensity for 1000 hours at a sample temperature of 50° C (Luft et al. 1992). This change had
two consequences: (1) a reduction of cell efficiency values as initial value were previously
reported; (2) establishment and study of light-soaking in the major amorphous silicon
laboratories. While this procedure is now followed by most commercial manufacturers, it is
tempting to report better initial values, which is sometimes done. There was a debate
whether or not Staebler-Wronski degradation could be entirely eliminated. To date, no
elimination scheme has proven successful, but, as mentioned earlier, the magnitude of the
effect can be controlled. While for many years it was believed that initial and stabilized
performance scaled, it is now clear that smaller initial performance may result in greater
stabilized performance and vice versa.

Large-area PECVD deposition may result in non-uniform deposition because different
amounts of electric field are available on the rf cathodes of the typically capacitive coupled
flat plate reactors used, because the wave length of the rf frequency and the physical
dimension of the electrodes become of comparable magnitude. This problem typically
becomes larger when higher frequencies (smaller wavelengths) are used to excite the rf (or
vhf) plasma. Another source of non-uniformity arises from the fact that the feed-in
distribution ratios of the precursor gases (SiHs, GeHs and Hj) can change (because of
consumption) in large area systems. It should be noted that on the other hand, such
consumption can lead to desirable grading, say of the Ge-content in a-SiGe:H layers (Guha
et al. 1988). These issues can all be overcome, by using the appropriate or segmented
electrodes and gas feed-ins for large-area deposition. In the early 1990s, SERI (Solar Energy
Research Institute, before the organization became NREL in 1991) specified attaining a
certain amount of thickness uniformity (typically, +5%) for large-area a-Si:H deposits in its
subcontracts. These uniformity specifications were typically met, but what wasn’t realized
then is that the conditions used for meeting the uniformity criteria may not have been the
same leading to the most efficient modules.

The following points may be important to assess degradation mechanisms: (1) there are
interrelated “slow” and “fast” components to the solar cell degradation (Lee et al. 1996); (2)
wrong fundamental degradation models could be the culprit for not being able to eliminate
or minimize degradation, resulting in inadequate stabilization and “unexpected”
degradation of commercial module product. High light intensity and low exposure
temperature as well as process details like hydrogen dilution can favor the formation of fast
(or “easy to anneal’) degradation (Lee et al. 1996, von Roedern & DelCueto, 2000)). Operating
temperatures of an a-Si:H module could affect the annealing and stabilization process.
Hence, a typical a-Si:H arrays show greater efficiency in the summer than in winter. This
behavior is opposite to many other PV technologies, where efficiencies during summer are
lower than during winter because higher operating temperatures (such temperature
behavior also holds for a-Si:H modules) results in lower module voltages for the same
radiation level, hence lower module power. For a-Si:H modules, the annealing effect
(increasing efficiency) must be often more significant than the temperature effect (lowering
efficiency). It is of importance to note that degradation and continued outdoor exposure
affects the temperature coefficients observed. Typically for a-Si:H modules, T-coefficients
become less negative, sometimes even positive after prolonged exposure. A detailed study
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how degradation affects the amount of degradation that is observed has been published
(Whitaker et al. 1991).

There was a resurgence of a-Si:H activities after the year 2005 when big companies entered
the a-Si module arena by making or adapting deposition lines for a-Si:H-based PV modules.
Many researchers believed that this could result in a renaissance for a-Si:-H PV. However,
the question should be answered: how could this be the case when these companies used
the same PECVD process that was researched for over 30 years for the deposition of a-Si:H
PV modules? Several a-Si:H PV companies have recently given up on this technology. Is
this because the economical circumstances were not right, or is it because performance and
cost expectations for such modules could not be met? The reader must draw his or her own
conclusion on this.

In the 1980s, it was proposed that changing the radio-frequency (to values greater than
13.56 MHz) could change the properties of a-Si:H and also facilitate the growth of
nanocrystalline thin film (nc-Si:H) layers. The nc-Si:H layers can be grown when there is a
high hydrogen dilution of the gas fed into a PECVD system (typically>98% Hb).
Subsequently, nc-Si:H layers were investigated as absorber layers for a-Si:H-based solar
cells. For more than 10 years, it is known that layers resulting in the highest solar cell
efficiency are “mixed phase” (nanocrystallites of relative small size, typically << 50 nm in
size), rather than those involving the largest grains and almost no “amorphous tissue”
(Luysberg et al., 2001). Like for a-SiGe:H, it was found that the properties of nc-Si were not
“quite good” enough for use in single junction solar cells. Hence, these layers are typically
used as a-SiGe:H replacement in spectrum slitting multijunction solar cells. One group
termed the word “micromorph” for such solar cells.

The micromorph solar cell constitutes a conundrum for the solar cell optimizer.
Multijunction solar cells are to be approximately ‘current matched.” A common target value
for the current density in champion tandem multijunction solar cells is 13 mA/cm2. This
value is difficult to attain in the stabilized thin a-Si:H top junction. It remains to be seen if
the field, if sustained, will gravitate to optically enhanced solar cell (Platz et al., 1997) or if a
triple junction solar cell structure (having a current density of 8.7 mA/cm?) will prevail.
Since nc-Si:H absorber layers were developed later than a-SiGe:H, some promoters projected
a greater efficiency potential for such layers than for a-SiGe:H absorbers. In reality, cell
performance for multijunction cells containing a-SiGe:H and nc-Si:H is about the same
(approximately 12% stabilized “total-area” efficiency). It has been suggested that the
crystalline nature of the nc-Si:H layer would result in deposition rate independent
properties of the nc-Si:H solar cell. Unfortunately, experimental observations could not
support such prediction, nc-Si deposited at higher deposition rates (say >2 nm/sec) shows a
significant loss in solar cell efficiency. Since optimum nc-Si:H cells are 1.5 to 2 microns thick
(compared to 0.2 micrometer thick a-SiGe:H absorbers), deposition times for nc-Si:H
absorbers are typically longer. This poses another decision for the solar module optimizer:
Should one “trade” consumable cost (GeHy gas is expensive!) for even higher equipment
capital cost ? The statement that currently a-S5iGe:H and nc-Si:H solar cells and modules
would have about the same efficiency is sometimes controversial (Yan et al., 2007). (An
article in Photon International reported that while “micromorph” modules had a higher
efficiency than a-Si:H modules, the plant size for micromorh deposition equipment was also
greater than for a-Si:H module deposition. If the same amount of equipment was used,
micromorph production will result in a lesser annual output than producing pure a-Si:H
modules with the same deposition equipment.)
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Some PV technologies have come under attack for using poisonous or harmful gases. There
have also been reports that the use and release of system etching gases (NF; is typically
used) could make Si-based PV less environmentally friendly, since etching gases like NF;
possess a green-house gas potential about 20,000 times greater than CO,. Photon
International estimated that for an a-Si:H module factory, the greenhouse gas “pay-back”
time could be twice as long as the energy pay-back time (pay-back time characterizes the
avoided greenhouse gases or energy that is used to produce a PV system including the
modules). The energy pay-back time for an a-Si:H PV array is on the order of 1 year. For
crystalline Si PV the same issue may arise, as some PECVD systems used to deposit a “fire-
through” a-SiNy:H antireflection layers also use PECVD for depositing the a-SiNx:H films in
etch-cleaned PECVD chambers using NFs. There are ways to mitigate the emission of NFs;
(1) avoid the use of NF3 cleaning, or (2) use alternatives for etch-cleaning chambers like on-
site generated F.

5. Status and challenges for crystalline silicon film solar cells and modules

It is intriguing to use crystalline Si films to make Si PV. There is a problem that when
depositing such films, silicon may become loaded with impurities from the substrate material
used. At one point in time, it was thought that this could be overcome by using Si as a
substrate, for example, a Si ribbon material grown quickly. This approach has not proven
successful, presumably because the crystalline Si films grow with different rates epitaxially on
different substrate crystalline orientations. There is also the quest for using lower temperature
substrate materials, but even a solid state recrystallization requires temperatures that exceeds
soda-lime glass softening temperatures. Many groups using crystalline Si films have used,
with some success, heavily doped mono-crystalline wafers, mullite (alumina) derivatives, pure
graphite, multi-crystalline Si films, or specialty glasses to achieve deposition or
recrystallization of crystalline Si films. For some of the foregoing substrate choices, differences
in the thermal expansion coefficients of silicon and the substrate material can result in
additional issues that need to be resolved. The Solar program of the US Department of Energy
(DOE) projected that in the 1980s, Si PV would transition from wafers to films. Such transition,
however, has not yet happened, because films still result in a rather low solar cell efficiency
compared to wafer Si. Most people define film silicon less than 50 microns thick Si film on a
foreign (non wafer Si) substrate as thin-film PV.

One device issue is the small voltage that is achievable using thin Si films. Values for Voc
near 600 mV have been reported, but typical values are lower than that, perhaps on the
order of 500 mV or less. The low voltages and fill factors are a universal observation for thin
cells, but many researchers focus on short-circuit current density (Jsc) for thin-absorber cells.
This leads to the following question: Should one first tackle a loss of Voc and FF in thin
absorber cells, or should one begin tackling short-circuit current densities? In 1998, Dr.
Jirgen Werner summarized Si film solar cell observations by plotting grain size on a
logarithmic abscissa scale and voltage or efficiency on the ordinate. It was observed that a
huge “valley” existed. For grain sizes between 10 nm and 1 millimeter, no good correlation
could be observed between grain size and cell voltage or efficiency. In the 12 years following
such plot, despite new experimental trials, not many new observations were added to
Werner’s original plot. This poses the question to what degree grain size could be an
effective “driver” towards higher solar cell efficiency?

For many years, NREL had worked with the Astropower Corporation (Delaware, and its
successor, GE) on developing thin crystalline Si solar cells and modules. They delivered
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various cell and module prototypes. What was striking was that with about 30 micron thick
absorbers, short circuit current densities (<28 mA /cm?2)and QE responses were measured for
such cells that were similar to champion light enhanced nanocrystalline nc-Si:H-cells were
the absorber was only 1.5 to 2 microns thick. This poses the question to what degree the fall-
off of the quantum efficiency red response is determined by incomplete carrier generation or
by incomplete carrier collection or both? Thin Si PV is a perfect example demonstrating
where reliance on the appropriate R&D assumptions will greatly affect the optimization
efforts. If losses were due to incomplete carrier collection, one would gear optimization
attempts towards reducing collection losses, while incomplete generation losses would be
fixed by enhancing generation, typically by applying optical enhancement schemes. It is
possible that measured QE responses are affected by both factors, while a majority of R&D
efforts may have been conducted under the assumption to enhance generation in thin solar
cells by researching optical enhancement techniques alone. It is currently not known what
the potential of crystalline Si film solar cells is. The observations made during the last 30
years optimizing Si based solar cells could suggest that progress with thin Si film solar cells
could be less likely and may not be attainable, if the observations rather than the
expectations were correct.

A similar question should be asked for another case of crystalline Si PV, recrystallized
amorphous silicon. Commercial development for crystalline Si film solar modules has
occurred at Pacific Solar (later CSG, Crystalline Si on Glass, at one point in time, affiliated
with Q-Cells, now belonging to Suntech Corporation). CSG modules achieved about the
same performance level as amorphous silicon (a-Si:H) modules. CSG uses 2 micrometer
thick layers for the absorber (a recrystallized a-Si precursor on a specialty glass substrate).
This observation poses a very fundamental R&D question: “Was CSG not given enough
resources to develop a better solar cell, or was the expectation erroneous that a better solar
cell efficiencies would result from recrystallized 2 micrometer-thick crystalline silicon layers
(recrystallized 2 micron thick amorphous silicon) than using 0.5 micron thick a-Si:H layers
directly to produce a solar cell or module?” In order for fundamental science to impact
technology, a more conclusive answer to this question has to be found.

6. Relating champion cell efficiencies and commercial module performance

Champion efficiencies are often used as the yardstick to gauge the PV status of a certain
technology. It was found that the credibility of such numbers improves when champion
results of independent testing laboratories are used, although several PV entities have
developed internal procedures to obtain, within experimental uncertainty, the same results
as independent testing laboratories. What is more controversial is that sometimes
“unoptimized” solar cell results have been reported. In those instances, it is not clear what
efficiency level might be attainable upon further cell optimization. As argued in the
introduction section of this chapter and elsewhere, it is not clear if greater control and
reduction in variability increases or decreases champion cell efficiencies. It is recommended
that for the time being, either possibility should be considered as likely, namely that
unoptimized device performance can or cannot be further improved after full optimization.

Champion solar cell efficiencies can be linked to current and future commercial module
performance, based on what is known today about solar cell champion efficiency levels,
which in recent years have not shown too much progress. In order to obtain current
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Current ¢/c
gﬂf) Module ;F'Z(xiii Technology performance ratio
P (module/cell eff.)

SunPower o mono-Si, special o

195 F19/318 -0.38 %/C junction, sp.1. (1) 78% (19.5/25.0)

171 | Sanyo HIP-215N -0.34 %/C CZ-Si, “"HIT,” sp.J (1) | 69% (17.1/25.0)

151 | Suniva ART245-60 | -0.46%/C CZ-Si, sp.]. (2) 72% (15.1/21.0)
Kyocera o MC-Si, standard o

143 KD235GX-LPB -044%/C junction (std. j.) 70% (14.3/20.4)
Solar World o . . N

14.3 SW235/240 -0.45%/C CZ-Si, std. j. 68% (14.3/21)
Solar World SW o . . N

143 220,240 -0.48%/C MC-5;, std. j. 72% (14.3/20.4)

. o “standard” mono-Si o %

13.9 | Solaria 230/210 -0.5%/C cells, 2x concentration 65%* (13.9/21.5)
Suntech STP o . . N

13.6 295-20Wd -0.44%/C MC or CZ-5i, std. j. 67% (13.6/20.4)

13.6 E‘S’elgg; een Solar -0.49%/C String-ribbon-Si std.j. | 65% **(13.6/20.4)
Q-Cells 0 0 0

125 Q.smart UF 95 -(0.38 %+/-0.04)%/C CIGS 62% (12.5/20.3)

11.5 | First Solar FS-382 -0.25%/C CdTe 69% (11.5/16.7)

11.9 | Avancis 130 W -0.45%/C CIGS 59% (11.9/20.3)
Abound Solar o o

10.1 AB62/72 -0.37 % /C CdTe 60% (10.1/16.7)
Sharp NA-NA- o . . 0

10.0 V142H5/NA -0.24%/C a-Si/nc-Si 80% (10/12.5)

7.2 Uni-Solar PVL144 | -0.21 %/C a-Si, triple junction 60% (7.2/12.1)

6.3 Kaneka T-EC-120 | n/a a-Si single junction 62% (6.3/10.1)
Konarka Power o . o

1.7 Plastic 1140 +0.05%/C organic 20% (1.7/8.3)

*There is no good published value for 2x concentrated cell performance. Here, the corresponding Solar
cell efficiency is taken as 21.5%.

** There is some uncertainty whether or not string-ribbon Si can reach multicrystalline Si efficiencies,
but this has been assumed.

Table 1. Module Efficiency from survey of manufacturers” websites and commercial module
efficiency over champion cell efficiency ratios”

commercial performance, an internet survey provides some guidance as to what module
products, and technologies are commercially available. Then the ratio between verified
champion efficiency and module performance can be calculated. It is clear that commercially
available module efficiencies have to be discounted from champion cell level efficiencies,
and that module efficiencies are smaller than solar cell efficiencies. In 2006, this author used
a “discount” of 20% between champion cells and commercial modules (von Roedern, 2006).
Now, 5 years later, the data suggest that it would be very unlikely that average commercial
module efficiencies could exceed 80% of the respective champion level solar cell efficiency.
The most mature and selective technologies (wafer-Si) have not yet exceeded this (80%)
value for even for their best commercial modules yet.
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Table 1 shows a summary from February 2011 of commercially available PV modules. Only
modules available on manufacturer’s public websites for sale where the technology is
identifiable are listed.

Using the 80% argument, it can then be estimated what maximum average commercial
module efficiency is likely based on what is known about champion solar cells today. Table
2 provides such breakdown.

The point to be made is that there is a difference between champion cell and champion
module efficiency (estimated to constitute an efficiency difference of about 20%). While
some technologies may reach a high ratio earlier than others, current champion-cell
efficiency numbers can be used to estimate future commercial module efficiencies. There are
some claims that some modules perform better in hot environments than at low
temperature. These real effects are on the order of +/- 10% in energy generation, but there
are unknowns of similar magnitude like the degradation encountered over the system
lifetime, the quality of the installation, the weather fluctuations, and the accuracy of the
name-plate rating, to name a few factors.

nf:c;tﬁ: C(:el;;g;frl;cal:ie Future Future Relative-cost
Technology P Relative | (using a 50% thin film

(80% of current record

- Performance | cost advantage)
cell efficiency)

Silicon (non-stand) 19.8% 1.21 0.83(competitive)
Silicon (standard) 16.4%** 1.00 1.00 (reference)
Silicon (standard, 2x) 17.2% 1.05 0.71 (competitive)
CIS 16.2% 0.99 0.51 (highly competitive)
CdTe 13.2% 0.80 0.63 (highly competitive)
a-5i (14) 8.0% 0.49 1.02 (about the same)
a-Si (3jj), (or a-5i/nc-Si) 9.8% 0.60 0.83 (competitive)

**Since there is only a marginal performance difference for standard cells using mono- or multi-Si
wafers, an “average” champion cell performance of 20.5% was used to calculate standard Si module
performance. 12.3% was used for spectrum splitting a-5iGe:H and nc-Si:H multijunctions

Table 2. Anticipated Future Module Efficiency and Relative Cost Based on Today’s
Demonstrated Champion Cell Performance

Low light-level efficiency values may look better for some modules then for others, but those
higher low-light-level efficiencies can be lost after a module is deployed or stressed
(Wohlgemuth 2010). Low light-level higher efficiency also affects the energy output differently
in different climates. The more overcast the weather, the more important is lasting higher low
light-level efficiency. The interactions between climate and energy output poses the question
whether PV modules will get a single rating or a deployment site specific rating because
modules are sold in STC Watts and revenues are received in terms of energy generated.

7. Notes on reliability and durability of thin-film modules

One of the most frequently questions asked is: How durable is this technology versus
longer-established wafer-Si PV technology and whether or not Si PV would be “the
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hallmark of stability” as these technologies are sometimes presented. Clearly, there are
changes in all technologies, and as modules age or are stressed, transient behavior, power
and temperature coefficients will change (Whitaker et al., 1991, del Cueto & von Roedern,
2006, Wohlgemuth, 2010). I sense some reluctance in the testing community to specify
accelerated stress conditions, because not all effects and mechanisms for module
degradation or failure are known, and because some people in that community hold out the
hope that there would be better accelerated stress conditions that would better predict real
world performance of modules. What is not realized is that there could also be a value for
having standards, and that standard conditions will not reflect real-world conditions or
energy generation. For example, the fuel economy of automobiles is based on standard tests,
while the prudent driver will know that he or she may not achieve or exceed the standards
because of their driving techniques and conditions differ. I advocate that it is the
manufacturer’s duty to assure durability, and that long-term durability depends to a large
degree on whether or not an appropriate manufacturing process was used. Technology
related instability problems with any PV technology are currently difficult to identify, and
mistakes were made in all technologies leading to the observation of unacceptably high
module failure rates. Newer technologies are apt to reveal greater failure rates for a while.
While glass to glass sealed modules are often being produced, glass breakage can lead to
increased failures in thin film PV modules. Glass breakage and its mitigation are the topics
of much research. Standards are sometimes helpful and sometimes misleading. For example,
two sheets of annealed glass laminated with a layer of ethyl vinyl acetate (EVA) can pass the
hailstone impact test (a 2.5 cm diameter hailstone impacting at terminal velocity, 23 m/s).
This has led many module developers assume that if the hail test can be passed, the
mechanical strength was acceptable. Yet, thermally induced glass breakage will occur.
Given the observation that glass breakage is not so much a factor for crystalline Si PV
modules, the use of partially strengthened or partially tempered glass is strongly
recommend to be used for thin-film PV modules.

It is also well established that some forms of PV are much more moisture or oxygen
sensitive than other technologies. Sensitivity to ingress of elements can be mitigated by
either making the device (solar cell) less sensitive to the penetrating elements, or by better
sealing the module package. In practice, both approaches may be used to result in the most
cost-effective scheme to increase the durability of a PV module. Glass will not allow
penetration of elements and provides a perfect seal, except for the edge glass to glass seal.
This may not be the case for flexible schemes where flexible layers have to be used. While
flexible opaque materials may provide neccessay low transmission rates and do not pose a
glass breakage problem, other issues may become critical when there is a need to use
optically transparent barrier foils for flexible PV modules. An early example that the quality
of a “package” needs to accommodate the sensitivity of the device was provided when the
tested packaging approach used by industry (for a-Si:H-based PV module technology) did
not sufficiently protect flexible CIGS modules. In fact, it was determined that the established
(a-Si:H) package should be labeled as ‘breathable,” as water vapor diffuses rather quickly
through Tefzel and EVA. If the device can endure such water vapor transmission, its
stability may be acceptable. There are now pilot-quantity flexible transparent barrier
materials for niche applications for more sensitive PV technologies (like CIGS) with much
lower (and perhaps adequately low) water transmission rates. What is more difficult to
evaluate is how those materials compare in terms of cost to glass.
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Most systems today are assessed by their energy output. That adds a complication, because
in some climates modules with cracked glass may continue to perform well for a number of
months or even years. Because glass breakage is very evident, and because these broken
modules are not likely to deliver guaranteed powers after many years and may present a
safety problem, broken modules may get replaced before they cause a notable power loss.
Similar arguments apply to the effect of delamination. If modules get replaced as soon as a
visible defect appears, it may become more difficult to assess average long-term stability. An
added problem is that it is hard to predict how delamination will progress. One thing to
notice is that T-coefficients for power may become smaller negative (or for stabilized a-Si:H-
or OPV-based PV even slightly positive) numbers as the modules are being deployed.
Smaller than wafer Si PV negative temperature coefficients are typically viewed as
something positive, as the derate going from an STC to a real world condition rating
decreases. However, if the T-coefficient were to become a less negative number upon
deployment, one has to keep in mind that the STC degradation may actually increase more
rapidly than the outdoor data might suggest.

The testing community is looking to develop rapid tests that can reliably predict long-term
module performance. Such development requires an understanding about all major
mechanisms leading to long-term power loss. Only after individual mechanisms are known
can there be an assessment how they will respond to acceleration. Then, perhaps more
appropriate tests could be developed. In the mean time, much “infant mortality” of PV
modules can be avoided by passing qualification tests. For example, when the “wet high
potential test” (wet high pot) test was being implemented, modules having defects in the
edge seal were identified and eliminated. While the wet high pot test was originally
conceived out of safety concerns, it was also useful for eliminating early module failures.
Further testing of leakage currents is important, and modules should perhaps be tested not
only to the safety standard but rather to the lowest leakage current that can be measured for
a specific module configuration. For wafer Si PV modules, much progress with respect to
module durability was achieved by passing the JPL “block” tests that later resulted in the
appropriate qualification test (e.g., IEC 61215, 61730). However, one should not forget that a
module passing qualifications tests may fall below guaranteed (warranted) power in the
field while modules that could not pass qualification tests may show acceptable durability
upon long-term deployment (Wohlgemuth et al., 2006).

Further (beyond not understanding all mechanisms in detail), the accurate prediction of
lifetime details is further encumbered by the statistical nature of the degradation behavior,
leading to a spread in the observed data. Hence, rather than testing individual modules,
statistically relevant identical module samples have to be assessed. The other issue is that
outdoor conditions vary and cannot be in detail predicted. The latter observation poses the
question whether module manufacturers will develop modules for specific climates, or
whether there will be one product for all climates. Whether or not we will see differentiation
in the modules for weather-specific sites will undoubtedly depend on the cost savings
encountered if/when climate-specific modules are manufactured. Many industrial items,
say automobiles or consumer electronics, are manufactured such that only a single quality
standard and product exists. Customers like ‘rankings’ of items using standardized
procedures or tests but do often not realize that if the difference between ranks is less than
the uncertainty there may be statistically no difference between those ranks.

There cannot be absolute certainty about the warrantee period until such time has passed.
Typical wafer Si PV guarantees given about 20 years ago correctly predicted that such
modules or PV arrays would provide on average 80% or more of their initial rating. Today,



What is Happening with Regards to Thin-Film Photovoltaics? 437

typically such power warrantee increased to 80% of minimum rated power output after 25
years. Manufactures give ‘competitive’” warranties, which in addition to technical reasons
define the typical 25-year power warranty period. Since wafer Si PV is providing such
guarantees, the competing thin-film PV companies have to do so as well. In the opinion of
the author, such warranties will likely be met by many reputable manufacturers. However,
the numbers are quite staggering. If in 2010 about 15 GW of PV were sold world-wide and if
1.5 GW of modules installed in 2010 required replacement before 2035 due to low power
(assumption: 10% of modules require warranty replacement because of more than the
guaranteed power loss has occurred), that is 5 million 300-W modules, and corresponds to
the wattage manufactured in 2010 by one of the world’s largest PV companies. While no
predictions can be made with absolute certainty, it is somewhat likely that all enduring PV
modules, including thin-film PV module technologies, will meet or exceed current limited
power warranty of 80% after 25 years.

8. Outlook

Future development of PV technologies is uncertain. Table 2 provided the author’s current
outlook on efficiency and relative costs. It is difficult to project real PV costs far enough into
the future. However, Table 2 also shows that projections are possible based on what is
known today about specific PV technologies. Table 2 also provides an example of why it is
important to make independently verified champion solar cells. “Champion” solar cell
efficiency numbers provide historic continuity, as they have served as a “yardstick” to
progress within each PV technology. Looking at crystalline Si PV, it is not clear if standard
or non-standard approaches will gain or lose market share. Table 2 essentially says that if
the cost reduction is proportional to an efficiency decrease, there is no net economical
benefit.

Whenever observations do not confirm expectations, it is suggested to question expectations
with the same scrutiny as observation (experimental results). The statistical nature of data
needs to be realized; it should be always said what is being compared, best, average or
worst data. For solar cell efficiencies, this requires an understanding to distinguish between
best (champion) and average production efficiencies. Sometimes, advantages and
disadvantages of a process change are not pointed out with the same scrutiny. Researchers
have to ask themselves whether there should be further optimization of known factors, or if
greater progress could be made being guided by unexpected or empirical results. Historic
examples exist for new results being developed guided by a flawed theory (e.g., the
invention of black powder) or the guidance of a correct theory could lead to unexpected
results (Columbus discovering America while searching for a new route to India). It is
especially important to keep observations and already established results in mind to avoid
unnecessary repetition of experiments. Without this, unfruitful approaches to solar cell
development could be tried anew.

It is important to realize the role of material science in this process. On one hand, it is known
that higher quality materials can result in higher solar cell performance, while on the other
hand it is also known that sometimes the incorporation of “inferior” material layers resulted
in champion level efficiency cells. The use of CBD CdS, resistive TCO, and polycrystalline,
non-stoichiometric, Na-laden CIGS films on glass rather than single crystal CIGS makes that
point. It is well known that solar cell optimization is “interactive,” i.e., when one layer in a
cell is improved, other layers may need to be reoptimized. For example, when the TCO layer
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in an a-Si:H-based solar cells were switched from SnO; to ZnO, the p-layer deposition
conditions also had to be reoptimized to obtain the highest efficiency solar cell or module
after such switch. A fundamental answer has to be found for the following question: Why is
a high-lifetime mono-crystalline silicon wafer easily processed into a low efficiency solar
cell? In addition, the following question requires an answer: “Is there a single set of
parameters defining stabilized champion solar cells, or are multiple combinations of
materials and solar cell parameters (Voc, Jsc, and FF) capable of reaching champion level cell
efficiencies? Recent observation in the case of CIGS solar cells suggests that there could be
indeed multiple optima.

The proprietary nature sometimes hurts the development of correct models. For example, to
correctly identify the stability mechanisms in solar cells or modules, all processing detail
may have to be known. Often, companies do not wish to make such knowledge public. In
these instances, it appears most effective to bring together researchers in a conference or
workshop setting to discuss as much of a problem as is possible.

It is not clear which technologies will “win” in the long run. Thin films have a cost
advantage over crystalline Si, provided the durability is comparable and the performance is
high enough. Arguments were presented that the benefit from moving from wafer Si to thin
film products can be calculated.
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1. Introduction

The effect of spectral distribution on the performance of photovoltaic (PV) modules is often
neglected. The introduction of multi-junction devices such as Copper Indium Diselenide
(CIS) necessitated a concerted investigation into the spectral response on these devices. In
part this attributed to the wider spectral response resulting from a combination of different
energy band gaps. This in turn implies that the device should have a relatively lower
dependence on outdoor spectral content, which depends on a number of factors such as year
time, location, day time and material composition in the atmosphere.

The availability of outdoor spectral data, which in most cases is not available, allows for the
evaluation of the outdoor response of the CIS technology as the spectrum shifts during the
course of the day, during cloud/clear sky condition and seasons. This study reports on the
effect of outdoor spectrum, which is different from the reference AM 1.5, on the CIS
performance parameters.

2. Different outdoor methodologies currently adopted

2.1 The concept of average photon energy

In trying to quantify the ‘blueness’ or ‘redness’ of outdoor spectrum, Christian et. al.
adopted the concept of Average Photon Energy (APE) as an alternative (Christian et al.,
2002). He defined APE as a measure of the average hue of incident radiation which is
calculated using the spectral irradiance data divided by the integrated photon flux density,
as in equation 1.

b
[Ei(2)da
APE=—% — @)

9. [ ®;(2)d2

where : Qe = electronic charge
Ei(\) = Spectral irradiance
o\ = Photon flux density

As an indication of the spectral content, high values of average APE indicate a blue-shifted
spectrum, whilst low values correspond to red shifted spectrum. Although this concept at
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first approximation characterizes the spectral content at a particular time-of-the day, no
direct feedback of the device information is obtained since it is independent of the device.
The concept of Average Photon Energy (APE) has also been adopted to illustrate the
seasonal variation of PV devices (Minemoto et al., 2002; Christian et al., 2002).

2.2 The Air Mass concept

The mostly commonly adopted procedure (Meyer, 2002; King et al., 1997) is to calculate the
Air Mass (AM) value at a specific location and relate the module’s electrical parameters. It is
standard procedure for PV manufacturers to rate the module’s power at a specific spectral
condition, AM 1.5 which is intended to be representative of most indoor laboratories and is
not a typical spectral condition of most outdoor sites. The question that one has to ask is,
why then is AM 1.5 spectrum not ideal? What conditions were optimized in the modeling
of AM 1.5 spectra? What are the cost implications on the customer’s side when the PV
module is finally deployed at spectra different from AM 1.5?

The modeled AM 1.5 spectrum commonly used for PV module rating was created using a
radiative transfer model called BRITE (Riordan et al., 1990). The modeled conditions used
for example the sun-facing angle, tilted 37° from the horizontal, was chosen as average
latitude for the United States of America. The 1.42 cm of precipitable water vapor and 0.34
cm of ozone in a vertical column from sea level are all gathered from USA data. Ground
reflectance was fixed at 0.2, a typical value for dry and bare soil. In principle this spectra is a
typical USA spectrum and therefore makes sense to rate PV modules which are to be
deployed in USA and the surrounding countries.

AM is simply defined as the ratio of atmospheric mass in the actual observer - sun path to
the mass that would exist if the sun was directly overhead at sea level using standard
barometric pressure (Meyer, 2002). Although the concept of AM is a good approximation
tool for quantifying the degree of ‘redness’ or ‘blueness’ of the spectrum, the major draw
back is that it is applied under specific weather conditions, i.e., clear sky, which probably is
suitable for deserts conditions.

2.3 The spectral factor concept

Another notion also adopted to evaluate the effect of outdoor spectrum, is the concept of
Spectral Factor. As described by Poissant (Poissant et al., 2006), Spectral Factor is defined as
a coefficient of the short-circuit current (Is) at the current spectrum to the short-circuit
current at STC (Istc).

A
1 [ Esre(2)da
m = A @)
ISTC 2
[ E(2)da
4

From equation 2, the I, and the Istc is obtained using the equation 3 and 4 respectively.

4
I, = [ E(A)R,(A)dA €)

sc
Z’l



Spectral Effects on CIS Modules While Deployed Outdoors 443

%
Isre = [ Esrc (AR (A)dA )
21
where: EQ) = Irradiance as function of wavelength

Esrtc()) = Irradiance at STC

R() = Reflectivity
The spectral factor quantifies the degree of how the solar spectrum matches the cell spectral
response at any given time as compared to the AM1.5 spectrum.

2.4 The useful fraction concept

With regard to changes in the device parameters, the concept of Useful Fraction used by
Gottschalg et al (Gottschalg et al., 2003) clearly demonstrates the effect of varying outdoor
spectrum. Useful fraction is defined as the ratio of the irradiance within the spectrally useful
range of the device to the total irradiance.

EX
ur-L [ G(a)s(a)da ®)
Gy
Where Ejg is the band-gap of the device (normally the cut - off wavelength) and G is the total
irradiance determined as:

Acut—off
GA)= | Gayda (6)
0

where G(A) is the spectral irradiance encountered by a PV cell.

3. Methodology used in this study

Before the CIS module was deployed outdoors, the module underwent a series of testing
procedures in order to establish the baseline characteristics. Visual inspection was adopted
to check for some physical defects e.g. cracks, and incomplete scribes due to manufacturing
errors. Infrared thermography revealed that no hot spots were present before and after
outdoor exposure. These procedures were used to isolate the spectral effects with respect to
the performance parameters of the module. To establish the seasonal effects on the module’s
I-V curves, three I-V curves were selected. One I-V curve for a winter season and the 2nd -V
curve for summer season were measured. The 3rd [-V curve was used to establish whether
the module did not degrade when the winter curve was measured. All curves were
measured at noon on clear days so that the effect of cloud cover would be negligible. For
accurate comparison purposes all I-V curves had to be normalized to STC conditions so that
the variations in irradiance and temperature would be corrected. Firstly the I values were
STC corrected by using equation 1 (Gottschalg et al., 2005).

I, :(%XlOO]‘F(Z»B_Tmodule)xa ?

where a is the module temperature coefficient [A/°C].
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Each point on the I-V curve had to be adjusted according to equation 8.

1000
12 211 +IscX|:[Tj_1:|+a(25_Tmodule) (8)
where: I = measured current at any point
I = new corrected current
G = measured irradiance

The corresponding voltage points were also corrected according to equation 9.

Vo =Vi=Rox(I = I;) + Bx(25 - Trnoqure) ©)
where: Vi = measured voltage at a corresponding point for I;
R = internal series resistance of the module [Q]
p = voltage temperature coefficient of the module [V /°C]
V2 = new corrected voltage

The outdoor spectrum was also measured for winter and summer periods in order to
compare them for possible changes in the quality of the two spectra (figure 5). With regard
to changes in the device parameters, the concept of Weighted Useful Fraction (WUF) (Simon
and Meyer, 2008; Simon and Meyer, 2010) was used to clearly demonstrate the effect of
varying outdoor spectrum. This concept was developed due to some limitations noted with
other outdoor spectral characterization techniques (Christian et al., 2002).

The methodology used by Gottschalg et al (Gottschalg et al, 2002) makes use the assumption
that the energy density (W/m?2/nm) within the spectral range of the device at a specific
wavelength is totally absorbed (100%). But in reality the energy density at a specific
wavelength has a specific absorption percentage, which should be considered when
determining the spectral response within the device range. It was therefore necessary to
introduce what is referred to as the Weighted Useful Fraction (WUF) (Simon and Meyer,
2008; Simon and Meyer, 2010).

E
1 8
WUF=—— / G(A)d(2)SR(A) (10)

where: G(1) is the integrated energy density within device spectral range with its
corresponding absorption percentage evaluated at each wavelength.

As a quick example, at 350 nm for a-Si device, its corresponding energy density (W/m?2/nm)
is 20% of the irradiance (W/m?2) received which contribute to the electron-hole (e-h) creation
and for mc-Si at the same wavelength, 60% is used to create e-h pairs. But the concept of
Useful Fraction considers that at each wavelength, all the energy received contributes to the
e-h, which is one of the short comings observed from this methodology. The idea of using
Weighted Useful Faction was to address these short falls which tend to over estimate the
overall device spectral response.

The data obtained using the concept of Weighted Useful Fraction represents a statistical
phenomenon of occurrences. Therefore the Gaussian distribution as a statistical tool was
used to interpret the data simply because of a mathematical relationship (Central Limit
Theorem). In this case the theorem holds because the sample is large (major condition of the
theorem) and therefore the Gaussian distribution is suitable to be applied. In this study, the
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3rd parameter Gaussian distribution function was used to describe the distribution pattern
and to accurately determine the variance of points from the peak value (central value). The
peaks of the Gaussian distribution was obtained by firstly creating frequency bins for the
WUF and determine the frequency of the points in each bin expressed as a percentage. The
bins were imported into SigmaPlot 10 and the peak 3rd Gaussian distribution function was
used to accurately generate the peak WUF. Figure 1 illustrates the frequency distribution
bins for a-Si:H module.
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Fig. 1. Frequency distribution of WUF for a-Si:H module

Evident from figure 1 is an increase in WUF frequency at specific WUF value. This
percentage frequency represents the number of data points measured at a specific WUF
during the study period.

The centre of the points, which corresponds to the spectrum the device “prefers” most, was
obtained using the peak Gaussian distribution of the form:

f- uexp[—O.S((x ~x,)/ b)z} (11)
where: a = highest frequency
x = WUF value

Xo = WUF centre value

b = deviation (25)
Figure 2 illustrates a typical Gaussian distribution used to accurately determine the mean
Weighted Useful Fraction.
Also illustrated is the width of the distribution as measured by the standard deviation or
variance (standard deviation squared = 62). In order to interpret the results generated from
each Gaussian distribution, two main terminologies had to be fully understood so that the
results have a physical meaning and not just a statistical meaning. The standard deviation
(o) quantifies the degree of data scatter from one another, usually it is from the mean value.
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In simple statistics, the data represented by the Gaussian distribution implies that 68% of the
values (on either side) lie within the 1st standard deviation (1) and 95% of the values lie
within the 2nd standard deviation. The confidence interval level was also analyzed when
determining the mean value. The confidence interval quantifies the precision of the mean,
which was vital in this analysis since the mean represents the WUF spectrum from which
the devices responds best during the entire period of outdoor exposure. The increase in
standard deviation means that the device spends less time on the corresponding WUF
spectrum. Ideally it represents the error margin from the mean value. The percentage
frequency value corresponding to the mean WUF value represents the percentage of the
total time of outdoor exposure to which the device was responding best to that spectrum.
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Fig. 2. Illustration of Gaussian distribution used to determine the mean WUF.

Depending on how the data is distributed, the Gaussian curve ‘tails” differently from each
side of the mean value. The increase in ¢ in this case reveals two crucial points regarding the
statistical data in question. Firstly, it quantifies the total time spent at a specific spectrum as
the ¢ increases during the entire period of monitoring. Secondly it reveals the entire spectral
range to which PV devices respond. From figure 2, the standard deviation increases from 1o
to 8c on one side of the mean WUF and from the other side varies from 1o to 3c. The total
range of the WUF is from 0.64 to 0.7 although it spends less time from spectral range where
standard deviation o is greater than a unit. A high confidence level of each Gaussian
distribution indicates the accuracy of the determined mean. All results presented in this
work showed a high confidence level.

Normalization of I.. was achieved by dividing the module’s I with the total irradiance
within the device spectral range (Gspectral Range). The commonly adopted correlation existing
between the module’s I, and back-of-module temperature is of the form

L. =(Co +C1Tgevice ) X Gpectralrange (Gottschalg et al., 2004). Firstly, the relationship between

I o o . .
G (which is referred to as @syecirairange from this point onwards) is plotted against

SpectralRange
back-of-module temperature. The empirical coefficient Cy and C; are obtained. The second
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aspect is to plot  @secparange * (Co + CiTaemice) = fF(WUF)  versus the Weighted Useful

Fraction (WUF), from which the predominant effect of the spectrum can be observed and
analyzed. Due to a large number of data obtained, all results analyses were made using only
data corresponding to global irradiance (Ggioba) > 100 W/m2. This was done to reduce
scatter without compromising the validity of the results

4, Results and discussion

Although the outdoor parameters might ‘mimic” the STC conditions, the performance of the
PV device will not perform to that expectation. By analyzing the effect of outdoor
environment, the spectrum received is largely influenced by solar altitude and atmospheric
composition, which in turn affect device performance.

Figure 3 illustrates the seasonal effects on the CIS module current-voltage (I-V)
characteristics when deployed outdoor, first on 31 January 2008 and later on 12 June 2008.
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Fig. 3. Comparison of the CIS I-V characteristics for a typical summer clear sky and winter
clear sky. The accompanying table lists the conditions before corrections to STC.

The January I-V curve was taken a few days after deployment of the modules while
operating at outdoor conditions. Two aspects needed to be verified with this comparative
analysis of the I-V curves for that time frame: Firstly the state of the module, i.e. whether
it did not degrade within this time frame needed to be ascertained so that any effect on
device I, FF and efficiency would be purely attributed to spectral effects. Secondly, this
was done to see the effect of seasonal changes on the I-V characteristics. Since the outdoor
conditions are almost the same when the measurements were taken, the I-V curves were
normalized to STC conditions using the procedure mentioned in section 2. Since the 3 I-V
curves had been corrected for both temperature and irradiance, therefore any
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modification or changes on the I values is purely due to spectral effect. The difference in
module’s I is largely attributed to the outdoor spectral composition, which as have been
mentioned earlier on, depends on season and time of the year amongst other factors. The
CIS module was also simulated using Solar Studio Design. At each AM value, the
module’s [-V curve was obtained. Figure 4 illustrates the effects on the simulated CIS I-V
curves as the Air Mass was varied.

5.0
1 — AM 0.89 —— AM 1.00 AM 1.51 AM 4.18 —AMO.15 — AM 16.0

4.0

3.0

Current (A)

2.0 A

0.0
Voltage (V)

Fig. 4. The effect of varying Air mass on the simulated CIS module.

The change in outdoor spectrum as characterized by the AM values affect the module’s I-V
curves, mostly the I,.. Although this module is rated at STC using the AM1.5 spectrum, the
CIS module is performing less at AM1.5 as compared to AM 9.15. The I-V curve at AM 1.5
coincides with the [-V curve at AM 16.0. It should be noted that the change in AM value is
an indication of the spectral content dominating. The Al = 7.5% difference between I at
AM 1.5 and L. at AM 9.15 is purely due to spectral changes. Returning back to figure 1, the
difference in I, between winter and summer spectrum is due to spectral changes. The
typical winter and summer spectra were compared with the view of finding any variation in
the profiles. All values were divided by the highest energy density in each curve so as to
normalize them. Figure 5 presents the normalized spectral distribution corresponding to the
two I-V curves in figure 3.

Clearly there is a difference in the spectral content primarily due to the difference in solar
altitude and hence air mass. In the absence of the device degradation, similar irradiance and
module temperatures, the reduction in module performance is attributed to the difference in
spectral distribution associated with the seasonal variation. To further verify whether
indeed the reduction in the module’s I, was due to spectral changes associated with
seasonal changes, the device WUF for the entire year was analyzed. The monthly average
WUF was considered to be sufficient to provide evidence, if any in its profile. Figure 6
shows the evolution of the monthly average WUF of the CIS module.
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Fig. 5. Normalized spectral distribution for January and June months.
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Fig. 6. Evolution of daily average Weighted Useful Fraction versus timeline. Inset is an
average daily profile for the period from January to June 2008.

Evident from figure 6 is the high values of CIS WUF for the entire period which indicates
that the device performs well under full spectrum. Taking the average values of the upper
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(summer) and the lower for winter, a 1.5% drop in WUF is noticed (inset figure). A small
change in WUF results in large change of the device’s I. In order to verify this assumption,
the change in WUF versus Air Mass was established as is presented in figure 7.
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Fig. 7. Influence of the air mass on device spectral variations as characterized by WUF for
CIS module.

The relationship established in figure 7 was used to calculate the change in WUF at different
Air Mass values, a typical change in season. Values for low air mass (indication of a summer
spectrum) and high air mass (indication of winter) were used to calculate the % change in
WUF and later compared to the simulated % change in I at different AM values, the same
values that has been used in previous calculation. Equations 12 and 13 illustrate the
equations used for this calculation.

WUF, , = -0.002 x AM1.0 +0.9856 (12)

WUF, 15 = —0.002 x AM9.15 + 0.9856 (13)

where: WUF, is the calculated value of WUF at AM 1.0 and the WUFq 15 is the calculated
value of WUF at AM 9.15.

From figure 4 the value for I, (AM 1.0) and L. (AM 9.15) were used to calculate the %
change in I as the spectrum changes. The AWUF = WUF; o - WUFy 15 expressed as a %, was
found to be 1.66%, while the Al;. = 11.88%. From this analysis, one can conclude that a small
% change in AWUF result in large % difference of the module’s I, which explains the 17%
decrease in I, due to a AWUF of 1.5%. The slight difference in the two results is due to the
difference in the actual operating conditions in which case the simulated conditions are
different from the actual conditions when the two I-V curves in figure 4 were measured.

A 10 point moving average was applied so that a clear correlation can be seen. By fitting a
3rd order polynomial fit, a functional relationship between FF and WUF is observed. The FF
of the device is an indication of the series and junction quality of the device cells; therefore
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by plotting the FF with WUF a functional relationship can be established. Figure 8 shows the
slight increase in FF as the WUF varies.
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Fig. 8. Effect on CIS average Fill factor due to outdoor irradiance and spectral changes. Inset
is the variation of FF vs. Air Mass for the same device.

Observed from figure 6, a 6.5% increase in FF is observed within the WUF range 0.960 -
0.983 (considering the % difference between the averages of the upper and low values of the
FF). It should however be noted that this percentage increase value is just an indication of
the change in FF. The increase in FF as observed is attributed to the quality of the spectrum
dominating which result in ‘supplying’ sufficient energy for the electron-hole creation, with
less energy losses, which in most cases is dissipated as heat. From the inset figure, a
decrease in FF as AM values increase from AM 1.5 is evident. Closely analyzing the two
graphs, the spectrum dominating under the WUF range of the CIS module is a blue rich
spectrum which explains a slight increase in FF. From the inset figure, the FF is higher at
AM 1.5 and decrease as the spectrum becomes longer wavelength dominated. Clearly the
change in outdoor spectrum has an effect on the FF of the CIS module. Often reported is the
relationship between efficiency and global irradiance as measured by the pyranometer. For
CIS module, the variation of aperture efficiency with WUF is visible described by a
logarithmic fit into the scattered data. Both WUF and irradiance affect device performance
with the same magnitude. Gottschalg et al., (Gottschalg et al, 2004) established a
relationship for device aperture efficiency and Useful Fraction (UF). The efficiency is

described by 7 ~ %UF which when interpolated to our concept of Weighted Useful Faction

(WUF) the device efficiency would be described by nz%WUF :  where

a = Power(P)/Spectral ResponsiveRange(UI) , is roughly a constant. This relationship exhibit a
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linear trend of efficiency with WUF in our case. The other key performance indicator in PV
analysis is the device aperture efficiency. The efficiency of CIS module was also analyzed
using the same procedure for FF analysis. Figure 9 indicate the efficiency versus WUF of the
CIS device.

Efficiency (%)

0.96 0.965 0.97 0.975 0.98 0.985
WUF

Fig. 9. Correlation between aperture efficiency versus outdoor WUF of the CIS module.

The efficiency increases logarithmically with an increase in Weighted Useful fraction (WUF
> 0.960), which do not agree with the theoretical relationship illustrated in the previous

section (77 = %WUF ). One can attribute this discrepancy of the measured data and theory as

follows: The a in the equation above is assumed to be a constant, but in actual fact it is
strongly dependant on the irradiance available within the denominator function (UI). The
irradiance within the Responsive Spectral Range (UI) is assumed to be a constant, a single
value to be precise. In reality the irradiance does fluctuates within this range, rendering the
a not to be a constant parameter. However the device efficiency exhibits a logarithmic
increase as a function of WUF, due to the irradiance variations, resulting in a not to be a
constant. The effect of season on device efficiency was also investigated; the results are
shown in figure 10.

It is observed from figure 10 that the device efficiency is stable for both summer and winter.
The PV module’s performance parameters e.g. I, Voo, FF and 1) are characterized by what is
referred to as temperature coefficients. Temperature coefficient is described as the rate of
change (derivative) of the parameter with respect to the temperature of the PV device
performance parameters (King et al., 1997). For PV system sizing and design, knowing the
device temperature coefficient plays a very critical role. Quantifying the spectral effects on
its own has proved to be a challenge; as a result no temperature coefficient with respect to
outdoor spectrum has been documented. In figures 11 and 12, the relationship between
outdoor spectral effects (WUF) and the average back - of module temperature is presented.
Using a linear fit to the data, a spectral temperature coefficient is obtained. Figure 11
illustrates the relationship between WUF and temperature for a winter period.
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Fig. 10. Average outdoor aperture efficiency as a function of WUF of CIS module for both
winter and summer period.
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Fig. 11. Relationship between the outdoor WUF and back of module temperature of the CIS
module during winter period.

Observing the results in figure 11, two temperature coefficients for WUF are obtained
during the winter period. This trend in behavior could have been attributed to the different
outdoor weather patterns observed for winter period. Some days even during winter, the
outdoor climatic conditions would resemble a typical clear sky summer season, indicated by
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very high temperature (indicated by trend 2), while the rest of the days would be for typical
winter season, normally characterized by mostly low temperature. In both cases, a negative
WUF temperature coefficient is observed, with trend 1 being -0.001/°C and for trend 2 being
-0.4x105/°C.

The same procedure was also used to find the effect of temperature on WUF for summer
months of CIS module. Figure 12 shows the WUF versus temperature relationship.
Interesting to note from figure 12 is that the spectral effect temperature coefficient for
summer period is the same as the one obtained during winter, clear sky (trend 2) although
for summer the highest temperature reached was above 60°C while for trend 2 (figure 11),
the highest was less than 60°C. From the two figures, it has been shown that temperature
coefficient due to spectral effect (WUFp) can be obtained once the outdoor spectrum data for
a device is correctly calculated using the Weighted Useful Fraction (WUF) concept. Like
other performance parameters, whose temperature coefficients are equally important in PV
characterization and system design, the WUF should be also be considered as this might
help to minimize some of the system sizing errors, which in most instances lead to under
performance, unreliable and financial repercussions.
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Fig. 12. Relationship between the outdoor WUF and back of module temperature of the CIS
module during summer period.
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5. Conclusion

The outdoor spectral effects using the Weighted Useful Fraction (WUF) of CIS module was
analyzed. Observed was a 17% decrease in the device short - circuit (Is) current attributed
due to a change in season. The change in season (summer/winter) result in the outdoor
spectrum to vary by AWUF = 1.5%, result in the decrease in the device Is.. From the analysis
done, it was concluded that a small percentage change in AWUF resulted in large %
difference of the module’s I as the outdoor spectrum changed during the course of the day,
which confirmed that the 17% decrease in I, was due to a AWUF of 1.5 %. A strong
correlation between FF and the WUF exists for CIS module. It is observed that the FF
increases by 6.5% as WUF increases. The temperature coefficient of a device is one of the
important concepts for characterizing device performance parameter. A close correlation
between WUF and temperature was established. Temperature coefficients for spectral
induced effect (WUF) were found to be -0.001/°C for winter period and -4x105/°C for
summer seasons. This difference in WUFg for summer and winter indicated that the
temperature coefficients obtained in controlled environment (indoor procedure) can not be
truly dependable for modeling purposes or system sizing since the outdoor conditions has
an effect also. It should also be noted that the temperature coefficient for spectral effect is
indeed an important parameter to consider.
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