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Preface

Emerging nanotechnology has transformed how people from different fields think,
work and interact to fabricate and optimize new materials and processes at the
nanometer scale, which, in turn, improves performance when employed in real
devices. These nanomaterials and nanostructures often provide unprecedented
efficiency or function compared to conventional bulk phase materials manufac-
tured by traditional techniques. Reflecting the rapid growth of nanotechnology
research and its potential impact to the increasing energy demand, this book
“Energy Efficiency and Renewable Energy Through Nanotechnology” summa-
rizes leading-edge research in energy-related nanoscience and nanotechnology.

Although there are a number of research review books already available cov-
ering various specific topics of nanotechnology, none tightly correlates nano-
technology with energy issues in such a general, thorough manner that makes this
book not only suitable as a desk reference for researchers, but also a knowledge
resource for the nonexpert public. This book includes 26 chapters covering broad
topics of nanotechnology and nanoscience research that are relevant to energy
efficiency and renewable energy. The chapters are categorized into five major
parts: Electricity Generation via Inorganic and Organic Solar Cells, Electricity
Generation via Fuel Cells and Piezoelectric Materials, Clean Fuels Generation and
Environmental Remediation by Sun Light, Energy Storage, and Energy Efficiency
and Saving. All chapters were written by world-leading experts who research
energy-related nanotechnology.

The aim of this book is to provide readers with basic knowledge and infor-
mation in energy efficiency and renewable energy, and the approaches using
nanotechnology, thus inspiring their interest in related research and development.
This book is suitable for a broad range of readership: (1) academia and higher
education for general information and public outreach of leading edge techniques
and improvements in energy efficiency and renewable energy; (2) government and
federal agencies for making energy policies and administration; (3) industrial
R&D labs as reference book for developing energy research, strategizing and
planning; and (4) the general public, including scientists and engineers, for per-
sonal interests and self-education in the emergence of nanotechnology and its
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long-term impact on meeting the rising energy demand. Moreover, this book can
also be used as a primary or supplementary textbook for third/fourth-year
undergraduate and graduate students, for a special topic course related to energy
and nanotechnology, which has become popular in both undergraduate and
graduate curricula.

While the Editor is responsible for the selection of the topics and contributing
authors, it is the primary responsibility of the authors to ensure the accuracy and
appropriateness of the contents covered in their respective chapters. Despite
the great effort that the Editor and authors have put forth, this book may not be
error-free. Any comments or suggestions to improve the book for the next edition
are welcome.
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Part 1
Electricity Generation via Inorganic and
Organic Solar Cells



Enhancement of Si-Based Solar Cell
Efficiency via Nanostructure Integration

Junshuai Li and Hong-Yu Yu

Abstract Solar cells are considered one of the most promising clean and
renewable energy sources. Si wafer-based solar cells currently dominate the
photovoltaic (PV) market with over 80% of the market share, largely owing to the
available and rich manufacturing processes developed for the integrated circuit
industry. However, the relatively high cost of the PV modules using Si wafer solar
cells compared to conventional fossil fuels-based energy restricts its wide adoption
for the civil electricity supply. How to effectively lower the costs of PV modules
becomes one of the most important scientific and technical topics, especially
considering the current world-wide efforts to combat climate change due to the
“greenhouse” gas emissions when consuming carbon-based fossil energy. Two
methodologies are generally pursued to realize this goal: one is to utilize low-
grade raw materials and the other is by increasing the power conversion efficiency
(PCE). In this chapter, the approaches to lower the costs and enhance the PCE of
the Si-based solar cells by incorporating various Si nanostructures (e.g., nanodots,
nanowires, nanocones and nanoholes) are presented, with details on the prepara-
tion techniques and their optical and electrical characteristics. The possible
mechanisms of PCE improvement using these Si nanostructures are discussed in
terms of enhanced light absorption and photogenerated carrier collection.

J.Li - H-Y. Yu ()

School of EEE, Nanyang Technological University,
50 Nanyang Avenue, Singapore 639798, Singapore
e-mail: hyyu@ntu.edu.sg

L. Zang (ed.), Energy Efficiency and Renewable Energy Through Nanotechnology, 3
Green Energy and Technology, DOI: 10.1007/978-0-85729-638-2_1,
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1 Introduction

Nowadays, the negative impact of human activities to the environment receives
tremendous attention, especially on the increased global temperature resulted from
the emission of “greenhouse” gases such as CO, during production of carbon-
based fossil energy. To combat climate change, clean and renewable energy
sources need to be rapidly developed. Solar cell is considered as one of the ideal
candidates, which directly converts solar energy into electricity without any
“greenhouse” gas emissions [1].

At present, the first-generation solar cells based on Si wafers dominate, with
more than 80% of the photovoltaic (PV) market [2]. However, the relatively high
cost of Si wafer-based PV modules compared to other electricity sources severely
restricts wide adoption of solar cells for civil utilities. To address this concern,
both second and third generation solar cells are being actively pursued, as
indicated in Fig. 1 [3]. Second generation solar cells are the thin film-based solar
cells, which utilize inexpensive raw materials and cost-effective manufacturing
techniques. Third generation solar cells are also under active research and
introduce advanced physical concepts such as band gap engineering, down/up
conversions for efficiently utilizing the ultraviolet/infrared photons, which are
expected to significantly boost the power conversion efficiency (PCE) and reduce
PV prices [4-6].

Among various materials and structures, Si-based nanostructures, such as
nanodots (NDs) [7], nanowires (NWs) [8], nanocones (NCs) [9] and nanoholes
(NHs) [10] are particularly promising for enhancing the PCE (and the cost per
kilowatt hour) due to their unique optical and electrical properties. For example,
the spectral response of the corresponding solar cells can be adjusted by incor-
porating SiNDs with different sizes [11], owing to quantum confinement effect on
the energy gaps [12]. Accordingly, solar energy can be more efficiently utilized as
compared to Si wafer solar cells with a fixed band gap (~1.12 eV). For Si-NWs,
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the decoupling between the light trapping and photogenerated carrier collection
enables the use of low-grade raw materials, which is beneficial to reducing the
manufacturing cost without sacrificing the PCE [8, 13]. To date, the development
of nanofabrication techniques has enabled researchers to prepare various nano-
structures with controllable size, shape and spatial distribution in a low-cost
manner, potentially leading to further cost reduction of the resultant PV modules.
For example, Si-NDs have already been successfully prepared in SiO,, Siz;N, and
SiC matrix materials-based thin films by sputtering or plasma enhanced chemical
vapor deposition (PECVD) followed by a post-annealing treatment [14—16].
Si-NWs, NCs, and NHs can also be produced in large areas, compatible with solar
cell production via direct synthesis or dry/wet etching approaches [17-22].

In this chapter, the current research and development efforts on cell PCE
enhancement via integration of these Si nanostructures are presented. The corre-
sponding mechanisms to PCE improvement are also discussed.

2 Si Nanostructure-Based Solar Cells

Before turning to Si nanostructure-based solar cells, the energy losses in a standard
single junction solar cell are briefly summarized. Figure 2 schematically illustrates
the various energy loss processes [23]. When the incident light strikes solar cells, a
portion of the photons are reflected back. For the photons entering the solar cells,
only those with the energy above E, (the energy band gap of the semiconductor
materials) can be absorbed and generate electron—hole pairs. Those photons with
the energy below E, pass through the device without any contribution to the
resulting PCE, as marked by process @. For the photons absorbed by the solar
cells, prior to extraction of the photogenerated electron—hole pairs to the load, the
main energy loss occurs in process @, i.e., the thermalization loss, which is due to
the rapid thermal relaxation for the electron—hole pairs activated by high-energy
(E) photons, in the form of releasing the energy of (E-E,) to generate phonons.
The other energy loss mechanisms include junction and contact voltage losses (®
and @), and recombination loss ®. Both processes @ and @ account for ~50% of
the solar energy loss and are related to the fixed band gap of the semi-conductor
(accordingly photons with too little or too much energy cannot be effectively
utilized). To address these concerns, the multijunction (tandem) configuration is
actively studied. PCE as high as ~86.8% has been theoretically predicted for the
multijunction configuration with an infinite stack of independently operated cells
under direct sunlight exposure [5]. The Si-NDs system is an ideal candidate for the
multijunction configuration due to its varied band gap value caused by
the inclusion of dots with different sizes. The other design to efficiently utilize the
high-energy photons is referred to as the “hot carrier” cell, where the idea is to
quickly extract the “hot” carriers, i.e., the high-energy photogenerated carriers,
before relaxation occurs [24]. To collect the “hot” carriers, the cell thickness must
be thin due to the short carrier lifetime (less than ~ 1 ps) [5].
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Fig. 2 Energy loss processes
in a standard single junction
solar cell: @ non-absorption Energy
of sub-band gap photons; @ (eV) '
thermalization loss; ® and @
junction and contact voltage
losses; ® recombination loss.
(Reprinted from Conibeer

[23], copyright 2007, with

permission from Elsevier)

Fig. 3 Schematic of the ~
radial p—n junction Si-NWs
solar cell. Light is absorbed
along the Si-NWs axis, the
photogenerated carrier
collection is along the radial
direction of the Si-NWs.
(Reprinted with permission
from [8], copyright 2005,
American Institute of
Physics)

On the other hand, thin cell thicknesses are not able to absorb long-wavelength
light. It is believed that this concern can be addressed through introducing the
Si-NW, Si-NC and Si-NH structures, in which photogenerated carrier collection
and light trapping can be decoupled, as shown in Fig. 3. Furthermore this type of
solar cell design is beneficial to reduce the junction contact ® and recombination
losses ® by controlling the Si nanostructure’s dimension.

It is worth mentioning that the energy losses discussed above are only appli-
cable to the absorbed and transmitted solar energy. The reflected portion is still
considerable, which comes from the large difference of the refractive indices
between air and solid Si [25]. An antireflection coating (ARC) can suppress light
reflection to a certain extent; however, the effective light antireflection for the
main energy range of the solar spectrum from ~1 to 4 eV is challenging when
using one layer of ARC with a low cost and without complicating the solar cell
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Fig. 4 Schematic of the state
of the art Si wafer-based solar
cell with “inverted pyramid”
surface texture. (Reprinted
from Green [29], with
permission from John Wiley
and Sons; http://onlinelibrary.
wiley.com/journal/10.1002/
(ISSN)1099-159X)
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manufacturing [26]. For Si wafer-based solar cells, the well-known method to
effectively reduce the light reflection is by surface texturing in micrometer scales,
which elongates the optical path via multiple optical reflection [27, 28]. The state
of the art Si wafer solar cell using the “inverted pyramid” surface texture (shown
in Fig. 4) has demonstrated a PCE as high as 25.0%, and a short circuit current
density of ~42.7 mA/cmz, which is ~95% of the theoretical value of ~45 mA/cm?>
(under the radiation condition of the revised AM 1.5G) [29]. However, the tech-
nique developed for Si wafer-based solar cells cannot be directly transferred to thin
film solar cells due to thickness limitations. Fortunately, the nanoscale surface
texturing by Si-NWs, Si-NCs and Si-NHs arrays can address this important issue.
Different from microscale surface textured Si wafer solar cells, the mechanism for
enhancing the light absorption in the Si nanostructure-textured thin film solar cells
can be understood based on wave optics [30, 31]. More detailed discussion on this
will be provided later in this chapter.

2.1 Si-Nanodot Solar Cells

2.1.1 Preparation of Si-NDs with Controllable Size

It is reported that Si-NDs can be prepared either by direct deposition using a
PECVD system or by annealing sputtered or PECVD Si-rich oxides (SiO,_,),
nitrides (SizN4_,) or carbides (SiC;_,) [14—16]. The sizes of the Si-NDs can be
controlled by adjusting the deposition parameters. In this section, both approaches
are briefly discussed.

Figure 5 shows TEM images of samples of Si-NDs in silicon nitride matrices,
which are deposited on p-type Si (100) wafers at a substrate temperature of 300°C
using a conventional PECVD system [11]. Nitrogen-diluted 5% SiH, and NHj are
used as the precursor gases, and the flow rate of SiH, is fixed at 190 sccm for all
samples. For the samples shown in Fig. 5a—c, the working pressure during depo-
sition is 1.0 Torr, and the flow rate of NH3 increases from 10 to 90 sccm. The flow
rate of NHj is 90 sccm for the sample shown in Fig. 5d and the working pressure is
0.5 Torr. It is clear that the Si-NDs’ sizes are reduced by decreasing the flow ratio
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Fig. 5 TEM images of the in situ grown Si-NDs in the PECVD silicon nitride matrices. a—c
The working pressure is 1 Torr, and the flow rate of NH; increases from 10 to 90 sccm. d The
flow rate of NH;3 is 90 sccm, and the working pressure is 0.5 Torr. (Reprinted with permission
from [11], copyright 2006, American Institute of Physics)

of SiH, to NH; and by decreasing the working pressure, demonstrating size
control. The average diameters of the four samples are 4.9, 3.7, 3.2 and 2.9 nm,
respectively. In this approach, the Si-NDs are formed during the gas phase
transport process from the Si-contained radicals activated by plasma.

Different from the growth mechanism in the aforementioned direct deposition,
the formation of Si-NDs through annealing Si-rich oxides follows the chemical
reaction, as depicted in Eq. 1 [14]. Figure 6 shows the crystal size distribution and
the corresponding plane-view TEM images after annealing the Si-rich oxide films,
which were deposited using PECVD on Si (100) wafers at a substrate temperature
of 300°C [32]. The precursor gases were SiH, (purity >99.99%) and N,O. The
crystal radius increases with an increasing annealing temperature from 1100 to
1250°C or increasing Si composition in the SiO,_, films.

Sioz_x_>)_2‘51+ (1 —’—2‘)5102 (1)
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Fig. 6 Crystal size distribution and the corresponding plane-view TEM images for the Si-NDs
prepared by furnace annealing the SiO,_, films at different temperatures for 1 h at N, (a), and for
the as-deposited films with various Si compositions at 1250°C for 1 h at N, (b). (Reprinted with
permission from [32], copyright 2000, American Institute of Physics)

It was also reported that Si-NDs size can be controlled by forming a sandwich
structure, such as SiO,/Si0,_,/SiO; [14, 33, 34]. Figure 7 shows cross-sectional
TEM images of the SiO,_,/SiO, superlattice before (a) and after (b) furnace
annealing at 1100°C for 1 h in a N, atmosphere [14]. Amorphous SiO;_,/SiO; is
first prepared using reactive evaporation of SiO powders in an oxygen atmosphere
with a Si-wafer substrate temperature of 100°C. The thickness of SiO,_, or SiO,
single layer is ~2.8-3.2 nm for the as-prepared sample, as indicated in Fig. 7a.
After furnace annealing, the Si-NDs are segregated in the Si-rich SiO,_, layers, and
confined by the adjacent SiO, layers, as shown in Fig. 7b. The mean size estimated
from TEM measurements is 3.3 £ 0.5 nm, consistent to the original thickness of
the SiO,_, layers. For this approach, it should be noted that the thickness of the
Si-rich layers should not exceed 4 nm to achieve uniform size distribution of the
Si-NDs. Otherwise, the precipitation of Si atoms will transit from the two-dimen-
sional (2D) diffusion to 3D diffusion, resulting in a wider size distribution [7].

2.1.2 Optical and Electrical Characteristics of Si-NDs in Dielectric
Matrices

As mentioned earlier, the energy band gap of Si-NDs is tunable, owing to the
quantum confinement effect, and this implication is important for solar cell
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Fig. 7 TEM images of the SiO,_, (x ~ 1)/SiO, superlattices: a as-prepared superlattice (the
darker regions indicate the SiO,_, sublayers); b the same sample after annealing at 1100°C for
1 h under N, atmosphere. (Reprinted with permission from [14], copyright 2002, American
Institute of Physics)

applications. It favors the selective absorption of photons with different energies to
minimize the energy relaxation of “hot” carriers, hence boosting the resultant
PCE. Accordingly, understanding how the optical and electrical characteristics
depend on Si-NDs size and distribution is necessary to guide material preparation
and structure design for solar cells based on this technology. In this section, the
optical and electrical characteristics of Si-NDs in various dielectric matrices are
introduced, with emphasis on solar cell applications.

The optical characteristics of Si-NDs directly depend on the effective band gap,
which is further determined by the Si-NDs size and the surrounding matrix [7].
Note that the band structure of the Si-NDs becomes almost direct when the
Si-NDs’ sizes are small enough (in general, this value should be below 7 nm for
quantum confinement effect to dominate) [7]. Figure 8 shows the room tempera-
ture photoluminescence (PL) spectra of the Si-NDs, which are grown in situ in the
silicon nitride films using PECVD with 10% SiH,, diluted in argon and pure
(>99.9999%) NH3;, on Si (100) wafers at 250°C [35]. It is interesting that the peak
position in the PL spectra can be modulated from infrared to ultraviolet with
decreasing size of the Si-NDs. By correlating the size distribution of the Si-NDs
with the corresponding PL peak, the relationship between the Si-ND size and band
gap (Fig. 9) can be empirically established, which is described by Eq. 2:

11.8
E=116+—, 2)
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Fig. 8 Room temperature
PL spectra of the Si-NDs
grown in situ in silicon nitride
films. (Reprinted with
permission from [35],
copyright 2004, American
Institute of Physics)
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where E is the band gap in eV and d is the Si-ND’s diameter in nm.

Here it should be mentioned that Eq. 2 is based on effective mass theory with
the assumption of an infinite potential barrier [35]. A more commonly used
expression is shown in Eq. 3 [36]:

E=Ebu1k+d£2, (3)
where E and Ey,p are the energy band gaps of the NDs and the bulk material (with
the same composition as the NDs) in eV, d is the ND’s diameter in nm, and C is
the confinement parameter. For different materials and surrounding environments,
the effect on the energy band gap can be reflected by the variation in Epyy
and C. Figure 10 summarizes the values of the band gap of Si-NDs in silicon oxide
and nitride matrices from PL measurements [7]. The data follows the trend
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Fig. 10 Energy band gap of 3.5
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depicted by Eq. 3, and the sharp increase in band gap with decreasing diameters
indicates the strong quantum confinement effect in Si-NDs in silicon nitride films.

To achieve high efficiencies in solar cells, both effective utilization of the
incident photons and the efficient collection of the photogenerated carriers are
important. Different from a standard Si wafer-based solar cell, the carrier transport
in Si-ND solar cells strongly depends on tunneling between the neighboring dots
through a barrier formed by the matrix materials.

The transmission probability (7) of a carrier between the two states with the
same level can be approximated by a simplified formula [37]:

T%l6exp{—d1/8;AE}, (4)

where d is the barrier width, i.e., the spacing between the neighboring dots, m" is
the effective mass of the carrier, AE is the energy difference between the con-
duction band edges (for electrons) of the matrix material and the Si-NDs, or
between the energy level in the Si-NDs and the valence band edge (for holes) of
the matrix material, and 7 is the reduced Plank constant. It is obvious that the

transmission probability exponentially decreases with increasing [d(m*AE)l/ 2]

Figure 11 schematically illustrates the energy band diagram for bulk Si in contact
with SiC, SizN, and SiO, [6]. Among SiO,, SizNy, and SiC, the energy band offset
between bulk Si to SiC is smallest, indicating an enhanced 7 for Si-NDs embedded
in SiC. On the other hand, it is also noted that the formation of Si-NDs in SiC is
more challenging than in SiO, due to the weak polarity or Si—Si length in Si-rich
carbides. As indicated in Eq. 4, another way to increase T is by reducing the
Si-NDs’ size, which increases the energy level of carriers in Si-NDs and therefore
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Fig. 11 Schematic of the SiOo
energy band diagrams for
bulk Si contacted to SiC, SigNg
SizNy and SiO,. (Reprinted Sic 32eV
from Conibeer [6], copyright 19eV
2006, with permission from 0.5eV ’
Elsevier) - - 'y
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Fig. 12 Schematic of a Si-based tandem solar cell with a Si-ND rop cell and a Si thin film
bottom cell (left), and the energy band diagram of the tandem solar cell (right). (Reprinted from
Conibeer [7], copyright 2008, with permission from Elsevier)

decreases AE. Last but not least, to enhance the resonance tunneling current,
uniform size among all Si-NDs is a key factor, supported by theoretical calcula-
tions [38]. For the tunneling distance d between neighboring Si-NDs, a slight
variation does not have significant impact on 7.

2.1.3 Research Status of Si-ND-Based Solar Cells

Figure 12 schematically shows the structure of a typical Si-ND-based tandem solar
cell, consisting of a Si-ND-based top cell and a Si thin film-based bottom cell [7].
Due to quantum confinement, the energy band gap of ~ 1.7 eV is achieved for
Si-NDs with the diameter of ~2 nm in the SiO, matrix, as indicated in Fig. 10.
This cell can capture the photons with the energies greater than 1.7 eV and convert
them into photogenerated carriers. Photons with the energies below 1.7 eV pass
through and are absorbed by the bottom cell. The expected overall efficiency is
enhanced. As shown in Fig. 13, the efficiency of this tandem cell can reach ~35%,
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Fig. 13 Upper limit of the 1.6 T T
efficiency of p—i—n/p—i-n
tandem solar cell as a
function of the energy gaps
Eg,top and Eg,bolt0m~
(Reprinted from Meillaud 12F 1%
[39], copyright 2006, with
permission from Elsevier)
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Fig. 14 Schematic of a Al grid
p-type Si-NDs layer/n-type Si
wafer heterojunction solar
cell. (Reprinted from Song
et al. [40], copyright 2008,
with permission from
Elsevier)
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which is an improvement over the 29% calculated for a single junction Si wafer
solar cell [39].

Currently, Si-ND-based solar cells are still in the early phase of research [40—44],
with the majority of the work concentrating on the preparation and optical/electrical
characterization of high quality materials with controllable size and/or size distri-
bution. Thus, only preliminary experimental results related to the Si-ND layer/Si
wafer heterojunction devices are summarized in this section, which is followed by
guiding proposals to manufacture high efficiency Si-NDs-based solar cells.

Figure 14 shows the schematic of a typical Si-ND layer/Si wafer heterojunction
device [40]. The top layer (~0.8 pum thick) is an Al metal grid, which serves as the
top electrode, permitting incident light to pass through and forming an Ohmic
contact with the underlying p-type Si-ND layer. The p-type Si-ND layer with
Si-ND diameters of ~3-5 nm is prepared by annealing the Si;_,C,/SiC
(x~0.1— 0.15) multilayers at 1100°C for 9 min in a N, environment and are
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Fig. 15 Illuminated 20
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layer/n-type Si wafer
heterojunction solar cell .
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deposited using magnetron co-sputtering from Si and SiC targets (the SiC target is
boron-doped). The respective thicknesses of the as-deposited Si;_,C, and SiC
layers are ~6 and ~2.5 nm, and the total thickness is ~ 160 nm. After annealing
and dopant activation, the resulting Si-ND layer has a resistivity of ~107'—
1072 Q cm. The resistivity of the n-type Si (100) wafer is ~2-9 Q cm (a doping
concentration of ~0.4-2.5 x 10'° cm™?). The Ohmic back contact is built by
evaporating a layer of 30 nm thick Ti film, followed by a 1.0 um-thick Al layer. It
is worth noting that there is no surface texturing or antireflection coating in the
resulting solar cells.

Figure 15 shows the illuminated I~V characteristics of the above heterojunction
solar cell at the standard AM 1.5G, i.e., the illumination condition of 100 mW/cm?
at 25°C. The open circuit voltage, V., short circuit current density, Js. and fill
factor are ~463 mV, 19 mA/cm? and 0.53, respectively, resulting in a PCE of
~4.66%. From the comparison with the pseudo /-V curve obtained by the Suns-
Vo method without considering the series resistance (shown in the inset of
Fig. 15), the degradation of the fill factor is mainly attributed to the high series
resistance, ~4.72 Q cm? which probably comes from the imperfect Ohmic
contact between the top electrode and the Si-ND layer. The low V. is due to
carrier recombination, especially in the junction region, which is reflected by the
relatively high ideality factor of ~ 1.24 extracted from the dark /-V measurement
in the intermediate bias voltage of ~0.1-0.4 V. Meanwhile, the high light
reflection (as shown in Fig. 16) of the solar cell leads to the lower external
quantum efficiency (EQE) and J,. compared to the surface-textured devices. One
notes that the internal quantum efficiency (IQE) in the high-energy region of the
solar spectrum, such as ~400 nm, is higher than that of the conventional Si wafer
solar cell, which is attributed to the enlarged energy gap of the Si-ND layer.
The following results validate this statement [41].

Devices consisting of an n-type Si-NDs layer/p-type Si (100) wafer (resistivity
~5-20 Q cm) heterojunction were also prepared [41]. Si and SiO, targets were used
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Fig. 16 Reflectance (R), 100
external quantum efficiency
(EQE) and internal quantum
efficiency (IQE) for the same
solar cell shown in Fig. 15.
(Reprinted from Song et al.
[40], copyright 2008, with
permission from Elsevier)
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Table 1 Parameters of the illuminated n-type SiNDs layer/p-type Si wafer heterojunction solar
cells at AM 1.5G, i.e., ~100 mW/cm? at 25°C

No. Thickness and number Voe Jse FF (%) PCE (%)
of Si0g go/Si0, multilayers (mV) (mA/cm?)

1 3 nm/2 nm, 15 555.6 29.8 63.8 10.6

2 4 nm/2 nm, 25 540.3 25.0 76.8 10.4

3 5 nm/2 nm, 25 517.9 27.9 72.3 10.5

4 8 nm/1 nm, 25 470.8 18.6 65.1 5.7

Reprinted with permission from [41], copyright 2008, Institute of Physics

to deposit SiOggo and SiO, multilayers, and a P,O5 target was utilized for n-type
doping in the Si-rich oxide layers. Si-ND formation and dopant activation were
accomplished by the furnace annealing at 1100°C for 1.5 h in a N, environment. Al
electrodes were evaporated on the top (via a shadow mask) and bottom of the solar
cells, and then annealed at 400°C for 30 min in N, to improve the contact.

The electrical parameters of the solar cells with SiOg go/Si0, multilayers with
varying thicknesses are collected under the illumination condition of AM 1.5G and
summarized in Table 1. It is worth noting that V. increases with decreasing
thickness of the SiOg g9 sublayer, in line with the resulting size of the Si-NDs. It is
believed that the enlarged energy band gap of the Si-ND layer with the decreased
SiOg g9 thickness can be correlated to the increased V.. It is also seen that the J,
for device-1, with the thinnest Si-ND layer, is highest, indicating that the majority
of photocurrent is not from this layer. As the thickness of the Si-ND layer
increases, the larger tunneling distance coupled with the accumulated defects in
this layer leads to the reduction of Jg.

Figure 17 shows the IQE curves for the four samples. It is clearly shown that
the IQE is reduced in the high-energy region with the increase of the Si-NDs’ size,
and the peak shifts toward low energy (or long wavelength). This figure provides
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Fig. 17 1QE of the n-type 100
SiNDs layer/p-type Si wafer Si00.s/SiO;, (Bilayers)
heterojunction solar cells 90 —=— KQE 3nm/2nm (15L)
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evidence that the enlarged energy band gap for the SiNDs layer leads to the higher
IQE for the Si-ND layer/Si wafer heterojunction solar cell in the higher energy
region of the solar spectrum compared to the Si wafer homojunction devices [40].
As seen from the same figure, the light absorption in the Si-NDs layers mostly
occurs in the high-energy region of the solar spectrum. With the increase of Si-ND
size, the absorption edge shifts toward the low-energy regime due to the decrease
in the effective band gap.

Following the brief summary of the current research efforts on SiNDs layer/Si
wafer heterojunction solar cells, some guidelines to achieve the high-efficiency
and cost-effective Si-ND-based solar cells are proposed below:

(1) Close-packed Si-NDs with uniform size distribution. To efficiently collect
photogenerated carriers, the Si-NDs must be closely packed for the high
resonant tunneling efficiency between the neighboring Si-NDs. On the other
hand, how to prepare close-packed Si-NDs by controlling the nucleation sites
is not only critical, but challenging.

(ii) Effective high doping of the Si-NDs layer. The doping of Si-NDs is difficult
from the aspects of energy and kinetics due to small-size effects [45, 46]. To
realize a high-quality p—n junction for effectively extracting the photogen-
erated carriers, high-dose doping in the Si-NDs emitters is necessary.

(iii)) High-quality Ohmic contact with the Si-ND layer. As discussed previously,
the series resistance severely affects the illuminated -V curve by decreasing
the fill factor. Accordingly, exploring suitable metal electrodes and metal-
lization process is highly demanded.

(iv) Optimized conjunction between neighboring cells. The low V. for the above
devices results from carrier recombination, especially in the conjunction
regions, can be attributed to the defects created during high-temperature
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annealing and the different thermal expansion factors of the various mate-
rials. Optimizing the conjunction by employing low-temperature processes is
desirable for lowering the defect density.

(v) Antireflection design for suppressing light reflection. It is clear that the light
reflection is another major source of loss in the aforementioned devices,
evidenced by their low EQEs. Therefore, an appropriate surface texturing
or antireflection coating is also essential for high-efficiency Si-ND-based
solar cells.

2.2 Stand-Alone Si Nanowire-Based Solar Cells

2.2.1 Preparation of Si-NWs Array with Controllable Dimension

As one of the fundamental building blocks of the “nanoworld”, Si-NWs have
been extensively studied in recent years [47-53]. The methods to prepare
Si-NWs can generally be categorized into two classes: one is the “top-down”
method [54, 55] and another is the “bottom-up” approach [56, 57]. The former
commonly involves preparing Si-NWs using various etching methods or com-
bining different patterning techniques. The latter case is generally based on the
vapor-liquid—solid (VLS) mechanism [58] to grow Si-NWs with the assistance of
various catalysts such as Au, Cu, Fe, Al, etc. [59—62]. On the other hand, it needs
to be pointed out that neither approach is perfect. For instance, by using the
reactive ion etch (RIE) with electron beam or photolithography, one can fabricate
highly uniform Si-NWs, which are commonly used in integrated circuit devices
such as transistors [63, 64]. However, the high cost/low throughput of such a
process strictly restricts its application in solar cell industry. The VSL growth of
Si-NWs with an area of over 1 cm? can be realized even on glass substrates [17].
However, the unavoidable doping from the catalysts during growth can introduce
deep energy level defects, which severely affect the electrical characteristics of
the resulting Si-NWs [65]. On the other hand, for solar cell applications, the
critical factor to be considered for the preparation of Si-NWs is the cost. With
low costs, efficient light trapping and photogenerated carrier collection also needs
to be studied. In this section, we highlight the approaches to prepare the Si-NWs
with low costs and high controllability in terms of dimension and spatial
distribution.

Electron beam or photolithography is acknowledged as a key factor leading to
the high cost of preparing Si-NWs for solar cell applications. The alternative
patterning methods to replace them have been actively pursued. Recently, the
Cui group from Stanford University reported using a Langmuir-Blodgett (LB)
[66] assembled monolayer of the SiO, particles to serve as the “nanosphere”
lithographic mask. Using this approach, uniform and dense patterning can be
achieved over a large area as shown in Fig. 18 [19].
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Fig. 18 SEM images of the
close-packed SiO,
nanosphere (diameter of
~200 nm) monolayer
prepared by the Langmuir—
Blodgett method on a 4 in.
Si (100) wafer.

Figures a—d demonstrate the
four different regions
corresponding the symbols
marked in the wafer,
indicating a high uniformity
over the large area.
(Reprinted with permission
from [19], copyright 2008,
American Institute of
Physics)

After forming the close-packed SiO, nanosphere monolayer, reactive ion etching
(RIE) can be performed to selectively reduce the dimension of the SiO, nanospheres
using O, and CHF;, as demonstrated in Fig. 19a, b [19]. Then Cl,-based RIE is used to
anisotropically etch away the underlying Si material with SiO, nanospheres acting as a
hard mask, creating a highly-ordered Si-NWs array (see Fig. 19c¢). The residual SiO, at
the tip of the Si-NWs can then be removed by HF acid. Figure 19d shows the tilted
SEM image of the resulting Si-NWs array. It is clear that the array’s periodicity is
transferred from the SiO, nanospheres in the as-prepared monolayer. The Si-NWs’
diameters can be modulated by adjusting the RIE parameters. Moreover, the dimension
of the Si-NWs can be further scaled to below 100 nm with additional thermal oxidation
and subsequent HF etching. It is worth mentioning that this approach can be utilized to
manufacture Si-NWs arrays on polycrystalline Si or amorphous Si thin films [9].

Except the RIE method, which requires relatively expensive equipment, another
more cost-effective wet etching approach has also been used to fabricate high-
quality Si-NWs arrays [67]. Figure 20 shows the schematic process flow and the
corresponding SEM images in preparing a highly-ordered Si-NWs array using
electroless wet etching to replace the anisotropic RIE. Si wafers are first cleaned in
a boiled solution of NH,OH: H,O,: H,O = 1:1:5 for 1 h to achieve a hydrophilic
surface. The close-packed SiO, nanosphere monolayer is then prepared via the
method described by Lu et al. [68] from a SiO, colloidal solution, as shown in
Fig. 20a. The SiO, nanospheres’ dimensions can be reduced by chemical etching
in HF solution (see Fig. 20b). This is followed by catalyst metal deposition, such
as Ag or Au, using vacuum evaporation. The area on the Si wafer not covered by
Si0, nanospheres is exposed to the catalyst metal layer as shown in Fig. 20c. After
removing the SiO, nanospheres by ultrasonication in water for 2—-3 min, the metal
thin film with the periodic nanopore array is achieved (see Fig. 20d). After
immersing the sample into the HF/H,0, solution, the highly-ordered Si-NWs array
was created by the selective electroless etching of the Si underneath the catalyst
metal, as observed in Fig. 20e. The Si-NWs’ length can be easily adjusted by
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Fig. 19 Schematic (left) and
the corresponding SEM
image (right) of each step
used to prepare a highly-
ordered Si-NW array with the
controllable periodicity and
Si-NW diameter using RIE
combined with the SiO,
nanosphere Langmuir—
Blodgett patterning method.
a Deposition of the silica
nanoparticles by Langmuir—
Blodgett. b Shrinking of the
mask by isotropic RIE of
SiO;. ¢ Anisotropic etching
of Si into pillars by RIE.

d Removal of the residual
mask by HF etching.
(Reprinted with permission
from [19], copyright 2008,
American Institute of
Physics)
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(b)

changing the etching time, and the array’s periodicity and Si-NWs diameter are
controlled by the diameters of the starting and reduced SiO, nanospheres. In
general, the etching mechanism is based on the following chemical processes [69]:

With Ag nanoparticles:

H,O, + 2H" — 2H,0 + 2h+,

With Si:

2H' +2¢ — H, 1,

Si+ 4h* + 4HF — SiF, + 4H™,

Overall reaction:

SiF, + 2HF — H,SiF,

Si 4+ H,0, + 6HF — 2H,0 + H,SiFg + H;, T .

There are also other approaches based on the “top-down” paradigm to create
Si-NWs arrays. Generally speaking, to integrate Si-NWs arrays in solar cells, the
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Fig. 20 Schematic of the process flow (leff) and the corresponding SEM image (right) of each
step used in preparing a highly-ordered Si-NW array with controllable periodicity and diameter
using electroless etching combined with a self-assembled SiO, nanosphere monolayer severing as
the mask. a Deposition of monolayer silica colloidal crystal template on silicon surface;
b fabrication of 2D non-close-packed silica colloidal crystals on silicon surface; ¢ deposition of
silver layer on silicon surface through the non-close-packed colloidal crystal template;
d formation of regular silver nanohole arrays by removing silica colloids by brief ultrasonication
in water; and e formation of Si-NWs by catalytic etching. The corresponding SEM micrographs
on the right show the monolayer silica colloidal crystal template (a), the 2D nonclose-packed
silica colloidal crystal template (b), the silver film with periodic nanohole arrays (d), and ordered
Si-NW arrays produced using catalytic silver film with periodic nanoholes (e). (Reprinted with
permission from [67], copyright 2007, American Institute of Physics)
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Fig. 21 Schematic of the process flow (left) and the corresponding SEM image (right) to prepare
highly-ordered Si-NW arrays with controllable spatial distribution and size using VLS-based
“bottom-up” growth combined with a pre-patterned Au catalyst. a Deposition of a mask of
polystyrene particles on a Si-(111) substrate covered by a 2-nm-thick oxide layer (blue),
b deposition of gold by thermal evaporation, ¢ removal of the spheres, d thermal annealing and
cleaning step to remove the oxide layer, and e Si deposition and growth of nanowires by MBE.
The first two SEM images correspond to the use of PS nanospheres having the diameter of
~1320 nm, and the third corresponds to the PS nanospheres with the diameter of 600 nm.
(Reprinted with permission from [70], copyright 2005, American Chemical Society)

trade-off between the manufacturing cost and the enhanced PCE should be seri-
ously taken into account.

Next let us turn to the “bottom-up” approaches to grow Si-NWs arrays.
Through manipulating the spatial and size distribution of the catalysts, the con-
trollable periodicity and diameter can be achieved using the VLS paradigm.
Because VLS growth itself is cost-effective, the final manufacturing cost strongly
depends on the lithographic process to pattern the catalysts. Here several low-cost
lithographic processes are discussed.

Figure 21 illustrates an example process to prepare a Si-NWs array by the
VSL-based “bottom-up” technique [70]. Similar to the patterning process used in the
aforementioned “top-down” etching technique, a close-packed monolayer of
polystyrene (PS) nanospheres with desired diameters is deposited by spin coating, as
shown in Fig. 21a. Then, an Au layer with a thickness between 10 and 20 nm
is deposited via thermal evaporation. Au nanoislands on the substrate are formed due
to the triangular interspacing between neighboring PS nanospheres, as demonstrated
in Fig. 21b. After clearing the PS nanospheres by ultrasonication in CH,Cl, for
2 min, the well-arranged Au nanoislands with a hexagonal pattern are formed
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Fig. 22 Plane-view SEM
image of monodomain AAO
with a pore diameter of

180 nm and interpore
distance of 500 nm.
(Reprinted with permission
from [73], copyright 2003,
American Chemical Society)

(see Fig. 21c). The sample can be transferred to the Si-NWs growth system, an
ultrahigh vacuum MBE chamber in this example. The sample is heated to 810°C for
10 min to transform the triangular Au nanoislands into hemispheres as schematized
in Fig. 21d. Then the Si-NWs growth is performed at a sample temperature of
525-570°C. The Si-NWs’ lengths are controlled by the deposition time. As indicated
in Fig. 21e, the resulting Si-NWs array transfers the pattern from the hexagonal Au
nanoparticles. The spatial distribution and diameter of the Si-NWs can be modulated
by varying the diameter of the PS nanospheres and the thickness of the Au film.

Anodic aluminum oxide (AAO) with hexagonally arranged nanopores (see
Fig. 22) has been widely utilized in preparing aligned arrays of various nanostruc-
tures of different materials [71-74]. AAO can be manufactured using the electro-
chemical anodization of pure aluminum over a large area based on the dissipation
structure mechanism [75]. The nanopore size and spacing can be tuned by adjusting
the electrochemical anodization conditions. For instance, the nanopore size and
density can be controlled by varying the applied voltage [71, 76]. After the formation
of the AAO layer, it can be transferred and bonded with other substrates (e.g., Si
wafers) [74, 77]. Then the catalyst (Au, Ag, Cu, etc.) nanoparticle array can be
created on the substrate through the AAO layer. Figure 23 shows a typical evapo-
rated Au nanoparticle array formed with the assistance of an AAO mask [77].

Upon obtaining the Au nanoparticle decorated substrate, the Si-NWs array can be
grown based on the VLS mechanism. Figure 24 shows the Si-NWs array grown on the
Si (111) substrate (shown in Fig. 23), with SiCly as the precursor gas at 900°C. The
resulting Si-NWs array follows the Au nanoparticle pattern, with good size control.

In addition, it is also noted that nano-imprint lithography is actively studied to
pattern the catalyst metal layer and holds great potential to prepare large area
Si-NWs arrays with low cost and high controllability [78]. Furthermore, the
preparation of large-area and highly-ordered Si-NWs arrays embedded in polymer
substrates has been successfully realized by transferring the VLS grown Si-NW's
array, which paves the way for flexible Si-NWs-based solar cells [79].
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Fig. 23 Au nanoparticle
array deposited through an
AAO mask manufactured
from an aluminum plate
having multidomains. The
average diameter, spacing
and height of the
nanoparticles are ~53, 100
and 5 nm, respectively.
(Reprinted with permission
from [77], copyright 2006,
American Chemical Society)

Fig. 24 Si-NW array with
different magnifications
grown on the substrate shown
in Fig. 23. a Low
magnification and b high
magnification SEM images of
vertically aligned, diameter-
controlled Si-NWs grown
from ordered Au dots on
Si(111) substrates. The
average diameter of the
Si-NWs is ~72 nm.
(Reprinted with permission
from [77], copyright 2006,
American Chemical Society)

J. Li and H.-Y. Yu
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Fig. 25 Schematic of the
stand-alone Si-NWs array
studied by simulation.
(Reprinted with permission
from [87], copyright 2009,
American Institute of
Physics)

Incident light

2.2.2 Optical and Electrical Characteristics of Stand-Alone Si-NWs Arrays

One of the most attractive advantages of using Si-NWs arrays in solar cells is
the decoupling between light trapping and photogenerated carrier extraction [8].
In other words, Si-NWs can be grown long enough to effectively trap the incident
photons and thin enough to efficiently collect the photogenerated carriers, enabling
the utilization of low-grade raw materials, reducing the manufacturing cost. For
either effective light absorption or efficient photogenerated carrier collection, the
trade-off between the manufacturability (e.g., cost, controllability, reproducibility)
and the resulting PCE should be considered. For instance, Si-NWs tend to break
down if they are too thin or too long, which eventually leads to degraded photo-
generated carrier extraction. Electrode contact and the light absorption capability
would also be negatively impacted. These factors can explain why the present
Si-NW-based solar cells have low PCEs, below 1% [80-82]. Therefore, providing
the optimal microstructural parameters, such as array periodicity, Si-NWs diam-
eter/length, is critical to the fabrication of Si-NWs-based solar cells.

Enhanced light absorption by Si-NWs arrays has been demonstrated empiri-
cally, especially in the high-energy regime of the solar spectrum [18, 50]. It was
also observed that periodic and highly-ordered Si-NWs arrays are desirable for
such a purpose [83]. Recently, the Chen group from Massachusetts Institute of
Technology studied the optical characteristics, including light reflection, trans-
mission and absorption, for a periodic stand-alone Si-NWs array (schematically
shown in Fig. 25) with variable Si-NWs length/diameter at a fixed array period-
icity of 100 nm using the transfer matrix method (TMM) [84]. Figure 26 shows
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Fig. 26 a Absorption spectra
of the Si-NW arrays as a
function of the Si-NW length,
and b reflection and
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the optical characteristics of the Si-NWs array as a function of Si-NWs length. The
diameter of the Si-NWs are fixed at 50 nm, and the incident light, parallel to the
Si-NWs axes, varies from 1 to 4 eV, covering the majority of the solar spectrum
[85]. It is clearly seen that the light absorption of a stand-alone Si-NWs array is
above 95% in the high-energy regime (>2.8 eV) of the solar spectrum, much
higher than that of the Si thin film counterpart. However, the light absorption of the
Si-NWs array sharply decreases to nearly zero when the energy of the incident light
is below ~2.8 eV for an array of Si-NWs with lengths of 1160 nm. Even for the
4660 nm length Si-NW array, the light trapping capability is inferior to that of a
2330 nm thick Si film below the energy of ~2.6 eV. As indicated in Fig. 26b, the
poor light absorption for Si-NWs arrays in the low-energy region mainly stems
from high light transmission in this energy regime. Low light reflection in the entire
energy range, i.e., 1-4 eV, demonstrates the excellent antireflection function of
Si-NWs arrays.

To evaluate the overall light trapping capability for solar cell applications, the
ultimate efficiency () is calculated according to the following formula [30, 84, 86]:
onj ngl(EE)xx(E) dE

S I(E)AE

n= (5)
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Fig. 27 Effective irradiance
of the solar spectrum under
AM 1.5G for single band gap
Si solar cells. The effective
irradiance is defined as the
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where E, is the band gap for the material (~1.12 eV for Si), E is the photon
energy, I(E) is the solar energy density spectrum, and o(E) is the absorption
spectrum. From Eq. 5, one notes that # is defined as the optical-electrical con-
version capability, provided that a photon with the energy above E,, which can be
trapped by the solar devices, is converted into one electron—hole pair with energy
equal to E,, and the electron-hole pair can be completely extracted for external
output. In other words, when calculating the ultimate efficiency, the internal
quantum efficiency is assumed to be 100%. The calculated 7 for the Si-NWs arrays
with the lengths of 1160, 2330 and 4660 nm are ~4.4, ~5.8 and ~7.8%,
respectively. However, for the 2330 nm thick Si film, the ultimate efficiency
reaches ~ 15.5%, almost twice that of the best Si-NWs array. Thus, it is concluded
that strong light absorption only in the high-energy regime of the solar spectrum
does not make Si-NWs arrays competitive with Si thin films.

This can be understood from the potential contribution of the solar spectrum to
a single junction solar cell. Figure 27 depicts the effective irradiance, or the
product of the irradiated power (under AM 1.5G) per cm? and (E4/hv) (note that for
the photons with energy below E,, this value is 0, i.e., no generation of electron—
hole pairs), which illustrates the potential maximum power conversion capability.
It is clearly shown that the effective irradiance for Si solar cells in the low-energy
regime of the solar spectrum (~2 eV) plays a more profound role than in the
high-energy regime to enhance the PCE. Due to the poor light absorption in the
low-energy regime, it is reasonable that the ultimate efficiency for the 4660 nm
Si-NW array is lower than that of the 2330 nm thick Si film. Similar to the case of
increasing the Si-NWs’ lengths (as demonstrated in Fig. 26a), increasing the
Si-NWs diameters from 50 to 80 nm also leads to a redshift of the absorption edge
[84]. However, the limited redshift still does not improve the overall light
absorption of the Si-NWs array to be comparable to that of Si thin films with the
same thickness. As discussed below, the poor light absorption for the Si-NWs
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Fig. 28 a Absorption, b reflection, and ¢ transmission spectra of the Si-NW arrays with different
periodicities, P, of 100, 300, 600 and 1300 nm. The ultimate efficiency, 5, of the Si-NW arrays as
a function of P is summarized in d. The length of the Si-NWs in the array is 5000 nm, and the
ratio of the Si-NW diameter to the array periodicity is fixed at 0.5. The 5000 nm thick Si film
serves as a reference. (Reprinted with permission from [87], copyright 2009, American Institute
of Physics)

arrays discussed by Chen et al. is due to their relatively small periodicity of
100 nm.

More recently, our group conducted a study on the impact of the Si-NWs
array’s periodicity to the optical characteristics using the finite element method
(FEM) and presented the underlying physics responsible for the observations [87].
Figure 28a—c shows the light absorption, reflection and transmission spectra of the
Si-NWs arrays as a function of periodicity. The Si-NWs length is set to 5000 nm,
and the ratio of the Si-NWs diameter (D) to the array periodicity (P) is fixed at 0.5.
One notes that the shift of the light absorption edge is much more sensitive to the
array periodicity.

When the array periodicity is increased to 600 nm, the light absorption for the
Si-NWs array is higher than that of the reference sample, i.e., the Si film with
the same thickness of 5000 nm, almost in the entire energy range of 1-4 eV.
As indicated by the transmission spectrum in Fig. 28c, the evident redshift of the
light absorption edge can be attributed to the significantly suppressed light
transmission in the lower energy region of the solar spectrum with an increased
array periodicity. However, as the array periodicity is further increased, the
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spacing between neighboring Si-NWs also increases, resulting in increased light
transmission, as indicated by the transmission spectrum of the Si-NWs array with a
periodicity of 1300 nm. Moreover, light reflection (see Fig. 28b) is gradually
enhanced due to the increased cross-sectional area of the Si-NWs. Accordingly,
the light absorption is degraded when the array periodicity becomes too large.
Figure 28d summarizes the calculated ultimate efficiencies, #. In agreement with
the light absorption change with the array periodicity, # first increases significantly
when increasing the array periodicity from 100 to 300 nm. Beginning with the
Si-NWs array with the periodicity of 250 nm, # already becomes larger than that
of the reference Si film with the same thickness of 5000 nm (~19.7%). As the
array periodicity is further increased to 600 nm, # slightly increases to a maximum
value of ~24% due to the combined effects of the suppressed light transmission in
the low-energy regime and the increased light reflection. The slight decrease in 7
can be ascribed to light transmission in the high-energy regime in addition to the
increased light reflection when the array periodicity is above 600 nm.

Our further study reveals that the maximum ultimate efficiency for each peri-
odicity ranging from 300 to 900 nm can be achieved when the ratio of the Si-NW's
diameter to array periodicity (D/P) is around 0.8 [87]. At this D/P value, n of
~30.5% is achievable for the Si-NWs array with the array periodicity of 600 nm,
as demonstrated in Fig. 29. More meaningfully, the window of the array period-
icity and D/P is wide enough to realize a higher light trapping capability compared
to the Si film counterpart, which gives the manufacturing side more process to
choose from. It is interesting to note that the Lewis and Atwater group from
California Institute of Technology has recently reported the synthesis of Si-NWs
with 10 pm minority carrier diffusion lengths by Cu-catalyzed VLS growth [88].
Accordingly, it is believed that the resulting high PCE of the Si-NWs array-based
on an optimized optical design is achievable.

Kayes et al. have explored the carrier transport properties of stand-alone
Si-NWs via simulation and discussed the relationship between the illuminated
I-V characteristics and geometrical parameters, such as the length and diameter,
and the defect state densities in the quasi-neutral and depletion regions [8]. In their
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study, it is assumed that the carrier transport is along the radial direction for the
radial p—n junction configuration. It is found that for a given Si-NWs length, the
short circuit current density, Jy., is almost independent of the minority carrier
diffusion length if the minority carrier diffusion length is larger than the Si-NWs
radius. However, the J,. in the solar cells with the conventional planar p-n
junction configuration significantly decreases with the minority carrier diffusion
length. For the radial junction case, different from Jy., V. shows dependence on
the Si-NWs’ length, and decreases with an increase in the Si-NWs’ length. This
can be attributed to the increased junction area, and thus a decreased shunt
resistance. Under the illuminated condition of the AM 1.5 spectrum, it is also
reported that the Si-NWs-based solar cell can reach a PCE of ~ 11%. The Si-NWs
have diameters of 100 nm and lengths between 20 and 500 pm, the minority-
electron diffusion length is 100 nm (comparable to the Si-NWs diameters), and the
recombination center densities of 7 x 10'® cm™ in the quasi-neutral region and
10" cm ™ in the depletion region. However, for the Si wafer counterpart with the
same material parameters, the PCE is only ~1.5% and saturates when the
thickness is over 450 nm. This study points out the great potential of stand-alone
Si-NWs-based solar cells. Here it is noted that the above study does not account
for any interaction between the incident light and the studied Si-NWs array (and
hence the enhanced light absorption). After considering the enhanced light
absorption for the optically optimized Si-NWs array, the PCEs of Si-NWs-based
solar cells should become much more competitive with that of planar Si solar cells.

2.2.3 Research Status of Stand-Alone Si-NWs-Based Solar Cells

In 2007, the Lewis and Atwater group demonstrated a Si-NWs array-based pho-
toelectrochemical cell [89]. The highly-ordered and vertically-aligned n-type
(resistivity of ~0.32 Q cm) Si-NWs array (see Fig. 30) with wires of diameter of
~?2 pum, length of ~20 pum, and an array periodicity of ~7 pm was grown on a
degenerately doped n-type Si (111) wafer via VLS growth. The Si-NWs array is
immersed into a 1,1" dimethylferrocene (Mech)+/ 9 redox system in CH;OH to
form the p—n junction. This method can easily realize uniform coverage of the
transparent electrode over the Si-NWs surface. The measured V. and J,. of the
Si-NWs array-based solar cell under AM 1.5G are 389 &+ 18 mV and
1.43 £ 0.14 mA/cm?, which is much better than that of the control sample without
the Si-NWs array (V. : 232 +8mV; Ji : 0.28 = 0.01 mA /cm?).

Also in 2007, Tsakalakos et al. of General Electric’s Global Research Center,
USA fabricated the first Si-NWs-based all-inorganic solar cell [80]. Figure 31a, b
shows the schematics of the Si-NWs-based solar cell configuration and the SEM
images of the Si-NWs under different views (the cross-sectional view in the top-
left). The p-type (estimated doping concentration of ~ 10" cm™%) Si-NWs with
diameters of 109 & 30 nm and length of ~16 pum were grown without orientation
on a stainless steel foil coated by 100 nm thick Ti,N using the Au catalyzed VLS
growth (the precursor gas is the mixture of SiHy, Hy, HCl and B(CHj3)3). Here the
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Fig. 30 a Cross-sectional
(scale bar: 15 pm), and b 45°
view (scale bar: 85.7 pm)
SEM images of an Si wire
array prepared by the VLS
growth combined with the
prepatterned Au catalyst.
(Reprinted with permission
from [89], copyright 2007,
American Chemical Society)

Fig. 31 a Schematic of the
Si-NW-based all-inorganic
solar cell using a stainless
steel foil as the substrate, and
b the SEM images of the
Si-NWs under different
views. (Reprinted with
permission from [80],
copyright 2007, American
Institute of Physics)
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Ti,N film serves as the back electrode and also prevents interdiffusion between the
Si and the steel substrate. As indicated by the SEM images in Fig. 31b, the
synthesized Si-NWs randomly distribute on the substrate owing to the unpatterned
Au catalyst. The p—n junction is introduced through depositing the 40 nm thick
n-type a-Si:H layer by PECVD. This is followed by the ITO layer deposition with
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Fig. 32 Schematic of the Si- R
NW-based solar cell prepared ops

by the electroless etching of f _
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the corresponding pic-Si (n*)/
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on glass. (Reprinted with
permission from [90],
copyright 2009, American
Chemical Society)

the thickness of ~200 nm to electrically connect the Si-NWs. Then the top finger
electrode consisting of 50 nm thick Ti and 2000 nm thick Al is prepared by
shadow evaporation. The PCE of the fabricated solar cells with the size of
1 x 1 cm? was measured at only ~0.1% under AM 1.5G although the enhanced
light absorption is obvious. The low PCE can be ascribed to the poor photogen-
erated carrier separation capability and poor electrical contact, both related to the
randomly grown Si-NWs array.

Except for the VLS grown Si-NWs array, the low-cost “top-down” approaches
also attract a lot of attention to fabricate stand-alone Si-NWs-based solar cells.
Sivakov et al. fabricated Si-NWs-based solar cells by etching the corresponding
uc —Si (n*)/uc — Si (n)/pc — Si (p*) structure on glass substrates using the
electroless chemical etching solution prepared by mixing 0.02 M AgNO; and 5 M
HF with a volume ratio of 1:1 [90]. Figure 32 shows the schematic of the cell
structure with a superstrate configuration [91]. The uc — Si (n"), uc — Si (n) and
uc — Si (p™) layers with the respective thicknesses of 300, 2000, and 200-400 nm
were prepared by electron beam evaporation and the laser annealing, with
respective doping concentrations of 5 x 10'°, 6 x 10'®, and 5 x 10" cm™. As
indicated by the cross-sectional SEM image shown in Fig. 33a, the resulting
Si-NWs are vertically aligned on the glass substrate. The length and diameter of
the Si-NWs vary from 2300 to 2500 nm, and from 20 to 100 nm respectively, as
estimated from the SEM and TEM measurements. Figure 33b shows the measured
optical characteristics, indicating excellent light trapping capability, especially in
the high-energy regime of the solar spectrum compared to the Si thin film coun-
terpart. The -V characteristics of these solar cells are recorded by contacting the
Au tips with the radius of 450 pm onto the Si-NWs top surface and the p* Si-film
layer (see Fig. 32). The V. is recorded in the range of 410-450 mV and the Jy.
varies from 13.4 to 40.3 mA/cm” when measuring different points on the same
sample. Despite the error in calculating the Au tip area (hence the J,.), the PCE of
the cell is in the range of 1.7-4.4%. Further enhancement of the PCE can be
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Fig. 33 a Cross-sectional
SEM image of vertically
aligned Si-NWs on glass after
electroless etching, and b the
optical characteristics of the
above Si-NW array.
(Reprinted with permission
from [90], copyright 2009,
American Chemical Society)
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expected by optimizing the Si-NWs’ structural parameters, such as diameter, array
periodicity, and the electrode configuration.

More recently, the Yang group at the University of California at Berkeley
reported Si-NWs-based solar cells with the controllable Si-NWs diameters and
array periodicity using the RIE-based “top-down” technique combined with a
self-assembled SiO, monolayer mask [92]. In their study, to mimic the PV
response of the stand-alone Si-NWs layer, a highly doped Si wafer was used as
the substrate to minimize the PV contribution from the substrate and an epitaxial
Si thin layer on the wafer is employed to manufacture the Si-NWs array. After
the formation of the Si-NWs array, boron diffusion was performed to form radial
p-n junctions, followed by finger metal electrode deposition. Figures 34a, b
respectively show the SEM image of the resulting Si-NWs array (Si-NWs with
diameters of ~390 nm, lengths of ~5 um, and an array periodicity of
~530 nm), and the optical image of the large-scale Si-NWs-based solar cells on
the same substrate after isolation. The illuminated /-V characteristics recorded
under AM 1.5G demonstrate a PCE of ~4.83% (Vy.: 525 £ 2 mV; J.:
16.45 + 0.19 mA/cm?; FF: 0.559 + 0.002) for the solar cell with the absorber
consisting of the above Si-NWs array and a 3 pm thick underlying Si layer,
which is ~20% higher than that of the Si ribbon solar cell with the same total
thickness, i.e., 8 um [93]. Here it should be noted that the electrode configuration
is yet to be optimized for Si-NWs-based solar cells. They further declare that the
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Fig. 34 a Titled SEM image
of the Si-NWs array after
forming the radial p—n
junction (the scale bar:

1 pm), and b the tilted optical
image of the Si-NW array-
based solar cells on the same
substrate after isolation (the
scale bar: 4 cm). (Reprinted
with permission from [92],
copyright 2010, American
Chemical Society)

(a)

light absorption mainly occurs in the Si-NWs array, and an optical path length
enhancement factor of ~73 can be achieved, which is much larger than the
randomized scattering limit (~25 without a back reflector) [94].

Despite the great potential held by Si-NWs-based solar cells, the currently
reported PCE record from the literature is still relatively low compared to main-
stream Si wafer cells. To further improve the PCE of stand-alone Si-NWs-based
solar cells, the following points need to be addressed:

(1) Structural optimization of the Si-NWs. Si-NWs-based solar cells make it
possible to design the light trapping and photogenerated carrier collection
processes due to the decoupling between them. However, for practical
operation, the trade-off between light trapping and carrier collection should
be considered when designing high-efficiency devices. For example, the
surface defect states are critical, especially for Si-NWs prepared by the
etching approaches [50] because they lead to a decreased V. [8§]. How to



Enhancement of Si-Based Solar Cell Efficiency Via Nanostructure Integration 35

achieve compromise between the enhanced light absorption and the degraded
Voc while increasing the Si-NWs’ lengths needs to be investigated via sim-
ulations coupling both optical and electrical aspects.

(ii) Optimized top transparent electrodes. Optimal electrode configuration is
another key factor to realizing high-efficiency solar cells. Especially for
Si-NWs-based solar cells, high contact resistance needs to be addressed
through optimization of nanoscale design and manufacturing processes. The
conformal deposition of the top transparent electrode to uniformly cover the
Si-NW surface is necessary to effectively extract the photogenerated carriers.

(iii) Reducing the surface defect density. Although the radial p—n junction based
solar cells allow for the usage of low-grade materials with high bulk defect
densities, the defect state density on Si-NWs surfaces needs to be minimized.
Surface defects can trap photogenerated carriers, act as recombination zones
and degrade the solar performance [95, 96]. Therefore effectively reducing
the number of Si-NWs surface defect density remains important to obtaining
high efficiency.

2.3 Si Thin Film Solar Cells Textured with Si Nanostructures

In this section, surface texturing of Si thin film solar cells using three types of Si
nanostructures, including Si-NWs (or Si nanopillars (Si-NPs)), Si nanocones
(Si-NCs), and Si nanoholes (Si-NHs), are discussed for efficiency boosting. The
preparation of Si-NWs arrays was introduced in Sect. 2.2.1. Therefore, the fab-
rication techniques of the Si-NCs and Si-NHs-textured surfaces are to be discussed
in detail in this section.

2.3.1 Preparation of Si Thin Films Textured with Nanaostructures
(Si-NCs and Si-NHs)

Different from the “bottom-up” paradigm in preparing stand-alone Si-NWs on
foreign substrates, the fabrication of the Si nanostructure-textured Si thin films is
mainly based on “top-down” processes, which are able to meet the solar cells
manufacturing requirements, i.e., low cost, large scale, and high throughput.
Several representative methods used for the preparation of Si-NC- and Si-NH-
textured surfaces will be discussed. Hsu et al. prepared highly-ordered Si-NC-
textured surfaces using C,CIFs/SF¢-based isotropic RIE on the corresponding
Si-NWs arrays, which were formed by the Cl,-based anisotropic RIE of Si wafers
combined with a monolayer of SiO, nanospheres as a Langmuir-Blodgett mask
(for more details, refer to Sect. 2.2.1) [19]. Figure 35 illustrates the fabrication
process and the corresponding SEM images. In this method, the Si-NCs’ structural
parameters, such as height, base diameter, and array periodicity can be controlled
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Fig. 35 a Schematic of the fabrication process of a highly-ordered Si-NC-textured surface,
b-d show the SEM images corresponding to the intermediate and final steps. (Reprinted with
permission from [19], copyright 2008, American Institute of Physics)

during the preparation of the Si-NWs array. It is interesting to note that this
method has been successfully applied to fabricate Si-NC-textured a-Si:H films,
paving the way for its application in Si thin film-based solar cells [9].

Another approach to make Si-NC-textured surfaces is reported based on one-
step self-assembly processes without involving the mask preparation [20, 97-99].
Figure 36 schematically shows the process flow using the “self-masking method”
[20]. During the process, a plasma with precursor gases of SiH,, CH,, Ar, and H,
can generate and deposit SiC nanoparticles on the substrate surface as demon-
strated in Fig. 36a, b. This is followed by the introduction of Ar and H, plasma to
etch the Si substrate and obtain the Si-NC array using the SiC nanoparticles as the
hard mask. It is expected that Si-NC arrays can be made in large scales using this
method. Figure 37a, b shows the as-prepared Si-NC texturing on single-crystal
and polycrystalline Si substrates, respectively. It is noted that during the processes,
the substrate temperature was maintained below 250°C, which facilitates the usage
of low-temperature and low-cost substrates. In Fig. 37a, a Si-NC density of
~1.5 x 10" /cm? and aspect ratio of 50 are shown. For this approach, the
structural parameters of the Si-NC array, such as the Si-NCs’ base diameter,
spacing, and height can be adjusted through varying the size and density of the SiC
nanoparticles via modifying the plasma conditions, and the substrate temperature.

Analogous to macrohole-textured surfaces in Si wafer-based solar cells, the
excellent antireflection property of the Si nanoholes array-decorated surfaces
makes Si-NHs promising in Si thin film-based solar cells. For the sake of cost
reduction, only the fabrication approaches based on cost-effective mask or
maskless processes are discussed here. Li et al. developed the laser nanoimprinting
technique to create large area Si-NH-textured surfaces [100]. After coating the
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Fig. 36 Schematic of the
procedure for preparing the
Si-NC-textured surface using
the one-step self-assembly
method. a The reactive gases
are composed of silane,
methane, argon, and
hydrogen; b the SiC
nanosized clusters are formed
from the reaction of SiH, and
CH,4 plasma and uniformly
distributed on the substrate
surface; and ¢ the unmasked
region is etched by Ar and H,
plasma, whereas the region
masked by SiC caps protects
the substrate from etching,
and hence creates the conical
tips. (Reprinted with
permission from [20],
copyright 2004, American
Chemical Society)
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Fig. 37 Tilted SEM images of the Si-NC array on a single-crystal and b polycrystalline Si
substrates using the one-step self-assembling method depicted in Fig. 36. (Reprinted with
permission from [20], copyright 2004, American Chemical Society)

sample with a monolayer of self-assembled SiO, nanospheres, a focused laser
beam is directed onto the SiO, nanospheres. Due to the extremely high temper-
ature at the contact point between the SiO, and substrate, which results from the
optical resonance and near-field effects [101], the substrate in the vicinity of the
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Fig. 38 SEM image of Si-NH-textured Si (100) wafer prepared by the laser nanoimprinting
technique combined with the self-assembled SiO, nanosphere monolayer (the scale bar is 1 pm).
The average diameter of the SiO, nanospheres is 970 nm, and the fluence of the single laser pulse
(KrF, wavelength: 248 nm) is 1 J/cm?. (Reprinted with permission from [100], copyright 2004,
American Institute of Physics)

Fig. 39 SEM images of a the Ag nanoparticles on the Si wafer surface, and b the SiNHs array
decorated surface after wet etching in the HF/H,0, solution. (Reprinted from Tsujino et al. [102],
copyright 2006, with permission from Elsevier)

nanospheres melts, forming hemisphere-shaped holes into the substrate. Figure 38
shows the SEM image of the Si-NH-textured Si (100) wafer prepared using SiO,
nanospheres with diameters of ~970 nm with the fluence of a single laser pulse
(KrF, wavelength: 248 nm) set at |1 J/em®. The Si-NH size and depth can
be modulated by modifying the SiO, nanosphere size and the laser fluence.
This method is applicable to Si thin films on glass and plastic substrates due to the
localization of the melting.

Next, the randomly distributed Si-NH-textured surface is discussed, which
can be prepared in a low cost and high throughput manner. The formation of the
Si-NHs can be realized in the HF/H,O, solution with the catalysis of noble metals
such as Ag, Au, etc (see Sect. 2.2.1). Figure 39 shows the SEM images of (a) the
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Fig. 40 SEM images of

a the Ag nanoparticles on the
Si wafer surface prepared by
laser annealing of the Ag
film, b the top and ¢ cross-
sectional views of the
resulting Si-NH array after
wet etching in the HF/H,O,
solution. In ¢, the white
particles at the bottom of the
Si-NHs are the residual Ag
nanoparticles. The scale bar
in the pictures is 200 nm

39

Ag nanoparticles on the multicrystalline Si wafer surface, and (b) the resulting
randomly distributed Si-NH-textured surface after the wet etching in a mixture of
10% HF and 30% H,O, (10:1 v/v) for ~5 min [102]. The Ag nanoparticles are
prepared using the electroless plating [103]. The dimensions of the Si-NHs are
consistent with the Ag nanoparticles sizes and can be modulated by varying the Ag
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Fig. 41 AFM image of the Si-NW-textured surface (array periodicity: 300 nm) (left), and the
reflectivity, R (right) of the Si-NW-textured surface with the same array periodicity of 300 nm
and varying Si-NW array depths, d. The measurements were performed using unpolarized light at
the incident angle of 10°. (Reprinted with permission from [64], copyright 2000, Institute of
Physics)

nanoparticles size and distribution. The Si-NHs’ depth can also be easily
controlled by the etching time.

Our group has also developed a method to form the Ag nanoparticles by
employing rapid laser annealing on an as-deposited Ag thin film [104]. The SEM
image, as shown in Fig. 40a demonstrates that the Ag nanoparticles can be syn-
thesized with a high density. Figure 40b, ¢ shows the top and cross-sectional views
of the etched Si surface using the HF/H,O, mixture. It is clear that the resulting
Si-NH array strictly follows the Ag nanoparticles pattern, which can be modified
by the thickness of the Ag film, laser pulse energy, etc. Similar to the laser
nanoimprinting technique, this approach is also applicable to Si thin films on glass
or plastic due to the localized thermal effect of the laser annealing process.

2.3.2 Optical and Electrical Characteristics of Si Nanostructure-Textured
Si Thin Films

It is well documented that the key advantage of the Si nanostructure texturing in
thin film-based solar cells is its excellent antireflection property. It is thus expected
that thicker texturing layers with large aspect ratios will lead to more efficient
antireflection, as indicated in Fig. 41 [64]. However for solar cell applications, as
discussed previously, other aspects must also be considered. The effective
extraction of photogenerated carriers relies on optimized electrical contacts, which
further depend on the conformal deposition of the electrodes on the Si nano-
structure. Therefore, the thickness of the Si nanostructure layers is a compromise,
also partially owing to the manufacturing concerns.

Different from the light multireflection mechanism based on geometrical optics
in microscale surface textures for light absorption enhancement, the interaction
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Fig. 42 a Schematic of the Si-NW-textured thin film-based solar cell, and b the unit used for the
calculation of the optical and electrical characteristics

between the incident light and nanoscale surface textures follows elemental optical
processes based on wave optics, such as scattering [30]. Enhanced scattering will
significantly elongate the optical path length, hence increasing the light trapping
capability, i.e., increasing the light absorption. Our group has systematically
studied the optical characteristics of Si nanostructure-textured Si thin films,
including Si-NWs, Si-NCs and Si-NHs [30, 31, 105, 106]. The results indicate that
there is a critical value for the thickness of all the Si nanostructure textures. When
the thickness is beyond this value, the light trapping capability becomes nearly
saturated. From calculations, the optimized critical thicknesses for Si-NWs,
Si-NCs and Si-NHs are ~ 1000, 400, and 2000 nm, respectively. Furthermore,
light absorption is strongly affected by array periodicity. Figure 42 schematically
shows the Si thin film-based solar cell configuration with a Si-NWs-textured
surface. During the calculation, the thickness of the Si thin film was fixed at
800 nm. The optically optimized Si-NWs length was set as 1000 nm, which is also
acceptable for the high-quality electrode preparation. The ratio of the Si-NWs
diameter (D) to P of 0.5 was taken from our previous studies [30, 31].

Figure 43a, c shows the light absorption, reflection, and transmission spectra of
the studied structure (see Fig. 42a) with different Si-NWs array periodicities. As
expected, the light absorption is significantly enhanced when incorporating the
Si-NWs array into the device. More interestingly, the sample with a P of 100 nm
shows a consistent absorption with the 800 nm thick Si film, and the absorption
becomes stronger when the energy is above ~2.2 eV. In the low-energy region of
the solar spectrum, the wavelength of the incident light is much longer than the
P of the Si-NWs array. Accordingly, incident light can easily penetrate through the
Si-NWs array and reach the underlying Si layer. This statement is further evi-
denced by the reflection and transmission spectra for both samples in the corre-
sponding energy region (see Fig. 43b, c). It was also observed that the “deviation”
point of the absorption spectra for the Si film with and without Si-NWs array shifts
towards the low-energy regime with increasing P. The deviation point for the
sample with P of 200 nm is around 1.5 eV.
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Fig. 43 a Absorption, b reflection, and ¢ transmission spectra of the Si-NW (length: 1000 nm)
textured Si thin films (thickness: 800 nm) as a function of the array periodicity, P. The ultimate
efficiency is summarized in d. D/P is held constant at 0.5. The 800 and 1800 nm thick Si films
serve as the reference. (Reprinted with permission from [30], copyright 2009, American Institute
of Physics)

In the high-energy regime, the wavelength of the incident light is comparable
with P. Thus, the scattering of the incident light is significantly enhanced, resulting
in an elongated optical path and, therefore, enhanced light absorption, which is
verified by the excellent light absorption of ~95% in the energy region above
~2.9 eV for the sample with P of 100 nm. As P increases, the incident light
scattered by the structure shifts toward longer wavelengths and the reflection in the
short wavelength range increases accordingly. As shown in Fig. 43a, the absorp-
tion peak shifts to ~2.5 eV with increasing P from 100 to 500 nm. On the other
hand, decreased light absorption in the high-energy region was observed. How-
ever, the energy density is relatively weak in this regime of the solar spectrum and
the decreased light absorption in this energy region is effectively compensated by
the shift of the absorption edge. Further increasing P to 700 nm, the light reflection
becomes so strong in the broad range that it cannot be compensated by the
absorption edge shift, resulting in lower light absorption. Figure 43d shows the
ultimate efficiency as a function of P, and the 1800 nm film serves as the refer-
ence. For the 800 nm thick Si film with the Si-NWs-decorated surface, the ultimate
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Fig. 45 Ultimate efficiency of the Si-NC-textured thin film as a function of a base diameter, D,
b Si-NC height, H, and ¢ array periodicity, P.. d shows a comparison of the spatial distribution
of the effective refractive indices for the Si-NC- and Si-NW-textured thin films

efficiency first increases with P, reaching a maximum of ~27% when P is
~ 500 nm, more than 200% of that of the 1800 nm thick Si film.

Following a similar methodology, the optical characteristics of the Si-NC- and
Si-NH-textured thin films are also investigated using the FEM method [31].
Figure 44 shows the schematic of cross-sectional and top views of a Si thin film
(800 nm) textured by a Si-NC array. This study indicates that for effective anti-
reflection, the base diameter, D., of the Si-NCs should be equal to the array
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Fig. 46 a Schematic of the Si-NH structure for computational simulations, and b ultimate
efficiency of the structure as a function of the array periodicity

periodicity, P., due to the more continuous spatial distribution of the effective
refractive index between air and the underlying Si thin film, which is reflected by
the continuously increasing ultimate efficiency with D, (see Fig. 45a). As dem-
onstrated in Fig. 45b, the ultimate efficiency becomes nearly saturated when the
Si-NC height exceeds 400 nm. Further, it is believed that the conformal deposition
of the top transparent electrode is realizable for this Si-NC height. The variation of
the ultimate efficiency with P. demonstrates a similar trend compared with the
Si-NWs case, and a maximum value of ~31.5% occurs at a P, of 600 nm,
although the total thickness is only 1200 nm (400 nm Si-NC + 800 nm Si thin
film layer), as shown in Fig. 45c. This is much greater than the value of ~27% for
the optimized Si-NWs-textured Si thin film with a total thickness of 1800 nm, due
to the continuous effective refractive index between air and the underlying Si layer
(see Fig. 45d), enabling more efficient reduction of the incident light reflection, as
suggested by the Fresnel theory [25].

For the Si-NH-textured surface (schematically shown in Fig. 46a), based on the
similar mechanism of wave optics, it was found that the solar energy absorption
could be optimized when the dimensions of the Si-NH array are set as follows:
array periodicity of ~600 nm (Fig. 46b), depth of 2000 nm, and the ratio of the
Si-NH diameter to array periodicity of ~87.5%.

Following the optical study, the electrical behaviors in the Si nanostructure-
textured thin film-based solar cells are discussed in terms of the minority carrier
diffusion length, doping concentration, and junction depth. The discussion is based
on the optically optimized Si-NWs-textured (length: 1000 nm; P: 500 nm;
D: 250 nm) Si thin film (thickness: 800 nm) [107]. In Sect. 2.2.2, the carrier
transport in Si-NWs-based solar cells was briefly discussed for a radial p—n
junction. Here, for the convenience of comparison with the Si thin film solar cells,
the traditional planar p—n junction configuration is under consideration, as shown
in Fig. 42. The p-type base has a light doping of 10'® cm™>. A thin p* layer of
50 nm with the doping concentration of 10*° cm ™ is used to form a high-quality
Ohmic contact with the back electrode. During the calculation, Shockly-Reed-Hall
and Auger recombinations are considered in the lightly- and heavily-doped
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regions, respectively [108, 109]. The illumination condition is AM 1.5G, i.e.,
~ 100 mW/cm?. The carrier generation rate (G) under illumination is expressed by
the following formula (6) [110]:

&|Ef

G re{V-P} = TR (6)

~ 2hw

where P is the Poynting vector, E is the electric field, % is the reduced Plank
constant, o is the angular frequency, ¢; is the imaginary part of the material’s
permittivity. It is noted that Eq. 6 applies to photons with the energies greater than
E,. For the photons with energies below E,, there is no carrier generation.

Figure 47 depicts the J,. and V. of the Si-NWs-textured thin film-based solar
cells as a function of the minority carrier (electron) diffusion length, L,. The
doping concentration in the n* thin layer (50 nm) was set to 10°® cm . It is clear
that both J,. and V. increase with increasing L,, and become saturated when L, is
above ~0.5 um. The predicted PCE is summarized in the inset of Fig. 47, and
also compared with that of the Si thin film solar cells having the same thickness of
1800 nm without surface texturing. Corresponding to the dramatically enhanced
light absorption of the Si-NWs-textured thin film solar cells, the predicted PCE of
~17.3% is achievable when L, = 0.6 um, much larger than the value of ~5.62%
for the Si thin film solar cell with L, of 1.4 pm. Another interesting point is that
the PCE of the thin film solar cells without texturing saturates when L, exceeds
~ 1.2 pm, larger than the value of ~0.5 um. This indicates that the intense light
absorption in the Si-NWs-textured solar cell is much closer to the top surface as
compared to the case of the devices without texturing, which in the meanwhile
facilitates the extraction of the minority carriers by the top electrode.

The open circuit voltage and PCE at different emitter doping concentrations are
summarized in Fig. 48. The width of the emitter is held constant at 50 nm and the
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minority-electron diffusion length of 0.6 pm is used. As depicted in Fig. 48, the
Vo first increases due to the widened Fermi level difference in the p—n junction
with the increase of Np. When N, is above 10*! cm ™, the V,c then decreases due
to increased carrier recombination stemming from enhanced Auger recombination.
The predicted PCE shows the similar change trend with Np, and a maximum of
18.1% is achieved for Np of 10*' cm™. Here it is worth noting that for practical
operation, it is difficult to achieve such a high doping concentration, and hence the
emitter doping concentration of 10*° cm™ is recommended, although there is a
slight decrease of ~0.8% in PCE.

Figure 49 shows the J-V characteristics of the Si-NWs-textured Si thin film-
based solar cells with different emitter widths, d. The doping concentration in the
emitter and the minority carrier diffusion length are fixed at 10?° cm™ and 0.6 pm,
respectively. The Jy. decreases with increasing d, especially for d values above
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Fig. 50 Structure of the a-Si:H film-based solar cell coated onto the nanocone-textured quartz
substrate. SEM images taken at 45° on a the nanocones array textured substrate, and b nanodome-
shaped solar cell (the scale bar represents 500 nm). The schematic of the cross section of the solar
cell is shown in (¢). (Reprinted with permission from [112], copyright 2009, American Chemical
Society)

0.1 pm, which indicates that the high-energy photons absorbed inside the emitter
may not contribute to the photocurrent. This is because the photogenerated carriers
fail to cross the p—n junction, and recombine in the emitter layer. The PCE and V,,.
thus decrease with increasing d, as it is directly related to Js.. Considering the
practical manufacturing issues, emitter width between 0.05 and 0.1 pm is thus
recommended.

From the above discussion, the conclusion can be drawn that the Si nano-
structure-textured thin film solar cells are superior in both light absorption and
carrier collection, compared to their thin film counterparts. Here it is also worth
mentioning that for high PCE in this type of solar cell, minimizing the surface
defect density is critical. As calculated, the predicted PCE for the optimized
structure decreases from 17.3 to 15.2%, and further to 6.1% when increasing the
surface recombination velocity from 1 to 10 and further to 10° cm/s [111].
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Fig. 51 a Photographs, and b dark and illuminated (AM 1.5G) J-V characteristics of the
nanocones array incorporated solar cell (left) and the reference flat solar cell (right). (Reprinted
with permission from [112], copyright 2009, American Chemical Society)

2.3.3 Research Status of Si Thin Film Solar Cells Textured with Si
Nanostructures

Motivated by the excellent light trapping capability and efficient photogenerated
carrier collection, Si nanostructure-textured Si thin film-based solar cells have
attracted much attention. Figure 50 shows the structure of an a-Si:H film-based
solar cell coated onto a NC-textured quartz substrate, fabricated by RIE using the
Si0, nanosphere Langmuir-Blodgett monolayer mask [112]. The NCs (Fig. 50a)
have base diameters of 100 nm, heights of 150 nm, and form an array with a
periodicity of 450 nm. Figure 50b shows the solar cell morphology after depos-
iting a 100 nm thick Ag back reflector, 80 nm thick TCO, 280 nm thick n—i—p
a-Si:H cell (the thicknesses of the n, i and p layer are 20, 250 and 10 nm,
respectively), and another 80 nm thick TCO layer onto the NCs in sequence.
Figure 50c shows the cross-section of the solar cell.

Owing to the NC-textured substrate, the solar cell demonstrates superb ght
absorption compared to the planar devices, which is clear from the darker
appearance shown in Fig. 51a. From the J-V measurements (see Fig. 51b), the NC
array-based solar cells can achieve a record high J, of ~17.5 mA/cm? [113],
although the contact and junction of the device were not optimized as observed
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Fig. 52 Photographs of the
samples a without and b with (@) Polished (b) 9 min etched
the Si-NH texturing.
(Reprinted from Nishioka
et al. [114], copyright 2009,
with permission from
Elsevier)
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from the J-V curve shape. On the other hand, the J. of the reference solar cell is
only ~11.4 mA/cm?, owing to its relatively poor light trapping capability. The
reported PCE for the NC array-based solar cell is 5.9% (V,.: 750 mV; FF: 0.45),
which is ~25% higher than that of the reference flat solar cell (PCE ~4.7% with
Vo of 760 mV and FF of 0.54).

Nishioka et al. reported solar cells with the surface textured by Si-NH arrays,
where the arrays were fabricated by immersing Ag nanoparticle (3-5 nm in
diameter) coated Si in a HF/H,0, solution [114]. Figure 52 shows photographs of
the samples with and without the Si-NH array. The dark appearance for the etched
sample indicates significantly suppressed light reflection. Corresponding to the
efficient antireflection, the absorption in the Si-NH-textured sample is greatly
enhanced, as shown in Fig. 53. The J-V measurements at AM 1.5G show that the
sample textured by the Si-NH array has a Ji. of ~31.25 mA/cm?, much larger
compared to ~24.94 mA/cm? for the device without surface texturing. Here it is
noted that the FF decreased to 0.557 from 0.596 after texturing, which can be
attributed to poor electrical contact.

Recently, a research group from National Renewable Energy Laboratory
developed Si-NH surface texturing by directly immersing the sample into
a Au-containing solution (0.4 mM HAuCl, plus a mixture of HF, H,O, and
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Fig. 54 Cross-sectional SEM images of the Si-NH-textured samples with etching durations of
3 min (left), and 6 min (right). The scale bar denotes 500 nm. (Reprinted with permission from
[10], copyright 2009, American Institute of Physics)

H,0 (1:5:2)) [10]. Figure 54 shows the cross-sectional SEM images of the samples
with etching durations of 3 min (left) and 6 min (right). The Si nanoholes were
randomly distributed on the substrate surface. The optical measurement indicates
that the light reflection is close to zero in the range from 350 to 1000 nm.
Excellent light absorption is suggested by the high resulting PCE of ~16.8% (V,.:
612 mV; J.: 34.1 mA/cm?; FF: 0.806) for the sample after introducing the Si-NH
texturing, which is higher than the PCE of 13.9% for the solar cell without an
antireflection coating.

Finally, we would like to point out a pressing concern that needs to be
addressed for Si nanostructure-textured Si thin film-based solar cells. A high
surface defect density can be created during the etching process when fabricating
the nanostructures, which can severely affect the performance of the resulting solar
cells. Furthermore, a rough surface on the nanostructure makes it difficult to
deposit the top transparent electrode in the conformal manner necessary for
efficiently collecting the photogenerated carriers.

3 Summary

In this chapter, Si nanostructure-based solar cells including Si-ND, Si-NWs and
Si nanostructure-textured (Si-NWs, Si-NCs, and Si-NHs) Si thin film-based
solar cells have been discussed in terms of the structure/device preparation,
optical and electrical characteristics, and latest device research status. Excellent
photon management is the key advantage for these solar cells compared to their
planar counterparts, such as Si wafer and thin film solar cells. Preparation of
high-quality nanomaterials and structures suitable for solar cells has been
greatly assisted by the recent developments in nanofabrication technologies. To
obtain high-efficiency Si nanostructure-based solar cells, the bottleneck is on
collecting the photogenerated carriers, which relies on high-quality electrical
contacts and junctions.
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Organic and Hybrid Solar Cells Based
on Small Molecules

Luiz C. P. Almeida, Jilian N. de Freitas, Flavio S. Freitas
and Ana F. Nogueira

Abstract In this chapter, the recent literature involving small molecule-based
organic solar cells (OSCs) will be reviewed. The number of papers published in
the fields of organic semiconductor and OSCs has grown exponentially in the past
decade. Such growth is stimulated by the exciting properties of these materials,
combined with the possibility to produce colored, flexible, transparent and cheap
solar cells. The main focus of this review is to give an overview and a perspective
of the recent advances in this area, highlighting the most interesting results, novel
materials as well as their limitations and challenges. This chapter will explore the
properties and applications of several classes of small organic molecules, as
electron donors and acceptors, dyes, and hole transport materials. Different
architectures and techniques will be also discussed in the assembly of double,
heterojunction, and multilayer films.

1 Introduction

“Size is not important”. This well-known adage is heard everywhere when the
matter is size (and in most cases, in a positive perspective). In the field of organic
semiconductors (OSs) and in particular those involving organic field-effect tran-
sistors, organic light-emitting devices and organic solar cells (OSCs), size has been
demonstrated to be an irrelevant factor. Indeed, the best performing devices are
those based on a limited number of low-molecular weight materials.
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There are currently two major classes of OSs: the low-molecular weight
materials, or small molecules, and n-conjugated polymers such as poly(thio-
phenes), poly(fluorine), and poly(phenylene vinylenes) derivatives. They have
many features in common, such as their excitonic nature (excitons are electrically
neutral quasi-particles consisting of bound electron—hole pairs formed after pho-
toexcitation), low dielectric constants, localized charge carriers (electrons and
holes), optically and electrically anisotropic properties, high extinction coeffi-
cients, narrow absorption bands, and more disordered structures compared to
inorganic semiconductors.

Organic semiconductors, both small molecules and polymers, show great
promise for photoconversion through their synthetic variability, low-temperature
processing (similar to that applied to plastics), and the possibility of producing
lightweight, flexible, easily manufactured, and inexpensive solar cells.

Although OSCs have been known for more than 50 years, they have become
the subject of active research only in the past 20 years. This new generation of
solar cells is also referred to as nanostructured solar cells since at least one
component and/or the morphology is in the nanoscale range. Low-temperature
processing of organic small molecules and polymers from the vapor-phase or from
solution have a crucial advantage over silicon technology since the high-temper-
ature processing requirements of the latter increases the production cost and limits
the range of substrates on which they can be deposited. Additionally, OSs can
be easily applied using low-cost methods, such as the high-speed, roll-to-roll
technique. Unfortunately, despite significant advances, the power-conversion
efficiency of OSCs remains low, with maximum values in the range of 6-7%.
When at least one component is replaced by an inorganic counterpart, these solar
cells are referred to as hybrid devices. Dye-sensitized solar cells (DSSC) fit well in
this class. For this kind of solar cell, the efficiency is ~ 11%, but has remained at
this plateau in the last years.

In order to enhance their competitiveness with other technologies, efficiency
and long-term stability are crucial in the field of OSC. The photocurrent in these
solar cells is limited by the light-harvesting capability of the individual molecules
or polymers in the device. Small band gap molecules have been intensively studied
to overcome these drawbacks, but it is a complicated matter. Morphology is also
important in this context because it impacts charge transport and an intimate
contact between donor and acceptor materials in a nanoscale range is difficult to
achieve due to phase separation. A better understanding of these processes at the
material level, particularly those in layer-to-layer interfaces, which determine the
open-circuit voltage (Voc), is critical and remains the subject of active research.
For DSSCs, photoelectrochemical devices, an additional factor is the presence of a
liquid electrolyte, which can hamper large-area production.

In this chapter, the application of small organic molecules applied to organic or
hybrid solar cells (including DSSCs) will be reviewed. A detailed description of
the chemical, physical, and electrical properties of OSs, or the state of art of OSCs
based on m-conjugated polymers is not the focus of this chapter. For this purpose,
the reader is encouraged to see references [1-7].
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Although many small molecules have been known and studied for decades,
only a small fraction have been used successfully in OSCs. This reflects the
diversity in charge-carrier mobilities, exciton diffusion lengths, thin film mor-
phology, energy levels, band gap, absorption coefficient and ambient and thermal
stability. In this chapter, we present the most commonly used donor and acceptor
materials used as active layers in OSCs and the most important contributions in
this field will be highlighted.

This chapter will be divided into five sections. The first two deal with small
molecules applied to OSCs, separated by fabrication techniques: physical and
solution methods. The third and fourth sections deal with liquid crystals (LCs) and
three-component solar cells, respectively, using diverse techniques. The last sec-
tion involves a description of small molecules in dye-sensitized solar cells as
sensitizer and hole transport materials.

2 Solution-Processable OSC

Solution-processable OSCs (SPOSC), prepared using solution processing tech-
niques including spin-coating, casting, roll-to-roll, etc., have attracted increasing
attention in academia and industry because of their potential advantages. Such
advantages include easy fabrication, low-cost, low-weight, large-area production,
and mechanical flexibility. On the other hand, films formed from blend solutions
tend to phase separate. The scale of the phase separation depends on the solvent,
solubility of the materials and other parameters associated with deposition, such as
the speed and temperature of the spin-coating process. The nanomorphology of the
active layer film is very important to device efficiency. Also, the materials used in
solution-processed solar cells must fulfill the physical conditions of high charge-
carrier mobilities, suitable values of highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy levels, strong absorption
in the visible region and several processing conditions, such as: (i) the materials
must be soluble in common organic solvents, (ii) the solubility has to be high
enough to enable the deposition of smooth thin films, or even thick films, (iii) the
morphology of the spin-casted films should have the desired structure concerning
phase separation on the exciton diffusion length-scale and the percolation path to
the electrodes.

In this section, we present a review of recent reports on the use of small
molecule-based OSC assembled using solution-processing methods. This kind of
solar cell is analogous to the bulk-heterojunction devices based on polymer and
fullerenes, which are not in the scope of this review. Concerning the efficiencies,
OSCs based on small processable molecules are considered to be less efficient, but,
recent reports have demonstrated the potential of the small molecules and effi-
ciencies are catching up to those of the “standard” bulk-heterojunction devices.

The first achievement in the area of SPOSC was to make the small molecules
soluble in organic solvents. Before their use in organic or hybrid solar cells, most
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small molecules must undergo several chemical modifications in order to be made
appropriate for a solution-deposition method. Even the buckminsterfullerene, Cgp,
had to be converted into its well-known soluble derivative, [6, 6]-phenyl-Cg;-
butyric acid methyl ester (PCBM). Most of the significant achievements have been
realized with chemically modified molecules.

For example, perylene and its derivatives have been combined with different
molecules and polymers in SPOSCs. Li et al. [8] investigated a blend of perylene
tetracarboxydiimide as the acceptor and the polymer poly[N-(20-decyltetrade-
cyl)carbazole]-2,7-diyl as the donor. The bulk-heterojunction device based on this
combination afforded 0.63% of overall power-conversion efficiency () under low
light intensity illumination (10 mW c¢cm™?). Sharma et al. [9] reported the fabri-
cation of photovoltaic devices using a bulk-heterojunction layer of a small mol-
ecule named compound T (Fig. 1a), containing a central p-phenylenevinylene unit,
an intermediate thiophene moiety, and terminal 4-nitrophenyl-cyano-vinylene as
the donor, and a perylene—pyrene bisimide (Fig. 1b) as the acceptor. At the
optimum blend ratio (donor:acceptor 1:3.5 wt%), n was ~1.9%. The efficiency
was further increased to ~3.2% when the device was annealed (100°C for 5 min)
and a thin ZnO layer was incorporated between the active layer and the Al
electrode.

Squaraine dyes are another class of molecules which have been the subject of
many recent investigations, owing to their unique photochemical/photophysical
properties. The attraction to these dyes includes their broad absorption spectrum
(550—900 nm), facile synthetic access, a wide variety of possible structures and
oxygen/moisture stability. These properties enable an active layer deposition under
ambient conditions, in contrast to the inert atmosphere required for most con-
ducting polymers. New soluble squaraine derivatives (Fig. 1c) were used as long-
wavelength absorbers and donor components in SPOSC, and the effects of core
modification on active layer film morphology and photovoltaic response were
investigated [10]. Both linear and branched alkyl chain substituents provide sol-
ubility, but each gave rise to different effects on the solid state organization [11].
SPOSCs with different squaraine:PCBM ratios were fabricated by spin-coating the
blends from chloroform or o-dichlorobenzene. The optimum annealing conditions
were found to be 70°C for 1 h, as evidenced by the increased phase separation
observed in atomic force microscopy (AFM) images. Devices fabricated with a 1:3
squaraine:PCBM ratio spin-cast from chloroform exhibited higher carrier mobility
and improved performance, with a short-circuit current (Jsc) of 5.70 mA cm ™2
and an efficiency of 1.24%. This value was 1.5 times higher than the result
obtained using o-dichlorobenzene and was attributed to microstructure evolution
effects that occur during a more rapid film growth and drying rate when using
chloroform [10].

Recently, Winzenberg et al. [12] reported the polycyclic aromatic template
dibenzo[b,def]chrysene as a promising candidate for use in organic electronic
devices. These compounds have an advantage over other well-studied small
molecules, such as pentacenes, because they do not undergo cycloaddition
reactions with fullerenes. The bulk-heterojunction solar cells made from a
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(a)

Fig. 1 Examples of chemical structures of selected processable small molecules a com-
pound T, b perylene-pyrene (PPI) bisimide, ¢ squaraine, d dibenzo[b,def]chrysene, e anthrad-
ithiophene, f merocyanine, g dendritic thiophene, h, i dibenzo[f,#]thieno[3,4-b]quinoxaline
[9, 10, 13-16]
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dibenzo[b,def]chrysene compound (Fig. 1d) and PCBM reached an efficiency of
2.25%. These findings encouraged the use of other unexplored polycyclic aromatic
compounds in solution-processable bulk-heterojunction solar cells.

Other molecules, such as, anthradithiophene [13], merocyanine [14], or den-
dritic thiophene [15] derivatives, shown in Fig. le—g, have been used in solution
processed, small molecule-based devices in the last few years. Amine-based
molecules were also explored as possible candidates for highly efficient SPOSCs.
Two isomeric compounds (Fig. 1h—i) containing a dibenzo[f,h]thieno[3,4-b]
quinoxaline core and two peripheral arylamines were synthesized. The bulk-het-
erojunction SPOSC based on these materials as sensitizers and PCBM as electron
acceptor exhibited efficiency of 1.70%, which was attributed to the balanced
electron and hole mobility found in the active layer film [16].

Triphenylamine (TPA) molecules are also potential candidates for OSCs. These
molecules possess 3D, propeller-like geometry, glass-forming properties, and a
relatively high oxidation potential. TPA derivatives have shown excellent thermal
and electrochemical stability, electron-donating ability, isotropic optical, and
charge-transport properties [17, 18]. Research efforts have led to a progress in the
synthesis of new molecules which mainly consist of a TPA moiety linked to
different acceptor moieties, including dicyanovinyl, perylene, benzothiadiazole
(BT), or 2-pyran-4-ylidenemalononitrile, aiming at the development of donor-
n-acceptor (D-m-A) structures. Molecules with D-n-A structure have many
advantages, such as a lower bandgap which arises from the intramolecular charge
transfer between the donor and acceptor, and easily controlled energy levels by
introducing acceptor and donor moieties with different pull-push electron abilities
into the molecules [19, 20]. Compared with the D-n-A type polymers, soluble
D-7n-A small molecules have the advantages of well-defined molecular structure,
monodispersity, and relatively simple and reproducible synthesis and purification,
making them promising materials for application in solution-processing solar cells.

New solution-processable molecules, shown in Fig. 2, based on the combina-
tion of TPA donor units and BT acceptor units have been synthesized recently
[21-24]. He et al. [21] compared the properties of devices based on the star-shaped
molecule S(TPA-BT) and the linear molecule L(TPA-BT) (see Fig. 2). The
S(TPA-BT) film showed a broader and stronger absorption band in the range of
440-670 nm, lower band gap, higher hole mobility and better film-forming
properties (high quality uniform spin-cast film) than those of the corresponding
linear L(TPA-BT). The devices assembled with PCBM as acceptor and
S(TPA-BT) reached a Jsc of 4.2 mA cm ™2, Vo of 0.81 V, FF of 0.39 and 1.3% of
efficiency, while those based on L(TPA-BT) showed Jsc of 1.25 mA cm™2, Ve of
0.84 V, FF of 0.34 and 0.35% of efficiency. The same group later investigated a
molecule with TPA as core and benzothiadiazole-(4-hexyl) thiophene as arms,
S(TPA-BT-4HT). The end group of 4-hexylthiophene in S(TPA-BT-4HT) instead
of the TPA end group in S(TPA-BT) was intended to further improve the film
morphology and photovoltaic properties. The SPOSC devices were fabricated by
spin-coating the blended solution of S(TPA-BT-4HT) and [6, 6]-phenyl-C;;-
butyric acid methyl ester (PC;;BM) (1:3, w/w) and by using a Mg/Al electrode.
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S(TPA-BT) CeHiz S(TPA-BT-4HT) CgHiz

Fig. 2 Examples of linear and star-shaped molecules consisting of a TPA moiety linked to
different acceptor moieties [21, 22]

The obtained Jsc was 8.58 mA cm ™2, Voc of 0.85 V and FF of 32.7%, resulting in
maximum efficiency of 2.4% [22].

D-n-A structures containing electron-accepting sulfonyldibenzene cores and
electron-donating TPA dendrons have also been synthesized. Since the dendrimers
were highly soluble in common organic solvents, they were used to assemble bulk-
heterojunction SPOSCs in combination with PCBM, by spin-coating [25]. The cell
based on dendrimer GO (Fig. 3) showed an efficiency of only 0.34%. This might be
related to the absorption characteristics of the molecule, which strongly absorbs
light only below 450 nm. Devices fabricated with other molecules with similar
structures (G1 and G2, Fig. 3) had even lower performances. Although the larger
molecules G1 and G2 absorb photons at longer-wavelengths when compared to
GO, their extinction coefficients are lower than that of GO.

2-{2,6-bis-[2-(4-styryl)-vinyl]-pyran-4-ylidene } malononitrile (DCM)-type
organic dyes have also been combined with TPA. DCM dyes are known as low-
molecular weight red-emitting materials and most of them have a D-n-A molec-
ular structure that contains (dicyanomethylene)pyran (PM) as the electron
acceptor. The strong electron-withdrawing PM group can lower the LUMO energy
level and extend the absorption band such that it nearly overlaps with the entire
visible spectrum when combined with strong electron-donating units. Moreover,
the strong intermolecular dipole—dipole interaction or intermolecular n-stacking of
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Fig. 3 Chemical structures of D-n-A molecules containing sulfonyldibenzene cores and TPA
dendrons [25]

s T QNMNJ@
[:j oaDP @ b TRA-DCM-TPA G
O
oe,

@
%
B{TPA.DCM-TPA)
"0
T(TPA-DCM-TPA)

Fig. 4 Examples of D-7-A small molecules used in SPOSC, containing TPA groups linked to
PM groups [26-28]

DCM-type organic dyes may be beneficial to the charge-carrier transportation. The
combination of electron-rich TPA and electron deficient PM groups via m-conju-
gated spacers is also an interesting combination, since they can effectively reduce
the band gap and produce special physical and photoelectric properties.

He et al. [26] reported the synthesis of a symmetric D-n-A small molecule
TPA-DCM-TPA where two TPA groups are linked by divinylbenzene bridges at
both ends of the PM group (Fig. 4). This material was applied in SPOSC and gave
an efficiency of 0.79%.
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Another symmetrical dye molecule, DADP (Fig. 4), was also used in a SPOSC
[27]. The optimized bulk-heterojunction devices based on the combination of this
dye and PCBM as the acceptor exhibited a Jsc of 4.16 mA cm 2, Voc of 0.98 V,
FF of 0.37, and efficiency of 1.50%. The efficiency of the device based on DADP
was almost twice that of the device based on TPA-DCM-TPA, although there is
only a small difference between their molecular structures: DADP has a shorter
distance between the TPA group and the PM group than TPADCM-TPA. This
small structural difference results in a lower-lying HOMO energy level and a
higher hole mobility in DADP, leading to increased efficiency.

Zhao et al. [28] synthesized bi-armed B(TPA-DCM-TPA) and tri-armed
T(TPA-DCM-TPA) molecules, shown in Fig. 4. Although the B(TPA-DCM-TPA)
and T(TPA-DCM-TPA) films show broad and strong absorption band in a
wavelength range of 300-750 nm, when B(TPA-DCM-TPA) was used as the
electron donor in an OSC with PCBM as the electron acceptor, the devices
delivered a power-conversion efficiency of only 0.73%.

Phthalocyanines (PC) and porphyrins (PP) have also been successfully used in
SPOSC:s. In fact, the first efficient OSC based on small molecules reported by Tang
[29] had PC as the donor material. Several examples of binary blends involving PP
have also been reported, designed for narrow-band absorption at the end of the
visible spectrum [30, 31]. However, higher efficiencies were found for copper
phthalocyanine/Cg p—n junction devices [32], due to the longer exciton diffusion
length in PC films as compared to PP films, which is reported to be as high as
68 nm [33].

The solution processing of the small molecule subnaphthalocyanine (SubNc)
was developed by Ma et al. [34]. Due to the high solubility, low tendency to
aggregate and strong light absorption in the visible region, amorphous SubNc films
with high charge transporting and light-harvesting properties were prepared via
solution casting. By using SubNc as the donor and Cgq as the acceptor in a planar
heterojunction SPOSC, the authors reported a power-conversion efficiency of
1.5%, with a Voc of 0.55 V, Jsc of 5.6 mA cm ™2, and FF of 0.49. This device
performance was considered high for a planar heterojunction device based on
solution processable small molecules, and was assigned to the contribution of
triplet excitons from SubNc.

Soluble 1,4:8,11:15,18:22,25-tetraethano-29H,3 1 H-tetrabenzol[b,g,l,q]porphy-
rin (CP), which can be thermally converted to a highly insoluble and crystalline
tetrabenzoporphyrin (BP) donor (Fig. 5), was used with a new fullerene acceptor
bis(dimethylphenylsilylmethyl)Cqq (SIMEF, Fig.5) in a three-layered p—i—n
structure, in which the i-layer possessed a defined interdigitated structure, formed
by spontaneous crystalline phase separation during thermal processing [35]. This
device showed a power-conversion efficiency of 5.2%, a value that is among the
best reported for solution-processed small-molecule OSCs.

Huang et al. [36] synthesized two soluble alternating porphyrin-dithienothi-
ophene conjugated copolymers where the units are linked by a single bond (I) or
triple bond (II), as shown in Fig. 6. The absorption spectrum of a thin film of I
exhibited a sharp Soret band at 450 nm and two weak Q-bands at 563-619 nm,
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Fig. 5 Donor and acceptor materials used in SPOSC: a thermal retro-Diels—Alder conversion of
CP (donor precursor) to BP (donor) at 180°C; b SIMEF (acceptor). “Reprinted with permission
from Matsuo et al. [35]. Copyright 2009 American Chemical Society”
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Fig. 6 Chemical structures of porphyrin-dithienothiophene copolymers containing single (I) or
triple bonds (II) [36]

while II exhibited a sharp Soret band at 491 nm and a strong Q-band at 760 nm.
The field-effect hole mobilities were measured to be 2.1 x 10~* ecm? V=! 57! for
the two copolymers. Solar cells based on blends of these copolymers with PCBM
were prepared by spin-coating an o-dichlorobenzene solution, followed by drying
at 80°C for 30 min. Despite the high charge-carrier mobilities, the efficiencies
obtained were only 0.30 and 0.15% for devices using II:PCBM or I:PCBM as
active layer. Although the authors do not comment on the low efficiency values
obtained, they attribute the difference observed to the stronger Q-band absorption
shown by the copolymer II.

Recently, efficiencies of 2.3 and 3.0% were reported for devices combining the
electron-poor diketopyrrolopyrrol-containing low-dimensional oligothiophene 2,5-
di-(2-ethylhexyl)-3,6-bis-(500-n-hexyl-[2, 20, 50, 200]terthiophen-5-yl)-pyrrolo
[3,4-c]pyrrole-1, 4-dione (SMDPPEH, Fig. 7) as donor, with PCBM or PC;;BM as
acceptors [37-39]. Aiming at further exploring film morphology formation and its
effects on device performance as a function of donor—acceptor (DA) interactions,
Tamayo et al. [40] fabricated solar cells using SMDPPEH and methanofullerene
derivatives having alkyl substituents with different lengths (as shown in Fig. 7).
The authors observed that the absorption, crystallinity, film morphology, and
device performance characteristics of both as-cast and annealed blended films of
diketopyrrolopyrrole-based donors and fullerene acceptors are significantly
affected by the length of the alkyl substituent attached to the methanofullerene.
The domain size of these structures increased when the alkyl chain attached to the
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As Cast Annealed

Fig. 7 Chemical structures of the donor SMDPPEH and the methanofullerene derivatives
acceptors PC¢;BM, PCq;BH and PC¢;BD, which contain alkyl substituents with different lengths.
AFM topographic images of as-cast (a, b, ¢) and annealed (d, e, f) SMDPPEH:PC61BX (50:50)
from (2% w/v) solution where X = M = methyl (a and d), X = H = n-hexyl (b and e),
X = D = n-dodecyl (¢ and f). Images for the as-cast and annealed films are 1 pm x 1 um and
2 pum X 2 pm in size, respectively. Ref. [40]—reproduced by permission of The Royal Society
of Chemistry (http://dx.doi.org/10.1039/B912824G)

fullerene acceptor was increased. Furthermore, annealing the blended films led to
varying degrees of phase separation and the most pronounced phase separation
was observed for the fullerene containing the largest alkyl chain. The different
morphologies observed are shown in Fig. 7, and are believed to have resulted from
the differences in hydrophobicity of the methanofullerenes, which affects their
interaction with the relatively more polar donor material. Thus, the simple vari-
ation of the alkyl chain length results in devices with power-conversion efficien-
cies between 1.5 and 3%.

To date, OSCs exhibiting fill factor (FF) values exceeding 50% have only been
realized with fullerenes [41-43], TiO, [44], or CdSe [45] as electron acceptors.
However, the V¢ of these devices seldom exceeds 0.7 V, which is in part due to the
high electron affinity of the electron-accepting phase, while an Vg exceeding 1 V
would be desirable for high power generation. On the other hand, Vg values reaching
1.5 V have been obtained when blending suitable electron-donating and accepting
polymers [46—48], but the FF of these devices was below 40% in most cases.

In this context, 2-vinyl-4,5-dicyanoimidazole (Vinazene) has been used as a
precursor to design a novel family of electron-accepting materials in which,
by changing the central aromatic unit, the energy of the LUMO can be tuned
to sufficiently low values. Ooi et al. [49] employed the small-molecule
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EV-BT (acceptor)

PCz (donor)

CyoHz PCz:EV-BT
CizHzs

YO

Fig. 8 Chemical structure of the donor polymer PCz and the acceptor molecule EV-BT. The
dashed lines indicate the HOMO and LUMO levels of EV-BT and the solid lines those of PCz.
Ooi et al. [49]—reproduced by permission of The Royal Society of Chemistry (http://dx.doi.org/
10.1039/B813786M)

electron-acceptor EV-BT (Fig. 8) based on Vinazene in a SPOSC. This material has
a LUMO level of 3.6 eV and strongly absorbs light in the visible region up to
520 nm. These properties make this material attractive when compared to the most
widely used acceptor, PCBM. This Vinazene derivative was incorporated into bulk-
heterojunction devices using a poly(2,7-carbazole) (PCz) as electron donor. This
material provided absorption in a complementary range region and its HOMO level
was found to be 5.6 eV. The devices were fabricated by spin-coating PCz:EV-BT
films from chloroform solutions and the influence of blend composition and
annealing temperature were investigated using different weight ratios of PCz:EV-
BT. The most efficient device was obtained using 70% EV-BT followed by
annealing at 80°C, which presented a high V¢ of 1.36 V and FF of 49%, but a low
Jsc of 1.14 mA cm ™2, yielding an efficiency of only 0.75%.

Schubert et al. [50] investigated devices comprised of another Vinazene acceptor,
4,7-bis[2-(1-hexyl-4,5-dicyano-imidazol-2-yl)vinyl] benzo[c][1, 2, 5]-thiadiazole,
(HV-BT, in Fig. 9), and poly(2,5-dimethoxy-1,4-phenylenevinylene-2-methoxy-5-
(2-ethylhexyloxy)1,4-phenylenevinylene) (MEH-PPV) as the electron donor. Since
HV-BT is soluble in common organic solvents, it can also be deposited by thermal
evaporation; the authors were able to vary the device preparation scheme, system-
atically varying the heterojunction topology. Figure 9 shows the scheme of these
devices, AFM images of the topology, current—voltage curve (J-V) and incident
photon to current efficiency (IPCE) curves. The as-prepared bulk-heterojunciton
blend provided relatively low FF and IPCE values of 0.26 and 4.5%, respectively,
attributed to significant recombination of geminate pairs and free carriers in a highly
intermixed blend morphology. In the all-solution processed bilayer device, the FF
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Fig. 9 Chemical structure of HV-BT and schematic depicting the interface topology at the
donor/acceptor heterojunction for a blend device (lef), the discrete bilayer with a vacuum
processed acceptor layer deposited on top of the solution-cast polymer film (center), and the all-
solution-processed bilayer device (right). A closed view of geminate pair recombination is shown
in the inset of the left drawing. AFM topography images of a as-prepared 1:1 MEH-PPV:HV-BT
blend spin-coated from chlorobenzene, b high-vacuum deposited HV-BT film on top of a MEH-
PPV interlayer, and ¢ pure HV-BT film spin-coated on top of the MEH-PPV interlayer. The
d ICPE and e J-V curves measured under 100 mW cm_z, AM 1.5 illumination, of an as-prepared
1:1 MEHPPV: HV-BT blend (blue triangles), a strict bilayer (red stars) with an evaporated HV-
BT layer, and a diffuse bilayer (black squares) solar cell with solution-processed HV-BT on top
of a MEH-PPV interlayer. “Reprinted with permission from Schubert et al. [50]. Copyright
(2009), American Institute of Physics”

and IPCE dramatically increased to 0.43 and 27%, respectively. The FF increases
further to 0.57 in devices comprised of thermally deposited Vinazene layers when
there is virtually no interpenetration at the donor/acceptor interface. The AFM
images in Fig. 9 suggests that both the solution-cast and evaporated HV-BT layers
consist of crystallites. Such nanocrystalline morphology allows for the photogen-
erated electrons to quickly migrate into the acceptor phase away from the hetero-
interface, thereby reducing the mutual Coulomb binding energy to the hole
remaining in the donor phase. A high Vo of about 1.0 V was nearly the same for all
devices. This suggests that the heterojunction topology does not affect the energetics
of the active layer or at the electrodes.

In a more recent work, Inal et al. [S1] reported the photovoltaic properties
of HV-BT combined with poly(3-hexylthiophene) (P3HT) (Fig. 10). The P3HT/



70 L. C. P. Almeida et al.

(a)2 (b)
—_— — 4
3 18 &
N | (5]
= 0.9 o=
© T <
£ [E E
S os. g I
8 Z &
@ 03- 5 a
£ = =
2 = ¢
= = i
2 oo a ) bilayer
<L o0 Cl——= "
wavelength (nm) Voltage (V)

Fig. 10 a Normalized absorbance and photoluminescence spectra of thin films of P3HT (dash-
dotted and solid line, respectively) and of HV-BT (dashed and dotted line, respectively). PL
spectra were recorded at the excitation wavelengths of absorption maxima of each material.
b J-V characteristics for bulk-heterojunction (solid line) or bilayer-type (dashed line) devices
prepared with HV-BT and P3HT. Inal et al. [51]. Copyright Wiley—VCH Verlag GmbH & Co.
KGaA. Reproduced with permission

HV-BT blend covers a broader spectral range (from 290 to 820 nm) than the
HV-BT/MEH-PPV system. The photoluminescence (PL) intensity from the indi-
vidual components was largely reduced in the blend and calculations showed that
at least 95% of the excited states on both the donor and the acceptor are quenched
in the non-annealed blend. The solar cells were fabricated with as-prepared 1:1
donor/acceptor mixtures and exhibited higher FF and IPCE when compared to
earlier studies on blends of HV-BT with polymers [50, 52, 53]. This was attributed
to the high molecular weight of the polymer sample used, which might assist the
rapid motion of holes moving away from the heterojunction, rendering the pho-
tovoltaic properties less sensitive to the nanomorphology of the blend. No
improvements were observed upon annealing the samples. On the other hand, a
significant improvement of FF and V¢ was observed when inducing phase sep-
aration at a longer length-scale, i.e., in solution processed bilayer devices, com-
prising a layer of P3HT and a top-layer of HV-BT. The optimized device exhibited
a power-conversion efficiency of close to 1%, and the efficiency of such cells was
mainly determined by the device architecture [51].

Another interesting solution-based deposition method used to obtain thin films
is the electrostatic layer-by-layer (LBL) adsorption technique, in which molecular-
level control can be achieved. This technique was used to assemble thin films of
PP and PC combined with several different organic molecules [54—-58] and inor-
ganic nanoparticles [59-63]. Although the properties of these films are usually
well characterized, only a few reports can be found showing the use of these
materials in photovoltaic devices.

Ultrathin films serving as a light-harvesting and hole transporting materials were
fabricated via LBL deposition of the water-soluble copper(Il) phthalocyanine-
3,4’,4" 4" tetrasulfonic acid tetrasodium salt (CuPCTS) and poly(diallyldimethy-
lammonium chloride) (PDDA) [64]. The absorption characteristics of these films
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Fig. 11 Illustration of the photovoltaic cell with a triple-layered structure ITOIPCM/
PEDOT:PSSI(PDDA/CuPcTS)nlCgolAl. The thickness of PCM/PEDOT:PSS layer was 100 nm
(20 bilayers) and Cgq layer was 50 nm, which were prepared by LBL deposition of PCM and
PEDOT:PSS, and spin-coating from the blend solution of Cgy: PS (4: 1 wt%) in
o-dichlorobenzene, respectively. The thickness of PDDA/CuPCTS layer was varied from 0
(n=0) to 144 nm (n = 6). Numerical values represent the Fermi-level energies for ITO
(4.9 eV), PEDOT:PSS (5.3 eV), Al (4.2 eV), and HOMO and LUMO levels for CuPCTS (5.6
and 3.8-4.1 eV), and Cgy (6.2 and 4.5 eV). The chemical structures of polyelectrolytes used
in the LBL deposition: a PCM (polycation), b PEDOT:PSS (polyanion), ¢ PDDA
(polycation), and d CuPCTS. “Reprinted from Benten et al. [64], copyright (2009), with
permission from Elsevier.” (http://www.sciencedirect.com/science/journal/00406090)

indicated that the CuPCTS forms dimers or oligomers, and their molecular planes
were oriented parallel to the substrate. Triple-layered OSCs were developed by
combining CuPCTS with a poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) hole-transport layer and a Cg( electron-transport layer, displayed in
Fig. 11. The Jgc increased with increasing CuPCTS film thickness up to ca. 10 nm,
as a result of exciton generation in each CuPCTS layer and transport to the interface
with the Cg layer. The best Jsc value of 0.114 mA cm ™ reported is low compared
to devices assembled using other solution processing methods and is probably
caused by a poor light absorption inherent from the small layer thicknesses.

Generally, the photocurrent of devices assembled using the LBL technique are
still on the order of microamperes, but the self-assembly properties obtained using
this technique might be very useful for the future development of well-organized
and highly efficient devices.

3 Evaporated Small Molecules OSC
3.1 Growth Techniques

Among the various growth techniques capable of producing thin films of small-
molecular weight materials for OSCs, two techniques deserve special attention:
vacuum thermal evaporation (VTE) [65] and organic vapor-phase deposition
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Fig. 12 Schematic diagram of the OVPD method. Organic materials are first evaporated into a
carrier gas stream, which transports the molecules toward a cold substrate, where the vapor
condenses into a solid film. When the substrate is rotated, the thickness of the boundary layer
becomes uniform. “Reprinted with permission from Shtein et al. [66]. Copyright [2001],
American Institute of Physics”

(OVPD) (Fig. 12) [66]. Thermal sublimation in vacuum is the most frequently
used means for depositing small molecules that are insoluble in the majority of
solvents [65]. The VTE procedure involves placing a purified organic material in a
baffled tantalum or tungsten boat which is located between the electrodes in a
vacuum chamber with a pressure of 107°~10~7 Torr. When current is passed
through the boat or crucible, the temperature is increased beyond the sublimation
point of the organic material, and it is evaporated, depositing everywhere on the
chamber walls, as well as on the target substrate. A quartz crystal microbalance is
used to monitor the growth rate (typically 0.5-3 A s™') and the thickness of the
film. VTE has the advantage of being able to form films with high uniformity, high
degree of purity, good structural control, and “run-to-run” reproducibility.
Additionally, one particular advantage of VTE is its ability to grow several OS
layers without delamination or dissolution of the previous layers during sub-
sequent deposition steps [67]. However, this technique presents several drawbacks
such as lack of control over film thickness, uniformity, and dopant concentration
over large areas needed for many applications. Moreover, this technique requires a
relatively high material consumption and the initial setup costs for equipment are
also very high.

To overcome the drawbacks associated with the VTE technique, OVPD was
been introduced as an alternative method for depositing thin films of small
molecular weight materials and allowed greater control over doping. Besides, this
technique is suitable for fast, particle-free, uniform deposition in large-area sub-
strates [66, 68].

The process of OVPD differs from VTE; here the organic material is thermally
evaporated into an inert gas stream such as nitrogen or argon, which then trans-
ports the vapor in the hot-walled reactor vessel and toward a cooled substrate
where deposition occurs [69]. In this respect, OVPD allows one to adjust multiple
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parameters such as reactant concentration, carrier gas flow rate, deposition rate,
substrate temperature, chamber temperature, and chamber pressure. Thus, the
deposition efficiency and film morphology are controlled [70, 71].

In this technique, the heated chamber walls avoid material deposition, allowing
for a more efficient use of source materials compared with VTE [72]. Even with
such differences, both VTE and OVPD techniques are used to manufacture OSCs
based on small molecules [73, 74]. In the next section, different types of solar cell
architectures using evaporated small molecules and recent results from many
research groups are presented.

3.2 Organic Solar Cells Architectures

Besides manipulating the chemical and physical properties of small molecules, the
choice of the growth technique and the selection of the best donor and acceptor
combination are also important factors in controlling the device’s architecture.
These additional factors should be taking into account when attempting to improve
the performance of solar cells [72]. In the next section, several device architectures
using small molecules are described, highlighting the most important contributions
in this field.

3.2.1 Double-Layer Solar Cells

The first successful OSC to reach a power-conversion efficiency of 1% was
introduced by Tang at Kodak in 1986 [29]. Tang’s solar cell consisted of a double
layer of ~300 A copper phthalocyanine (CuPC) as the electron-donating material
and perylene tetracarboxylic derivative (~500 A), as the electron-accepting
material. Both materials were deposited by sequential thermal evaporation onto an
indium tin oxide (ITO) substrate. On top, an opaque Ag layer was evaporated
(Fig. 13). One of the most important conclusions derived from Tang’s experiment
is that the increase in thickness of the organic material layers led to a reduction in
efficiency. Hence, the authors inferred that only excitons generated in the prox-
imity of the interface between the donor and the acceptor materials were able to
generate free charge carriers. Such a phenomenon reflected on the values of Jgc.

In the work reported by Tang, different metal contacts such as In, Al, Cu, and
Ag were tested in the role of a top electrode. These metals, with different work
functions produced solar cells with Ve values differing by only 50 mV. It was
assumed that V¢ is strongly dependent on the choice of the particular pair of
organic layers.

Aiming to improve the efficiency of OSC, the group of Prof. Forrest [75]
introduced an additional layer of bathocuproine (BCP) in double heterojunction
solar cells. In this pioneering work, evaporated films of CuPC and 3,4,9,10-per-
ylenetetracarboxylic bis-benzimidazole (PTCBI) were employed as the electron
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donor and acceptor, respectively. The BCP and Ag cathode were also evaporated
and the final cell architecture was ITO/CuPC/PTCBI/BCP/Ag. 2.4% efficient solar
cells were produced using this double heterojunction approach. This device
architecture demonstrates that the control over the exciton diffusion can lead to a
significant increase in the number of charge carriers. One year after this work, the
same group reported an external power-conversion efficiency of 3.6% employing
the same architecture [32]; here, the acceptor molecule was replaced by Cgo. Both
reports highlighted the strong influence of BCP in these devices.

The introduction of BCP molecule represents one of the greatest advances in
small molecule-based solar cells assembly by evaporation techniques. This wide
band gap molecule acts as an exciton blocking layer (EBL) between the electron
acceptor material and the cathode, as shown in Fig. 13.

The HOMO-LUMO offsets between the acceptor and the BCP provide
reflection of excitons at the interface of these materials, preventing recombination
[75]. In this context, Vogel et al. [76] presented a detailed PL study on the function
of the BCP layer insertion in small-molecule solar cell (Fig. 14a). In the case of
sample 1, the weak PL was attributed to the fast nonradiative recombination
(i.e., exciton quenching) at the Al-Cg interface. In contrast to sample 1, significant
PL was observed in sample 2, clearly showing the PL spectrum of the Cgy. Sample
3, containing a BCP layer between Cgy and Al, showed the strongest PL and
consequently the lowest exciton quenching yield. These results corroborate
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Fig. 14 a Photoluminescence spectra of Cg films at 10 K with different interfaces with Al. The
direction of excitation and PL is indicated in the inset sample schemes. b Current density—voltage
characteristics of photovoltaic cells with sequentially deposited ZnPC and Cgq films with and
without BCP buffer layer. Photovoltaic cell parameters are the following: cell A:
Jsc = 1.2 mA ecm™2, Voc = 0.12 V, FF = 0.12, and 5 = 0.0%; cell B: Jsc = 5.2 mA cm ™2,
Voc = 0.52 V, and FF = 0.5, and 1 = 1.5%. “Reprinted with permission from Vogel et al. [76].
Copyright [2006], American Institute of Physics”

previous reports that BCP may in fact be preventing exciton recombination at the
Al-Cg interface [76].

Vogel et al. [76] further analyzed the function of BCP layer by interpretation of
the photocurrent—voltage (/-V) in double-layer photovoltaic cells. Two types of
devices were prepared using zinc phthalocyanine (ZnPC) as the donor and Cg as the
acceptor, with and without BCP layers. These devices are represented by cell A and
cell B in Fig. 14b, respectively. The short-circuit current density (Jsc) was reduced
from 5.2 mA cm 2 in cell B to 1.2 mA cm ™2 in cell A. In contrast, at a bias
of —0.5V, the photocurrent in cell A is only about 20% lower. Such strong
dependence of the photocurrent on the voltage shows that exciton quenching
explains only a small part of the photocurrent loss in cell A, since excitons are
neutral and therefore independent of applied bias. Important theoretical calculations
of electric field distribution and exciton diffusion were carried out by Breyer et al.
[77]. The authors show that even complete quenching of excitons at the Al-Cgg
interface does not reduce the photocurrent by more than about 13% compared to an
exciton-reflecting interface. Therefore, the larger part of the photocurrent increases
in cell B is mainly attributed to the improved efficiency of electron transport from
Ceo to the Al electrode via the BCP layer. In other words, the most important
function of BCP is to establish an Ohmic contact between Al and Cgy.

BCP has been typically used as an EBL material in small molecule-based solar
cells. However, its large energy gap and low conductivity make it unsuitable for
use in thick layer devices because the increase in the series resistance degrades
device’s performance.

Interestingly, Rand et al. [41] introduced an EBL composed of rris(acetyl-
acetonato) ruthenium(IIl) (Ru(acac)s). Its functionality results from an energy-level
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Fig. 15 Schematic energy-level diagram and proposed photovoltaic process for double-
heterostructure devices using either a BCP or b Ru(acac); EBL. Holes are shown as open
circles and electrons as filled circles. Energy levels are given in units of electron-volts (eV).
¢ Current-density—voltage (J-V) characteristics, in the dark and under 1 sun (100 mW cm_z)
intensity of simulated AM1.5G, for the organic photovoltaic cells with the following structure:
ITO/CuPC(200 A)/Cg0(400 A)/EBL(200 A)/Ag(1000 A). The EBL consists of either BCP (open
circles) or Ru(acac); (filled squares). The efficiencies for BCP and Ru(acac); based devices are
1.1 and 2.7%, respectively. The solid lines are fits to the J-V characteristics based on the
modified ideal diode equation (Rand et al. [41]). Copyright Wiley—-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission

alignment more favorable than BCP, as seen in Fig. 15a, b. This is reflected in the
remarkable differences observed in photocurrent—voltage characteristics as shown
in Fig. 15c.

3.2.2 Bulk-Heterojunction Solar Cells

The DA interface can be considered to be the heart of the small-molecule
solar cells. It is at this interface that strongly bound photogenerated exci-
tons are dissociated to generate photocurrent. The external quantum efficiency
(neqe) of a photovoltaic cell based on exciton dissociation at a DA interface is
NEQE = —Na X NEp X Hcc [78], where 1,4 is the absorption efficiency, #gp is the
exciton diffusion efficiency that corresponds to the fraction of photogenerated
excitons that reach the DA interface before recombining, and #cc is the carrier
collection efficiency and corresponding to the probability that a free carrier,
generated at a DA interface by dissociation of an exciton, reaches its corre-
sponding electrode. When the total thickness, L, in bilayer DA solar cells is of
the order of the optical absorption length, L, we can assume #,, described in
Eq. 1 [78], to be higher than 50% if optical interference effects are ignored, and
nce =& 100%. Nevertheless, since the exciton diffusion length (Lp) is typically
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Fig. 16 Representation of donor/acceptor interface architecture possibilities: a a double layer,
formed between thin films of donor and acceptor materials; b an optimal bulk heterojunction,
where there is complete phase separation of donor to one side and acceptor to the other side of the
device structure; and ¢ a non-ideal bulk heterojunction, where isolated regions of donor and/or
acceptor phases prevent the collection of photogenerated charges. Dashed and solid lines
correspond to hole and electron transport, respectively

an order of magnitude smaller than LA, a large fraction of the photogenerated
excitons are not used for photocurrent generation as shown in Fig. 16. Therefore,
limited #gqe and hence limited # are observed for double-layer solar cells.

na =1 —exp(=L/La) (1)

The ngor of an organic double-layer solar cell is often limited by a short
exciton diffusion length. To overcome this drawback, the bulk-heterojunction
concept has been introduced [78-82], resulting in an improvement in both nggg
and in the 7.

Bulk or mixed heterojunction is a mixture of the donor and acceptor materials
in a bulk volume, exhibiting a DA phase separation of about 10-20 nm which
provides an interpenetrating DA network with large interface area [83]. Compared
with the planar double layer cells introduced by Tang, in which the donor and
acceptor phases are completely separated from each other (Fig. 16a), the bulk
heterojunction has both materials intimately intermixed. It expands the photo-
current generation capability of the device by increasing the excitons’ probability
of reaching a nearby DA interface where they can dissociate [72].

In polymer photovoltaic cells, the exciton diffusion bottleneck has been over-
come by the introduction of bulk heterojunctions [84, 85] (Fig. 16c). In a bulk
heterojunction, the DA interface is highly folded so that photogenerated excitons
can find an interface within a distance Lp of their generation site. In an optimal
architecture [86], the width of the phases in the interdigitated structure should be
on the order of 2 L, to guarantee high probability of dissociation for the excitons
generated in the bulk of the material. At the same time, this optimal architecture
provides low resistance pathways for charge transport. In practice, however,
achieving such a structure is difficult. Recently, optimized polymer bulk-hetero-
junction cells have reached power-conversion efficiency of 7% [87]. In this work, a
blend of a novel semiconducting polymer based on alternating ester substituted
thieno[3,4-b]thiophene and benzodithiophene units and PC;,BM. The polymer
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exhibits a low bandgap, providing an efficient absorption around the region with
the highest photon flux of the solar spectrum (about 700 nm). The rigid backbone
results in a high hole mobility, and the side chains on the ester and benzodithi-
ophene enable good solubility in organic solution and suitable miscibility with the
fulleride acceptor. The polymer chain is found to be stacked on the substrate in the
face-down conformation from grazing-incidence wide-angle X-ray scattering
studies. This is very different from the polymer alignment in well-studied P3HT
solar cell system and favors charge transport [87]. This synergistic combination of
properties lead to an excellent photovoltaic effect (and efficiency record!).

Remarkable efforts have been conducted to perform bulk-heterojunction devi-
ces prepared by co-deposition of the donor and acceptor materials yielding #
values falling short of those attainable in optimized bilayer cells using the same
materials [32, 79, 82, 88-91]. Co-deposited donor and acceptor small mole-
cules have been used to prepare bulk-heterojunction photovoltaic devices [78, 80,
92-96] reaching power-conversion efficiency of approximately 3.5%. Using this
approach, the deposition of the mixed donor and acceptor phase is usually fol-
lowed by a decrease in charge-carrier mobility, i.e., by an increase in the series
resistance (Rg) of devices [92, 97]. This behavior is different from that observed in
polymer bulk-heterojunction structures [98]. The charge-carrier mobility is criti-
cally dependent on the composition and morphology in both polymer and small
molecule bulk-heterojunction structures. From space charge limited current
mobility measurements, Rand et al. [92] demonstrated that mixed layers presented
lower charge-carrier mobilities than neat films.

Aiming to accomplish a nearly ideal structure in the thermally co-evaporated
thin film, Peumans et al. [78] carried out an annealing treatment of the
CuPC:PTCBI mixture (300-500 K). Such post-treatment was responsible for
inducing phase separation of the two materials and an increase in #cc.

Donor and acceptor mixed layers can also be deposited via the OVPD growth
technique to directly form a bulk-heterojunction architecture in which the two
layers are phase-separated [99] (Fig. 16b). By this method, it is possible to control
the growth mode of the CuPC film on ITO such that, crystalline needles of CuPC
extend out of the CuPC film. After growth of the CuPC film, the OVPD process
was successfully applied to fill the spaces within the rough CuPC film. This
contrasts with growth induced by ultra high vacuum, in which the VTE process
results in voids in the film [99] (Fig. 16a). This architecture resulted in an increase
in device efficiency of the CuPC/PTCBI solar cell from 1.1 to 2.7%. The photo-
voltaic parameters for all architectures based on ITO/CuPC/PTCBI/BCP/Ag solar
cells are shown in Table 1.

Achieving a balance between the absorption needed for photocurrent generation
and a good charge transport in bulk-heterojunction devices is challenging.
Therefore, maintaining a good charge transport and a low Rg are important factors
in creating efficient OSCs [100] with high FFs, and reduced recombination
probability of the photogenerated charges within the mixture. This can be achieved
using a hybrid architecture: combined double layer and bulk heterojunction
approaches. This configuration consists of a bulk-heterojunction DA layer
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Table 1 Comparison of performance of several ITO/CuPC/PTCBI/BCP/Ag photovoltaic cell
structures characterized under 1 sun simulated AM1.5G illumination

Device Jsc mA cm®)  Voc (V) FF 5 (%) Rs (Q cm?)
Double layer using VTE?* 6 0.49 049 1.1 +£0.1 30 + 10
Annexed bulk hetero junction® 9 0.50 040 14 =%0.1 60 £+ 10
Double layer using OVPD 5 0.4S 047 11+£01 182+£05
Controlled bulk 11 0.49 058 2.7 +0.1 22+ 0.1

OVPD heterojunction

Ry is the specific series resistance [99]
@ Ref. [75]
b Ref. [78]

Table 2 Comparison of several OSC using different architectures, under approximately 1 sun
simulated AM 1.5G illumination, where Py is the incident optical power density [101]

Device P (suns) Jsc/Po (mA W~!) FF Voe (V) 11 (%)
Double layer” 1.3 11.8 £ 0.5 0.61 0.51 37+£02
Bulk heterojunction” 0.9 154+ 0.7 0.46 0.50 35+02
Double layer/bulk heterojunction 1.2 15 £ 0.6 0.61 0.54 50+£03
# Ref. [100]

® Ref. [93]

sandwiched between homogeneous donor and acceptor layers [101]. Because each
homogeneous layer has a thickness of approximately Lp, excitons are generated in
the entire heterojunction structure with a high probability of diffusing to a nearby
DA interface. This architecture provides both high ngp of a bulk heterojunction
and efficient charge collection characteristic of a double-layer device [101].

Using this approach, Xue et al. [101] fabricated solar cells consisting of the
donor CuPC, and acceptor Cgp, obtaining a power-conversion efficiency of 5%
under 1-4 sun of simulated AM1.5G illumination. The authors also compared
these devices with the bulk heterojunction and double-layer solar cells. The
photovoltaic parameters of these solar cells are summarized in Table 2.
Remarkably, this innovative concept afforded an increase in FF values and further
resulted in efficient charge transport in the active layer.

3.2.3 Tandem Solar Cells

In solar cells with only one band gap, the Shockley—Queisser limit [102] can be
reduced due to mainly two loss mechanisms [103]: thermalization losses and
losses via sub-band gap transmission of photons. Aiming to overcome these
limitations, tandem or multi-junction architectures have been investigated and
appear to be promising solutions. When two or more donor materials with non-
overlapping absorption spectra are used in a tandem solar cell, a broader range of
the solar spectrum can be covered. In the last years, several approaches for organic
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tandem cells have been employed, depending on the materials used for the active
layer and the separation or recombination layer(s). In general, these approaches
can be divided in three main categories: (i) tandem OSCs where both the bottom
(in front of the light illumination) and the top (back) cells are based on small
molecules growth by vacuum-deposition techniques; (ii) hybrid tandem OSCs in
which the bottom cell is processed from solution while the top cell is made of
vacuum-deposited small molecules; and (iii) fully solution-processed tandem
OSCs where both the bottom and top cells are deposited from solution. In this
section, only the first approach will be described, together with some promising
results described recently in the literature.

The use of small molecules presents a great advantage for tandem architectures
because different layers of donor and acceptor (or mixed layer) materials can be
evaporated or co-evaporated with sharp interfaces on top of each other, without
affecting the previously evaporated layer. The disadvantage, however, comes from
the relative low evaporation rate of active materials, which limits the processing
speed in large-area applications [104].

Tandem solar cells can theoretically be comprised of an infinite number of sub-
cells connected in series. According to Kirchhoff’s law, this type of connection
implies that the voltage across the entire cell is equal to the sum of the voltage
across each sub-cell. The Vo of these devices containing series sub-cells, in the
case of loss-free connections, is given by [105, 106]:

Voc,iot = Voci + Voc2 + Voo + K (2)

On the other hand, on contrary to what is often mentioned, the short-circuit
current of the organic tandem solar cells is not equal to the smallest short-circuit
current of the sub-cells, but depends strongly on the FF values of the respective
devices [106]. This behavior, illustrated in Fig. 17a, results in the combination of a
cell with lower Jsc and a significantly higher FF and a cell with higher Js¢ and
extremely low FF. According to Kirchhoft’s law, a J-V characteristic of the tan-
dem cell with a Jgc = Min (Jsc1, Jsc2) s attained. Oppositely, Fig. 17b shows the
combination of a cell with extremely low FF and lower Jsc and another with very
good FF and higher Jgc, leading to a resultant tandem device with a
Jsc = Max(Jsc1, Jsc2).- A description of the various cases was presented by
Hadipour et al. [105].

The tandem cell architecture was originally introduced by Hiramoto et al. [107].
This architecture was constructed from two identical bilayers based on evaporated
small molecules, where each bilayer was an organic DA junction consisting of
50 nm of metal-free phthalocyanine (H,PC) and 70 nm of perylene tetracarboxylic
derivative. These two bilayers were separated by a thin interstitial layer (2 nm) of
Au, in order to establish an Ohmic contact. The organic tandem cell resulted in
almost double the Ve (0.78 V) compared to single cell, in which the Ve was
0.44 V. This result showed that a thin interstitial Au layer was able to accomplish
an effective charge recombination site for electrons arriving from the perylene
tetracarboxylic derivative of the back cell with the holes coming from the H,PC of



Organic and Hybrid Solar Cells Based on Small Molecules 81

(a) ' -~

Voct Vocz + Voci = Voo
oo
Pl Wittt DTS A S e gy VA S R
High FF ; Low Jscy Low FF ; High Jsc, High FF ; LoW Jse = Min (Ject,Jsc2)
(b) 1

Vocz + Vocr = Voes

e S N S O

Low FF ; Low Jg High FF ; High Jsc2 Low FF ; High Jec = Max (Jser,Jsc2)

Fig. 17 a The combination of a cell with lower Jsc and significantly higher FF and a cell with
higher Jsc and extremely low FF results in a tandem cell with a Jsc = Min(Jsc1,Jsc2)-
b The combination of a cell with extremely low FF and lower Jsc and another with very good
FF and higher Jsc leads to a tandem device with a JSC = Max (JSC1, JSC2). Ameri et al.
[106]—reproduced by permission of The Royal Society of Chemistry
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Fig. 18 Schematic structure of an organic tandem solar cell based on the small molecules CuPC
as donor and PTCBI as acceptor performed by Yamikov and Forrest [109]. The 0.5 nm Ag
separation layer provides recombination sites for the electrons and holes (http://dx.doi.org/
10.1039/B817952B)

the front cell. In general, this interstitial layer is sufficiently thin to efficiently
supply charge recombination sites, and also is not thick enough to absorb light on
its way to the back cell, nearest the reflecting cathode [108].

Yamikov and Forrest [109] reported in 2002 the first tandem solar cells by
stacking two, three, or five vacuum-deposited thin heterojunction consisting of
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CuPC, as donor, and PTCBI, as electron acceptor. Between the DA bilayers, a thin
layer of Ag was deposited providing the charge recombination sites. The final
structure can be seen in Fig. 18.

The power-conversion efficiencies reached by the two and three-stacked solar
cells were n = 2.5% and 1 = 2.3%, with Voc = 0.93 and 1.2 V, respectively.
These values are twofold higher compared to a single junction cell based on
identical materials (7 = 1.1%). Rand et al. [110] found that the optical field
enhancement, due to surface plasmon generation on the metal clusters located at
the interstitial layers, was responsible for the higher efficiency. In contrast, the five
stacked cell showed a considerable decrease in n (1%) compared to devices
containing two or three-stacked bilayers. This observation comes from the
reduction in light absorption by the first bilayers, that being the main limitation of
multiple-heterojunction solar cells. Triyana et al. performed similar approach
using CuPC and PTCBI as donor and acceptor materials, respectively, in combi-
nation with ultrathin Ag and Au interlayers to produce multiple-junction solar cells
with two and three stacks [111, 112].

To improve the power-conversion efficiency in tandem solar cells, Xue et al.
[113] applied several modifications to the device’s structure. The use of Cgy as
acceptor materials, with a longer exciton diffusion length (Lp ~ 40 nm) com-
pared to the acceptor PTCBI [114], is the first modification. The second is the use
of an evaporated mixed DA layer or bulk-heterojunction structure sandwiched
between neat donor and acceptor layers. Thin layers of PTCBI and BCP were
employed as EBLs in the bottom and top sub-cells, respectively. These modifi-
cations gave rise to a highly efficient double bulk-heterojunction structure. It was
suggested that one EBL may be acting as a protection for the hot metallic particles
during the thermal evaporation process. In such device, ultrathin Ag interstitial
layer are recombination site which have a thickness of 5 A buried in a 50 A thick 4,
4, 4"-tris(3-methyl-phenyl-phenyl-amino)triphenylamine (m-MTDATA) p-doped
with 5 mol% tetrafluoro-tetracyano-quinodimethane. This structure with a mixed DA
layer sandwiched between homogenous donor and acceptor layers is named hybrid
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Fig. 20 a Concept of a stacked p—i—n OSC with active layers sandwiched between p- and n-type
wide-gap transport layers. b J-V characteristics of single and tandem p—i—n solar cells under
130 mW cm ™2 simulated AM 1.5 solar illumination. The single cell is identical to the bottom cell
in the tandem configuration (Cell A) and prepared simultaneously. The performance parameters
are given. “Reprinted with permission from Drechsel et al. [115]. Copyright [2005], American
Institute of Physics”

double-bulk heterojunction [101, 113], and is schematically represented in Fig. 19.
Another important finding concerns the effect of different layers thickness that
resulted in 5% efficiency. It demonstrates the undercover potential of such
approach and that the device’s optimization may even augment the efficiency
value.

Dreshsel et al. [115] introduced an effective means to space the sub-cells apart
by employing a p—i—n heterojunction architecture, as depicted in Fig. 20. In this
case, the N,N,N',N'-tetrakis(4-methoxyphenyl)-benzidine (p-doped MeO-TPD)
and the n-type Cgo wide-gap transport layers (which optimally do not absorb the
incident light) are used to spatially separat the mixed ZnPC:Cg (i-type materials)
layers that generate photocurrent.

The photocurrent—voltage characteristics for the single and tandem p—i—n solar
cells are shown in Fig. 20b. The power-conversion efficiency is 2.1% for the single
device and 3.8% for the tandem cell. It is very common to observe that optimized
organic tandem cells have lower Jgc values than optimized single cells.

More recently, Yu et al. [116] assembled organic tandem solar cells without
metallic nanoclusters between the sub-cells. In contrast, they fabricated organic
tandem cells employing all-organic units by continuous deposition. These
all-organic connecting units were heterojunction films, which have a better
transparency and a lower sublimation temperature than Au or Ag. A tunneling
mechanism was suggested as an explanation to why the organic heterojunction
became an effective charge recombination center. In an optimized tandem solar
cell comprising a tin phthalocyanine dichloride (SnCl,PC)/copper hexadecaflu-
orophthalocyanine (F,,CuPC) heterojunction as the connecting unit, the Voc is
almost twice that as a sub-cell, reaching up to 1.04 V, and 60% enhanced IPCE
(n = 1.8%). Furthermore, the all-organic connecting units can be continuously
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deposited, which provides an easy way to fabricate these devices and avoids
damage to the organic films.

4 Liquid Crystals

If the nanomorphology of the active layer could be controlled on a molecular scale,
the efficiency of charge separation and transport would be expected to increase
substantially, improving the performance of these devices. Since most organic
photovoltaic materials are amorphous solids or polymers with limited charge
mobilities and exciton diffusion lengths, an approach to achieve the necessary
enhancement in efficiency is the use of self-assembled materials into large domains
of crystalline or liquid crystalline order. In this context, the use of discotic liquid
crystalline materials and composites might reach this goal because of their
capacity to self-organize into columnar stacks, maintaining high charge-carrier
mobility while providing a well-distributed interface between the donor and
acceptor semiconductors.

The supramolecular assemblies of aromatic disc-shaped molecules, which lead
to the formation of discotic LCs, were discovered in 1977 by Chandrasekhar and
colleagues [117]. These disc-shaped molecules exhibit liquid crystalline properties
at room temperature (RT), with LC to liquid transition (clarification) temperatures
(CT) usually above 150°C. The discotic molecules generally consist of an aromatic
core surrounded by aliphatic chains. Due to strong n—7n interaction between the
cores and weak interaction between the flexible aliphatic chains, the molecules can
stack one over the other, forming columns, when slowly cooled from above CT to
RT. Thus, well-oriented large domains can be obtained. These columns can be
arranged in several ways, forming columnar hexagonal, columnar rectangular,
columnar oblique, columnar helical, or columnar plastic phases [118]. Typical
column—column distance in the columnar hexagonal phase is 2—4 nm depending
on the aliphatic chain length and the core—core distance within the column is
around 0.35 nm with a length of a few tens of nanometers.

The strong intracolumnar interaction and weak intercolumnar interaction con-
tribute to the quasi-one-dimensional electrical conductivity along the columns.
Long exciton diffusion lengths (a few 100 nm) and high charge-carrier mobilities
(up to 0.1 em? V™' s7!) have been found in the highly ordered liquid crystalline
discotic molecules [119]. The mobility along the columns is superior to typical
mobility of amorphous organic films and can reach values found for amorphous
silicon [120-122]. Provided the distance between the single discs is short, elec-
trons and excitons readily move along the columnar axes. Both p-type discotic LC,
such as triphenylene, dibenzopyrene, and hexabenzocoronene (HBC) (Fig. 21a—c),
and n-type discotic LC, such as tricycloquinazoline, anthraquinone, and perylene
(Fig. 21d-f), are known [123]. Moreover, liquid crystalline phases are self-
repairing and thereby minimize defects that can act as recombination sites. While
the aliphatic side groups affect the melting point, solubility, and film-forming
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Fig. 21 Chemical structure of p-type (a—c) and n-type (d—f) discotics liquid crystals [123]

planar homeotropic

Fig. 22 Schematic representation of the planar (edge-on) and homeotropic (face-on) orientations
of a columnar mesophase and ideal arrangements of the discotic stacks in a device configuration.
The LC stacks should be perpendicular to the surface substrate and be surrounded by the electron-
accepting material to obtain an ideal structure

properties, they have a negligible effect on the electrochemical oxidation/reduction
potentials and optical properties, which depend on the core structure and the
m-conjugation.

After the deposition of a LC molecule onto a substrate, the alignment can be
planar (columns parallel to the substrate) or homeotropic (columns perpendicular
to the substrate), as depicted in Fig. 22, depending on the type of the material, the
substrate, and the experimental conditions (film thickness, cooling rate, etc.) [124].
Sometimes, after spin-coating or vacuum sublimation of a film with thickness
below a critical value (typically a few hundred nanometers), the material clears
upon heating to form an isotropic liquid that rapidly destabilizes into isolated
droplets. This droplet formation can be avoided in many cases by an appropriate
ITO surface treatment (e.g., annealing at high temperature) combined with a rapid
cooling of the organic film through the liquid-to-LC phase transition [124, 125].

Grelet et al. [124] showed that uniform vertical orientation of the columnar axis
on the substrate can be achieved in submicron open films by controlling the growth
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kinetics of the columnar domains during thermal annealing. However, when the
film thickness was reduced to the typical value required in OSC (50-100 nm),
dewetting occurred, leading to inhomogeneous films. Later, the same group
showed that by treating the substrate surface either by UV ozone or by nitrogen
plasma, thin films of 50 nm of a columnar mesophase could be stabilized in
homeotropic orientation on an ITO electrode [126].

HBC liquid crystalline derivatives have been widely used in efficient photo-
voltaic diodes [127]. The disk-like aromatic cores of HBC assemble face-on into
columns, allowing for high charge-carrier mobilities along the discotic cores [128,
129]. The potential to form controlled, organized structures in optoelectronic
devices is evident by the self-organization of HBCs in both “edge-on” hetero-
tropic alignment [130] as well as homeotropic alignment perpendicular to the
substrate [131].

The photovoltaic behavior of three hexa-peri-hexabenzocoronene derivatives
with different-sized alkyl side chains was investigated [132]. Increasing the side
chain length dilutes the HBC chromophore core, decreasing the amount of light
absorbed by the film. Also, differential scanning calorimetry and X-ray analysis
showed that, at RT, the HBC derivative with the 2-ethyl-hexyl side chain is in a
crystalline state, while the HBC containing 2-hexyl-decyl or 2-decyl-tetradecyl
substituents are in the so-called “plastic crystalline state”. The HBC with the
shortest side chain was proven to be the best donor for perylenediimide, showing
IPCE of 12% (at 470 nm).

Fluorenyl hexa-peri-hexabenzocoronene functionalized with a series of thio-
phene dendrons, were synthesized using the Suzuki—Miyaura coupling [133].
Ordered structures were observed in blends of these materials and fullerene
acceptor materials. The larger thiophene dendritic substituent attached to the HBC
derivative broadened its absorption profile, and also altered the morphology.
A power-conversion efficiency of 2.5% was achieved for a device containing the
compound depicted in Fig. 23a with PC;;BM as the acceptor material [133].

Schmidt-Mende et al. [134] built a photovoltaic solar cell using hexa-
dodecylphenylhexabenzocoronene as the hole-transporting layer (Fig. 23b).
A chloroform solution of this LC and the crystalline dye N,N(bis(1-ethylpropyl)-
3,4,9,10-perylene-tetracarboxdiimide (PTCDI, Fig. 23c) was spin-coated onto
ITO. PTCDI is a LC dye with a long chain hydrocarbon moiety bound to the
nitrogen in the imide group, which self assembles in a similar manner to other
perylene diimides [135]. The device exhibited IPCE up to 34% and power effi-
ciencies of up to ~2%. The efficient photoinduced charge transfer and facile
charge transport through vertically segregated perylene and HBC were considered
responsible for the high efficiencies. The same group investigated later the per-
formance of solar cells assembled with blends of perylene diimide and other HBC
derivatives, spin-coated directly from solution [136]. The use of different HBC
derivatives as hole conductors showed lower efficiencies, attributed to the different
film morphology originated when spin-casting these materials.

In a different approach, Schmidtke et al. [137] employed the elastomer poly-
dimethylsiloxane (PDMS) to control the film morphology and phase separation of
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Fig. 23 Examples of HBC derivatives used as donors (a, b) and PTCDI dye used as an acceptor
(c) in LC-based SPOSCs [133, 134]

blends containing PTCDI and hexadodecylsubstituted-HBC. The PDMS stamp
formed a flat, top-surface, which was utilized during the annealing step and then
removed. The authors observed that the annealed devices showed a modest
increase in IPCE compared to that of the as-spun devices, whereas the PDMS-
annealed devices presented a twofold increase in IPCE over the as-spun films,
reaching 29.5% at 460 nm. The AFM images showed different textures and pat-
terns in each case. The annealing processes resulted in increased roughness and
polycrystalline features, which suggest higher charge-carrier mobilities associated
with the crystalline phases of the HBC derivative. Furthermore, the increased
vertical stratification increased the V¢ in these devices [137].

Porphyrine-based molecules may also present liquid crystalline properties.
Gregg et al. [138] studied in 1990 the photovoltaic effects of symmetrical cells
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filled with discotic liquid crystalline PP complexes. The authors did not study the
charge mobility in the mesophase itself, but utilized the liquid crystalline prop-
erties to promote macroscopic order, which, upon cooling, provided polycrystal-
line films. In 1999, Petritsch et al. [139] fabricated a double-layer device using a
liquid crystalline PC. They heated the PC until it reached its clarification point
(292°C) and then cooled it slowly to RT. The films were fabricated in air by spin-
coating from a chloroform solution. On top of the PC layer a thin layer of a
perylene derivative was sublimated. The assembled devices presented efficiencies
up to 0.5%.

Recently, Levitsky et al. [140] presented the preparation of a solar cell based on
n-type nanoporous Si filled with copper phthalocyanine (CuPCl, in Fig. 24) and its
derivatives (CuPC2, in Fig. 24), including a discotic LC form (CuPC3, in Fig. 24).
The conversion efficiencies were between 0.01 and 0.02% (at 30 mW cmfz) when
the CuPC-derivatives were used. For CuPC1, on the other hand, conversion effi-
ciencies up to 2% were observed. The striking difference in conversion efficiency
of hybrid devices was explained in terms of the interfacial area between organic
and inorganic components. The critical factor in this case was believed to be the
average distance between the CuPC core and the Si surface. The relatively long
alkyl chains in CuPC2 and CuPC3 hindered the charge transfer in such a way that
the LC organization in CuPC3 could not compensate for the low charge transfer
caused by the long alkyl chains.

The properties of discotic LC can be modulated by doping with either electron-
rich or electron-deficient molecules into the supramolecular, ordered phase. The
doping should be kept at an optimum concentration while retaining the liquid
crystalline phase and introducing sufficient electron or hole concentrations into the
liquid crystalline medium to increase the conductivity. Trinitrofluorenone and
several inorganic dopants, such as iodine, aluminum chloride, nitrosonium tetra-
fluoroborate and gold nanoparticles have been introduced in the columnar liquid
crystalline matrix [141-145].

The versatility of LCs allows the application of these molecules in other types
of solar cells as well, including silicon-based devices. For example, LC-based
thermography has been successfully used for the investigation of various thermal
phenomena in a wide range of applications, including the detection of shunts in
polycrystalline silicon solar cells [146].
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5 Ternary Component-Based OSC

For OSCs, effective absorption over a wide wavelength range is an important goal,
which usually is not sufficient when using a simple DA pair. As an alternative, the
inter or intralayer cascaded energy transfer concept has been proposed by Koeppe
et al. [147] and Liu et al. [148], utilizing multiple photoactive materials in a single
cell. The application of this method, however, is limited by the subtle balance of
hole and electron mobilities in the bulk heterojunctions. Also, the interface
formation and morphology are difficult to control in the presence of a third
component in the active layer. In this section, recent reported results for three-
component-based solar cells with small organic molecules are reviewed.

Figure 25a illustrates the basic ideas underlying the design of the multiple-
heterojunction system with antenna effects: (i) a p—n heterojunction, containing an
electron donor and an acceptor is responsible for exciton separation; (ii) antenna
layers, i.e., energy donors with wide bandgap and large exciton diffusion length are
introduced as sensitizers; (iii) excitons in the wide-gap antenna layers enter p- or
n-type layers via efficient energy transfer, and then diffuse to and dissociate at the
p—n junction; and (iv) efficient charge transport and collection of photogenerated
charge carriers can be realized if no significant barriers for holes and/or electrons
from the p—n junctions to the energy donors/antenna layers exist.

Using this concept for the purpose of improving photon harvesting in OSC,
Hong et al. [149] combined two hole-conducting materials, pentacene and ZnPC,
and electron conducting Cg( to construct three-component heterojunctions. Fig-
ure 25¢ shows the absorption spectra of the three active materials and their
molecular structures. Pentacene and ZnPC have strong absorption mainly in the
longer wavelength range (500-800 nm). In pentacene/ZnPC/Cg, multi-hetero-
junction cells (see scheme in Fig. 25b), some of the excitons in pentacene might
reach the ZnPC/Cyg, interface, where efficient exciton separation occurs and con-
tributes to the photocurrent. The V¢ of this device was slightly higher than that of
the ZnPC/Cg cell, which suggests a higher carrier concentration under the same
illumination density, due to sensitization effects of pentacene for the ZnPc
interlayer.

PC and PP [150-153] have also been added to polymer/fullerene systems to
improve light-harvesting. For example, solar cells with multilayer structure con-
taining P3HT, PCBM, and CuPC have been reported (Fig. 26) [151]. In these
devices, the CuPC layer was thermally evaporated onto the substrate and the
P3TH:PCBM layer was deposited by spin-coating. For solar cells with optimized
layer thicknesses, enhanced light absorption was responsible for the high Jgc
(12.5 mA cm™2) and high efficiency (4.1%), a consequence of a second optical
interference peak in the multilayer structure.

Cyanoporphyrins have also been incorporated into the active layer of
P3HT:PCBM solar cells, which were obtained by spin-casting the blends from
chloroform solutions [154]. Before annealing, the greatest PP contribution to the
spectral response occurred when both P3HT and PCBM were present. Upon
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Fig. 26 Schematic illustration of the device structure and energy diagram for a OSC of ITO/
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annealing (140°C for 4 min), the photocurrent generated by the PP was lost, due to
aggregation, except in devices where only a small amount of polymer was present.
For devices with low PCBM content, the PP did not contribute to the photocurrent
and hindered the photocurrent generation by P3HT at the Soret band. Overall, this
data suggests that the PP tends to interact with the polymer to quench photocurrent
generation, but interacts preferentially with PCBM when it is present in the film.

In order to improve the exciton diffusion length, both high-mobility compounds
and triplet materials with long exciton lifetimes can be introduced in the device.
An efficient bulk-heterojunction OSC based on the triplet material 2,3,7,8,12,
13,17,18-octaethyl-21H,23 Hporphineplatinum (II) was demonstrated by Shao and
Yang [155]. Schulz and Holdcroft [156] and Yang et al. [157] also showed
enhanced photovoltaic responses due to singlet-to-triplet exciton conversion in
conjugated polymer/iridium complex-based cells. Li et al. [158] fabricated ITO/
PEDOT:PSS/P3HT:Pt dendrimer/Cg(/Al cells, in which the charge generating
structure consisted of a film of P3HT blended with triplet platinum dendrimer
complex deposited by spin-coating and a thermally evaporated fullerene layer.
In this platinum dendrimer, the platinum porphyrin core acts as heavy metal
center, which induces intersystem crossing in the host polymer [157, 159], and the
external carbazole groups enhance the conductive properties. In particular, the
alkyl chains provide good solubility for the dendrimers in organic solvents and
excellent film-forming properties by spin-coating. The cells showed a poor effi-
ciency of 0.70%, which was attributed to poor mobility in the Pt dendrimer film.

The construction of supramolecular assemblies is also interesting and promising
for the future development of photovoltaics. In this perspective, recent develop-
ments of supramolecular systems for light energy conversion, which are mainly
composed of PC dyes and nanocarbon materials, such as fullerenes and carbon
nanotubes were reported. The water-soluble CuPC derivative 3,4,4,4 tetrasul-
phonic acid tetra sodium salt copper phthalocyanine (TS-CuPC) was blended with
concentrated dispersions of acid-treated carbon nanotubes to form stable solutions
with excellent film-forming properties [160]. The application of this nanocom-
posite material as hole-extracting electrode and donor layer in bilayer OSC using
Ceo as electron acceptor was demonstrated. The interaction between surface-oxi-
dized multi-walled carbon nanotubes (o-MWCNTSs) and TS-CuPC was also
investigated [161]. The compatibility between the two components was shown to
result from hydrogen-bonding interactions and ground-state charge-transfer
interactions. The self-organization of the o-MWCNT decorated PC molecules into
extended aggregates of 1D linearly stacked PC polymers was observed to occur
after the spin-coating deposition. The hybrid material was incorporated into an
organic photovoltaic cell at the interface between the P3BHT:PCBM bulk-hetero-
junction layer and the ITO electrode. This extra-layer increased the light-har-
vesting and facilitated the hole extraction, enhancing the #.

Despite the interesting concepts underlying the introduction of a third com-
ponent to the OSC, more efforts are necessary in the search for better material
combinations, since higher efficiencies are still found for two-component-based
devices.
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6 Small Molecules in Dye-sensitized Solar Cells

The possibility of exploring the solar energy with reduced costs became a reality
after the report of an efficient DSSC by O’Regan and Gritzel [162]. Since then
these devices have attracted significant attention from the scientific and industrial
community because DSSCs use cheaper materials and production processes than
the analogous Si-based photovoltaics. These solar cells can achieve up to 10.4%
of certified solar power efficiency [163] and their stability data indicates at least
10 years of use in outdoor applications [164]. Generally, DSSCs are assembled
using nanocrystalline TiO,, organic or inorganic dyes (normally Ruthenium (II)
coordination compounds), and a liquid electrolyte. The liquid component is
considered a drawback for large-area production as a consequence of potential
liquid leakage and contamination concerns; a sealed and secured cell is essential.
Also, the iodine usually employed is capable of attacking the transparent
conducting oxide substrate typically used in fabrication. Solid or quasi-solid
electrolytes, such as polymers and gels, have been applied as alternatives to
the liquid component [165-167]. However, all-solid-state solar cells are only
achievable when p-type semiconductors are employed, such as inorganic hole
conductors, organic low-molecular weight molecules or conducting polymers
[168-173, 218-220].

In this scenario, small organic molecules are also promising candidates to
replace the liquid electrolyte for several reasons: easy fabrication, low cost, and
versatile deposition. When applied as hole conductors (or hole transporting
materials, HTM) in DSSCs, better penetration is achieved due to their ability to fill
the TiO, pores more effectively.

Small organic molecules can also be used to replace the sensitizer dye in
DSSCs. In fact, in recent years, several groups have concentrated their efforts in
the search of novel organic dyes with more extended light absorption toward the
infrared. Besides, the small organic dye can replace the expensive metal com-
plexes based on the rare metal Ruthenium [174-176]. It is also possible that the
sensitizer dye acts simultaneously as both absorber and HTM in this kind of solar
cell, although the efficiency is low.

In this section we will focus mainly on the attempts to replace the liquid
electrolyte in DSSC by small organic molecules as HTMs. Small molecules are
powerful sensitizers, particularly perylene, indoline and arylamine derivates. Due
to the great versatility and performance demonstrated in DSSC, a brief review is
provided for this application.

6.1 Hole-Conductor Materials

Energy conversion in a DSSC is based on the injection of an electron from a
photoexcited state of the sensitizer dye (typically a bipyridine Ruthenium (II)
complex) into the conduction band of the nanocrystalline semiconductor (TiO; is
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by far the most employed oxide semiconductor), as depicted in Fig. 27. These cells
also employ a liquid electrolyte (usually an iodide/triiodide redox-active couple
dissolved in an organic solvent) to reduce the dye cation (viz., regenerate the
ground state of the dye). Regeneration of iodide ions, which are oxidized in this
reaction to triiodide, is achieved at a platinum counter electrode.

A p-type semiconductor can replace the liquid electrolyte if it is able to accept
holes efficiently from the excited state of the dye cation. The main processes that
occur at the TiO,/dye/HTM interfaces are represented in Fig. 27. Cell operation
using HTM is analogous to liquid or polymer electrolyte-based DSSCs. However,
after dye excitation and electron transfer (reaction 1 in Fig. 27), the ground state of
the dye is regenerated by the HTM (reaction 2): electrons from the HOMO of the
HTM regenerate the ground state of the dye molecules instead of the redox couple
of the electrolyte. The oxidized HTM material is then reduced at the counter
electrode (in most cases a nanometric layer of gold). The main difference relies on
the kind of transport between the electrodes. In comparison to the ionic transport in
the DSSC which uses liquid or gel polymer electrolyte, the HTM cell transport is
typically electronic. The losses are represented by the electron recombination with
the dye cations (reaction 3) and with HTM (reaction 4). The recombination
reactions are important because they limit the efficiency of these solar cells: at
open-circuit and short-circuit conditions, the recombination is 10 and 100 times
faster than in the cells with liquid electrolyte, respectively [177].

The hole-transfer reaction is limited by the thermodynamic driving force,
defined as AGgye.irv [169]. In order to achieve an 85% charge-transfer yield, the
energy difference between the HOMO of the HTM and the HOMO of the dye
(AGgye-rv) must be at least 0.2 eV. According to the energy diagram, the HOMO
position of the HTM must lie above the ground state of the sensitizer dye.

Triarylamine derivates are so far the most important class of HTM applied in
DSSC. The first successful triarylamine derivate applied in DSSC was the amor-
phous compound 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine)9,9’-spirobi-
fluorene (referred as spiro-OMeTAD, structure 1, Table 3), introduced by the
group of Prof. M. Gritzel in 1998 [168]. In 2007, the efficiency of the solid-state
DSSC based on spiro-OMeTAD reached 5.1% [178]. Until this present day, this
molecule has been unsurpassed in terms of hole conduction in DSSC. However,
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Table 3 Characteristics of some organic HTM based on triarylamine derivatives applied in

DSSCs
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Table 3 (Continued)

Structure Mw Hole mobility/ HOMO level/ References
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% Determined using the time-of-flight technique
® Field-effect transistor (FET) mobilities
¢ Not available

other types of organic HTMs have been synthesized and have demonstrated the
potential to replace liquid electrolytes, as well. Table 3 summarizes the structures
and some characteristics of small organic HTM based on tryarylamine derivatives
applied in DSSC.

Interestingly, the charge-transport properties of the spiro-OMeTAD showed
that its hole mobility is independent of film thickness from 0.135 to 4 um [170].
Thus, hole mobility is a non-dispersive characteristic and this indicates that the
photocurrent may be dependent on the rate of interfacial hole transfer, not as
function of the thickness. In fact, Durrant et al. [169] found that the hole transfer
yield (related to the efficiency of reaction 2 presented in Fig. 27) is directly pro-
portional to the photocurrent (Fig. 28).

Although a high hole mobility is a strong consideration when choosing between
potential HTMs, other important requirements must be taken into. It is well-
established that good film-formation ability, low tendency toward crystallization,
and excellent pore filling and HOMO energy value strongly influence the overall
conversion efficiency of DSSCs [173]. As observed in the performance of solar
cells using the hole conductors 1-3 as displayed in Table 3, the best efficiency was
achieved with spiro-OMeTAD (2.8%), although this molecule presented the lowest
hole mobility of all. Despite the higher hole mobility of the other triarylamine
oligomers, they are poor pore fillers [179] and have significant variations in the
hole transfer yields.

Similar conclusions involving the HTM properties and their relation to device
performance were obtained out by Karthikeyan and Thelakkat using several
synthesized HTMs based on triphenyldiamines with mobility of the order of
10 em* V7' s7' [173]. They calculated the charge-transfer rate for these
molecules and observed their dependence on the HOMO energy offset. The
maximum charge-transfer rate was realized for the energy gap of 0.79 eV. The
results give significant information for the design of novel dyes and HTM.
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Fig. 28 Short-circuit L . L . 1 . 1 . 1
photocurrent density (Jsc) as
a function of the hole transfer
yield, determined using
Transient Absorption
Spectroscopy—TAS (Kroeze
et al. [169]). Copyright
Wiley—VCH Verlag GmbH &
Co. KGaA. Reproduced with
permission

Jgo [MA cm’)
N
|
[ )
I

20 40 60 80 100
hole transfer yield [%]

Another class of HTM is macrocyclic aromatic compounds such as PP and PC.
They have high stability and high optical absorption, covering a great extension of
the solar spectrum. Some techniques have showed that PP and PC films are fre-
quently p-type semiconductors [180-184]. Few reports demonstrate the usage of
this class of small molecules in transporting holes after dye excitation. The
combination of TiO, and PC or PP is limited [185-190], and the efficiency is low.
For the TiO./ZnPC/Au cells, Voc = 0.376 V, Jsc = 0.142 mA cm 2, and
FF = 0.34 (under simulated AM 2 conditions) were achieved [185]. Other reports
were found for zinc (ZnPC) [185, 189, 190], copper (CuPC) [190], palladium
(PdPC) [185], lead (PbPC) [188], and iron (II) phthalocyanines (FePC) [187]. The
best result was obtained for an ITO/TiO,/ZnTCPP/Hg solar cell (where ZnTCPP is
zinc-tetra(4-carboxyphenyl) porphyrin), which showed a Voc of 0.7 V, Jsc of
0.22 mA cm~2, and FF of 0.25 [182].

For the most part, these molecules, PP and PC are more intensively explored as
dyes [191-198] . The dual function of this class of small molecules, as sensitizer
and as HTM, is rarely investigated [182]. A possible explanation for the limited
use of PP and PC as HTMs (and dye-HTM combination) in DSSCs comes from
low efficiency and this may be related to the difficulty of filling the pores of the
TiO, electrodes, annihilation of the molecule excited state by energy transfer due
to aggregation, and poor hole mobility after deposition. In fact, for this class of
molecules, the values of hole mobility is closely related to device performance.

Intensity-modulated photocurrent spectroscopy indicates that the transport of
holes in these small molecules is not governed by the electric field, but driven by
diffusion [182]. Mobility values of 5 and 2.5 X 10~* cm? V™! s7! were found for
columnar stacks of PP [199] and a palladium phthalocyanine (PdPC) [186]. In this
latter case the solar cell presented a Voc = 0.46, Jsc = 30 pA cm™ 2, FF = 0.35
and 1 = 0.025% under 20 mW cm 2. However, in the majority reports, the
mobility values fall between 1079 and 107" em? V! s7! [181, 182].

It is also important, however, to call attention to the difficulty in preparing such
films. This may explain the large discrepancy between the reported mobilities
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values derived from current—voltage [200, 201], time-of-flight [202] and micro-
wave-conductivity measurements [199], since only vacuum sublimation, elec-
tropolymerization and dispersion in other HTMs seems to be a successful method
to achieve homogeneous and stable films [183].

Nevertheless, the conversion efficiency can be substantially increased when
dyes or electron acceptors such as Cgq and 4-(dicyano-methylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran (DCM) are added as n-type material in ITO/TiO,/
n-type layer/PC/Au cells, where PC refers to ZnPC or CuPC [190]. The hole
mobililties were estimated as 3.8 x 107> and 2.6 x 107> cm® V™' s™! for CuPC
and ZnPC, respectively. The largest energy difference between the HOMO level of
PC and LUMO Ilevel of DCM leads to an increase in the Voc of the device. The
best solar cell performance was achieved with Cgy combined with CuPC (Fig. 29),
which causes an increase of Jgc, likely due to a higher carrier mobility, i.e., Cgq
acts as an electron acceptor, increasing the electron transport.

Pentacene molecules have also been applied as HTM in DSSC, however, the
efficiency of the solar cells is lower compared with triarylamine derivates, possibly
due to a fast recombination of the charge carriers at the interfaces [203].

6.2 Small Molecules as Sensitizers

In DSSCs, the photocurrent values are limited by the absorption spectrum of the
sensitizer dye. Tuning the optical and electronic properties of small organic
molecules by modifying their chemical structures has become an important step in
overcoming this issue and developing solar cells with improved light-harvesting
capabilities. In fact, the number of publications involving the synthesis of novel
organic dyes and their application as sensitizers in DSSCs has grown rapidly,
motivated by the high efficiency values reported recently (Fig. 30). The best result
achieved to date reached 9.8% of efficiency using a TPA derivative and a liquid
electrolyte [204].

Among the organic molecules sensitizers, cyanine [174], coumarin [205], por-
phyrins [191-194], phthalocyanine [192, 195-198], perylene derivatives [206-209],
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Fig. 30 Ruthenium complexes developed by the Gritzel Group in 1991 achieved an efficiency of
10% quite rapidly and they are currently at 11%. The use of organic dyes began with extremely
low efficiencies but has shown a fast growth in the last years. The D205 developed by Mitsubishi
Paper Mills in 2007 achieves an efficiency of 9.5% (from Tetsuo Nozawa Nikkei Electronics
Asia, July 2008) (http://www.sciencedirect.com/science/journal/00406090)

indoline [175, 176] and arylamine derivates dyes [204, 210, 211] have received
particular attention. In this section we will focus on perylene, indoline, and arylamine
dyes, since recent reviews on the use of cyanine [174], coumarin [174], porphyrin
[192, 193], and phthalocyanine [192] dyes in solar cells can be found elsewhere. The
perylene derivatives present high stability and high versatility attained by use of
different functional groups. Indoline/arylamine dyes have shown the highest effi-
ciency for organic dyes in DSSCs [176, 204].

Photophysical studies are a powerful tool to monitor the excited state of these
molecules and to correlate the effect of the substituent groups in molecular
dynamics. For example, the degree of dye aggregation can be modulated by
substituents like alkyl side-chains with free rotation capacities. Long alkyl chains
[206] and 2,6-diisopropylphenyl [207] have demonstrated promising results and
are shown in Fig. 31.

The presence of two alkyl chains in perylene (Fig. 31) showed that a free
rotation capacity prevents aggregation, enhancing the photoelectron transfer
injection from the dye to the titania film. Icli et al. [206] showed that the presence
of two chains instead of one long or small chains with many substituents prevents
charge recombination, resulting in photocurrent values up to 9 mA ¢cm™> and an
efficiency of 1.61%. When the substituent group is larger and possesses strong
electron-donating properties (i.e., two pyrrolidines at the perylene core) as in
perylene b (Fig. 31), the first oxidation potential is shifted in the negative direc-
tion, improving the power-conversion efficiency up to 2% [207].
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Fig. 31 Structures of perylene derivates [206-209]

In addition, the presence of four O-aryl groups makes the perylene sufficiently
electron donating when applied as TiO, sensitizer. The conjugation system
between the perylene core and the benzimidazole was tested and leads to a sig-
nificant bathochromic shift of the absorption maximum and to an enhanced molar
absorption coefficient. However, the electron injection was low, with efficiencies
below 1%. The absence of benzimidazole and the presence of alkyl chain (per-
ylene c, Fig. 31) led to a decrease in the dye recombination, reaching an efficiency
of 2.29% [208]. An interesting report by Jin et al., demonstrated that the presence
of two imide groups (perylene d, Fig. 31) in a perylene dye deteriorated device
performance. Such molecules contain a strong electron-withdrawing group,
resulting in ineffective electron transfer to the carboxylic groups anchored on the
TiO, [209].

Other organic dyes have also shown promise in the DSSC field. Indoline dyes
are a class of molecules with high sensitization. The presence of a rhodanine ring
in the indoline dyes (Fig. 32) contributed to a red shift in the absorption spectrum,
resulting in devices with a Voc = 693 mV, Jsc = 18.50 mA cm ™2, FF = 0.624,
and n = 8.00% [175]. Solid-state DSSCs using spiro-OMeTAD and D102 dye
have been reported. The devices showed efficiency higher than 4% [212]. The
introduction of a n-octyl substituent onto the rhodanine ring (D205 in Fig. 32) has
pushed the conversion efficiency up to 9.52% under 100 mW cm 2. This is the
highest value reported so far for an indoline dye-based DSSC, compared to the
same cells using Ruthenium (I) complexes [175].
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Fig. 32 Molecular structures
of indoline, rhodanine ring,
and indoline dyes D102,
D149, D205 [175, 176, 213]

D102

The high efficiency values can be explained by a red shift caused by attaching a
second rhodanine unit to the indoline structure, extending its m-conjugation [213].
Although the chromophoric units of these two dyes are identical and the IPCEs are
very close [175], the best behavior of D205 (Fig. 33) is a result of the extension of
the alkyl chain on the terminal rhodanine moiety from ethyl to octyl. The suc-
cessful combination of the n-octyl chain in the dye with the adsorption cheno-
deoxycholic acid (CDCA) onto the oxide resulted in blocking the charge
recombination between I3~ and electrons injected in the nanocrystalline-TiO,
electrodes [176].

However, the D205 indoline does not seem to be stable for use in outdoor
photovoltaic devices [214]. Thus, arylamine derivates dyes have been synthesized
to improve the resistance to degradation over light soaking at full solar intensity and
elevated temperatures [204, 215, 216]. These dyes contain an arylamine (electron
donor) and a cyanoacrylate group (electron acceptor) connected by one or several
thiophene moieties acting as a m-conducting bridge. During light excitation, elec-
trons are transferred from the arylamine through the thiophene bridge to the sur-
face-bound cyanoacrylate, producing an efficient and rapid electron injection from
the excited state of the sensitizer into the conduction band of the TiO, [214].
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Fig. 33 Current density vs.
voltage characteristics for
DSSC with indoline dyes
(D149 and 205) as sensitizers
with/without
chenodeoxycholic acid
(CDCA) under AM1.5
simulated sunlight

(100 mW cm™2) illumination.
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Fig. 34 Structures of the arylamine derivates dyes [204, 210, 211] (http://dx.doi.org/10.1039/
B809093A)

Due to the strong coupling of the excited state wave function with the Ti
(3d,ty,) orbitals [214], the record efficiency of 9.8% is reached using organic dyes
that belongs to an arylamine derivate dye named C217, shown in Fig. 34. Such a
remarkable dye combines an electron donor and an electron acceptor with an
electron-rich 3,4-ethylenedioxythiophene unit that has a small torsion angle with
respect to the adjoining phenyl fragment, ensuring efficient electronic communi-
cation between donor and acceptor units [204].

An analogous thiophene 7m-conducting bridge (thienothiophene and bisthieno-
thiophene) has also been demonstrated (C207, C202, C208, C206 e C211 in
Fig. 34) [210, 211], showing that the addition of one more thienothiophene units
both increases HOMO level slightly and drives down the LUMO, narrowing the
gap [210]. Comparing the dyes in Fig. 35, the band gap can be further shifted into
the infrared regime when two electron-donating methoxy groups (C208) are
replaced at R positions [211].

Although DSSCs employing indolines and arylamines have demonstrated
improved and impressive results in recent years, the overall power-conversion
efficiencies still remain slightly below the values achieved with expensive
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ruthenium complexes. However, scientists working in this field foresee that the
most powerful solar cells will be those based on organic dyes. Theoretical
chemical calculation, for example, is a powerful tool that can help us design and
select new dyes with more suitable absorption spectra, and as consequence,
increased light-harvesting abilities.

7 Conclusions and Perspectives

Any emerging technology represents a challenging task and this is no different in
the development of efficient, stable OSCs based on small molecules. This field
requires a multidisciplinary contribution that involves strong cooperation between
creative synthetic chemists, solid-state physicists, theoreticians, and device
engineers.

The efficiency of OSCs based on small molecules is currently inferior to those
employing conjugated polymers. This is partially attributed to the contact inter-
faces. A polymer adsorbed on a surface can only desorb if a substantial number of
its segments desorb simultaneously, which is improbable and slow. However,
interface quality and stability in small molecule devices have been lacking. Thus,
more stable interfaces are required.

In addition to searching for novel donor and acceptor molecules with improved
solubility, light-harvesting capability and charge mobility, the most challenging
and critical issue is to achieve a suitable morphology without phase separation in
solution-processed OSCs. It is very common to find FF values below 50% in solar
cells using the solution approach. Tryarilamines, vinazene, and diketopyrrolo-
pyrrol-based molecules are among the most promising candidates for solution
processable solar cells. In the case of vinazene molecules, values of open-circuit
voltage exceeding 1 V were obtained. Efficiency is expected to increase with
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better control over phase separation and the use of self-assembly techniques may
be interesting in this context.

Solar cells based on evaporated small molecules offer an alternative to SPOSCs
as OS films and/or multilayers can be easily deposited with high purity, high
crystallinity, and without pinholes. VTE and OVPD are the most-used techniques,
providing morphological control in the double layer, bulk heterojunction and
tandem approaches. The introduction of an EBL has allowed efficiencies up to 4%.
Besides those advantages, the major drawback is the cost associated with the
production method, especially for large-area solar cells.

Organic small molecules have also found their place as components in hybrid
solar cells, which include dye-sensitized solar cells. In this type of device, organic
molecules can act as both the dye and hole transporting materials. In fact, the field
of DSSCs has grown intensively in the area of novel small organic molecules with
ability to absorb long wavelengths. The indoline dyes represent the DSSC-ruthe-
nium free class that has delivered the highest efficiencies to date.

As HTMs, triarylamine derivatives, especially Spiro-OMeTAD, are the most
studied class of p-type semiconductors. The replacement of the liquid electrolyte
by an HTM is not trivial. Problems associated with poor electrode filling, HOMO
position (which controls the charge transfer yield) and mobility still need to be
solved.

For OSCs in general, the challenges are many. As solar cell efficiencies
improve, however, long-term device stability becomes a more relevant and
important issue to consider. Novel donor and acceptor molecules with improved
optical, electronic, and transport properties are desired. Control over morphology
is experimentally difficult and efforts in this direction continue to receive
increasing attention. Although most OSCs employ amorphous films, partly
because it is relatively easy to deposit amorphous pinhole-free films that adhere
well to substrates and to other films, a tendency to produce more crystalline and/or
aligned OSs has been observed. New cell architectures, the design of an appro-
priate DA combination based on theoretical investigations, more ordered structures
and stable interfaces have been pointed out as strategies to push the efficiency of
these solar cells toward a competitive level. The future is bright for OSCs and
based on recent achievements there is no doubt that their place is certainly
guaranteed in the photovoltaic market.
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Organic Solar Cells with Inverted
and Tandem Structures

De Wei Zhao, Aung Ko Ko Kyaw and Xiao Wei Sun

Abstract During the past decade, organic solar cells have attracted great attention
due to their wide applicability and potentially low-cost fabrication from printing at
low temperature on flexible substrates. Although the technologies of small mol-
ecule and polymer solar cells have advanced significantly, the efficiency and
stability still need to be improved to fulfill the commercial requirements. In
principle, the primary way to improve device performance is to introduce new
materials with the properties of broad absorption range, high charge-carrier
mobility, and long-term stability. On the other hand, the device performance can
be also enhanced by optimizing device structures. In this chapter, we will discuss
the recent progress in organic solar cells with inverted and tandem structures, two
effective approaches to improve device performance. We will review various
interfacial and intermediate layers employed in solar cells based on these concepts.
The stability of the devices with these structures in ambient environment will also
be discussed.
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(a) LUMO Bilayer (b) Bulk heterojunction

LUM

Solar Light
Solar Light

Fig. 1 The basic working principle of OSCs. The energy level diagrams of a bilayer; b bulk
heterojunction. The solid blue line is presenting the energy levels of donor material, and the dash
red line is presenting the energy levels of acceptor material. In the diagrams, A, B, C, D, and
E corresponds to light absorption, exciton formation and diffusion, exciton dissociation into free
charge carriers, charge transport in their corresponding layers or pathways, and charge collection
by the electrodes, respectively

1 Introduction to Organic Solar Cells

1.1 Introduction

Organic solar cells (OSCs) are attracting much attention due to their potential as a
low-cost and flexible energy conversion device. Light conversion to electricity is
carried out through the following processes: (A) light absorption, (B) exciton
formation and diffusion, (C) exciton dissociation into free charge carriers, (D)
charge transport, and (E) charge collection by the electrodes [1, 2] (Fig. 1).
Therefore, efficiency improvement can be achieved by enhancing the efficiencies
of these processes in both bilayer and bulk heterojunction (BHJ) based OSCs.

In order to increase light absorption, a few classes of organic materials with
broad absorption ranges have been developed [3-5], increasing the number of
excitons formed in the photoactive layer. Improvement can also be achieved
simply by increasing the thickness of photoactive layer; however, the thickness is
ultimately limited by the short exciton diffusion length and low charge-carrier
mobility. For the improvement of the diffusion/dissociation efficiency, BHIJ
devices, which blend donors and acceptors, are generally used. In such devices an
ultra-fast charge transfer (~45 fs) [6] between the LUMOs of donors and
acceptors occurs at the donor/acceptor interface. Moreover, the formation of the
nanoscale morphology facilitates the charge transport in interpenetrating networks
[7-9], correlated with the phase separation between the two components. The
phase separation mainly depends on the crystallization of polymer or fullerene [9],
determined to a great extent by the solvents used [10-13], the weight ratios of
polymer to fullerene [7, 14], the concentration of the blend solution [8], and
postannealing treatment [1, 15, 16]. To improve charge collection, buffer layers
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inserted between active layer and electrodes help align the energy levels. On
the anode side, PEDOT:PSS is the most commonly used hole-transporting layer.
P-type-like transition metal oxides have also been introduced to improve the ITO
anode/active layer contact, such as NiO [17], MoO5 [18-20], V,0s [18], and WO;
[21] due to their desirable work functions and good hole-transporting behaviors.
On the cathode side, modification by Ca [22], LiF [23], TiO, [4, 24, 25], ZnO
[26, 27], and Cs,COj3 [28, 29] have been reported to improve the electron transport
and extraction. Therefore, not only the light absorption but also the charge
transport plays a crucial role in the efficiency improvement.

Compared to the conventional device structure, inverted and tandem structures
have been shown to improve device performance for the following reasons:
improved charge transport, better interface stability, and enhanced light harvesting
by means of stacking multiple cells with complementary absorption spectra
[19, 20, 30]. In this chapter, we will review OSCs based on these two structures.

1.2 Main Parameters

The I-V characteristic of a typical OSC is shown in Fig. 2. Generally, the power
conversion efficiency (PCE) of a solar cell is calculated by:
PCE — VOCJSCFF7 FF — (V) ax
P in VOCJ sc

where V. is the open-circuit voltage, J,. is the short-circuit current density, FF is the
fill factor, (VJ)max 18 the maximum product of V and J, and P, is the incident light
power. Generally, the standard incident light is defined by measurement temperature
(25°C), spectral irradiance (AM 1.5G), and total irradiance (100 mW/cmz) with a
spectral intensity distribution matching that of the Sun on the Earth’s surface at an
angle of 48.2°.
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1.2.1 Open-Circuit Voltage (V)

In the metal-insulator—metal (MIM) device, the V. is considered to be determined by
the difference of the work functions of the electrodes used [31]. On the other hand, the
difference between HOMO of donor and LUMO (i.e., the bandgap) of acceptor is
another important factor on which V. is dependent [32], showing a nearly linear
correlation. However, charge-carrier losses at electrodes can lower the V. [33],
indicating V,. is sensitive to the energy levels of organic materials, and the wok
functions of electrodes, as well as their interfaces. Hence, a good contact between
active layer and electrodes, by interfacial modification, is critical for a reasonable V.

1.2.2 Short-Circuit Current Density (/)

Ideally, the Jy. is determined by the photoinduced charge-carrier density and the
charge-carrier mobility within organic materials:

Jso = neulEl

where n is the density of charge carriers, e is the elementary charge, u is the
charge-carrier mobility, and E is the electric field. Assuming the 100% efficiency
for the photoinduced charge generation in a BHJ, n is the number of absorbed
photons per unit volume.

Understanding the optical absorption profile in the active layer is necessary to
obtain a high J,.. Currently, optical modeling of light electric field distribution has
been widely used in OSCs [34-36], considering the interference effect in thin
film devices. This model provides a convenient computation which facilitates
the estimation of exciton diffusion ranges and optimization of film thickness.
A matched spectrum of organic materials with solar spectrum is needed to absorb a
large fraction of solar light. Therefore, low band gap organic materials covering a
broad spectral range are required [3, 5, 37-39]. Moreover, J. is also dependent on
the temperature, demonstrating thermally activated hopping transport in the
polymer/fullerene BHJ devices. Generally, organic semiconductors exhibit low
charge-carrier mobility, within the range from 107> to 1 cm?/V s, limiting the
thickness and the charge transport in the active layer. The BHJ structure can raise
the interfacial areas between donors and acceptors, as well as enhance exciton
dissociation. Only when the BHJ forms fine nanoscale morphology, will this
structure be beneficial to the charge transport and contribute to photocurrent
generation. Thus, the achievements in low band gap materials, high charge-carrier
mobility, and controllable nanoscale morphology, will enhance the Jg.

1.2.3 Fill Factor (FF)

The FF reflects the practical fraction of charge carriers reaching the electrodes
when the built-in potential is lower than the V.. There is a drastic competition
between charge recombination and charge transport [36]. As a result, the product
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of the lifetime 7 and mobility p determines the distance that charge carriers can
drift under an electric field E,

d=uxtxFE

Hence, © x u should be maximized to reduce charge recombination [36].
Furthermore, the series and parallel resistances in a device largely influence the
FF. Generally speaking, the series resistance should be minimized, which can be
overcome by using highly conductive semitransparent substrates and introducing
buffer layers for interfacial modification; on the other hand, it is necessary to free
the devices from “short-circuits” in order to maximize the parallel resistance,
which can be implemented by electrode modification.

1.2.4 Incident Photon-to-Current Conversion Efficiency

Another parameter related to the photocurrent is IPCE, a spectral response rep-
resenting the ratio of the number of electrons generated under the short-circuit
condition to the number of incident photons. It characterizes the capability of the
device converting the photons to electrons, where Js. can be yielded from the
integral of the product of IPCE and AM 1.5G solar spectrum. It is defined by,

1,240 (4

where P;,(7) is the incident light power at a particular wavelength A, J,.(4) is the
short-circuit current density at that wavelength, and 1 is the wavelength of light in nm.

2 Inverted Organic Solar Cells
2.1 Importance of Inverted Structure

The BHJ concept is typically implemented in the common device, where the BHJ
active layer is sandwiched between a PEDOT:PSS-coated ITO anode and a low
work function (LWF) metal cathode. However, the conventional structure has
drawbacks in the stability and lifetime of device. Neugebauer et al. [40] demon-
strated the rapid degradation of the device in air just after 8-12 h using MDMO-
PPV/PCBM and Cg, systems. Schuller et al. [41] developed devices with increased
air-stability by encapsulation with a second glass. They showed that the perfor-
mance of the OSC with a structure of ITO/PEDOT:PSS/MDMO-PPV:PCBM/Ca/
Ag degrades less than 20% after more than 1,000 h of operation under 1/3 sun at
85°C; however, at least 25,000 h of operation is needed for a viable product [42].
One limiting parameter associated with device stability is the LWF metal cathode.
LWF metals, such as Li, Ca, and Al, are air-sensitive and can be easily oxidized,
increasing the series resistance at the organic layer/electrode interface and
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degrading the device performance. Moreover, diffusion of oxygen into the active
layer through pinholes and grain boundaries in the cathode causes the degradation
of the active layer, leading to device instability in air [43]. Also, the interface
between ITO and PEDOT:PSS is not stable, owing to indium contamination into
the polymer layer and the acidic nature of PEDOT:PSS which etches ITO [44, 45].
The degradation of the ITO/PEDOT:PSS interface is faster upon exposure to air
because water is absorbed by PEDOT:PSS film and an aqueous acid environment
is formed due to the reaction between water and PSS [44].

To circumvent the problem associated with LWF metal electrode, a TiO, layer
was inserted between organic active layer and Al electrode, serving as a shielding
and scavenging layer, preventing the penetration of oxygen and moisture into the
active layer [46]. The lifetime of non-encapsulated devices exposed to air was
improved by nearly two orders of magnitude. Such a buffer layer also acts as an
optical spacer and helps increase the photo-generated current [25, 26]. Despite a
better structure for device stability, it still cannot avoid the ITO/PEDOT:PSS
interfacial degradation. On the other hand, to overcome the ITO/PEDOT:PSS
interface problem, Shrotriya et al. [18] replaced PEDOT:PSS with transition metal
oxides (MoOj3 and V,05) as a hole-selective layer, demonstrating the PCEs of 3.1
and 3.33% for the devices with 3 nm V,0O5 and 5 nm MoO; film thicknesses,
respectively, comparable to that of the device (3.18%) with 25 nm PEDOT:PSS.
Unfortunately, this approach could not eliminate the usage of LWF metal (Ca). An
intelligent way to address both top electrode and ITO/PEDOT:PSS interface issues
is to construct an inverted structure, where the charge collection of electrode is
opposite to that of conventional device structure. The reversed polarity of charge
collection allows the use of a high work function (HWF) metal as top electrode as
well as the removal of ITO/PEDOT:PSS interface. HWF metals such as Au and Ag
are less sensitive to air, yielding prolonged interface stability between the active
layer and metal electrode. Moreover, HWF metals offer the possibility of using
non-vacuum-processed techniques such as lamination [47, 48], printing [49, 50],
and coating [51, 52], which decreases production costs and brings closer the
ultimate aim of roll-to-roll manufacturing. In addition, it has been reported that
charge collection is also enhanced in the inverted geometry owing to inherent
vertical phase separation with a donor-enriched top surface and an acceptor-
enriched bottom surface in the blend polymer. Such a vertical concentration dis-
tribution of donor and acceptor disfavors charge transport in conventional
geometry [49]. Another advantage of inverted structure is that if an n-type metal
oxide with large-surface area is employed with a BHJ, the interface between the
metal oxide and light absorbing polymer can provide additional exciton dissoci-
ation sites and generate additional photocurrent [50]. Hence, inverted geometry
contains the advantages of device stability, design flexibility, increased robustness,
and higher photocurrents. So far, the inverted structure has been employed in both
polymer and small molecule OSCs [53, 54]. At the time the inverted structure was
introduced, the PCE of devices with P3HT:PCBM blend were as low as 1.4% [51].
Through optimization of the electron selective buffer layer via increasing its
conductivity and aligning the energy levels at the polymer/electrode interfaces, the
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PCE of inverted device with P3HT:PCBM active layer recently achieved 4.2%,
comparable to that of regular device [52].

2.2 Charge Collection in Conventional and Inverted Devices

The energy conversion process of incident photons into electricity in an inverted
structure device is the same as that in a conventional OSC, as discussed in Sect. 1.
The only difference between two structures is the process of charge collection.
Typically, a conventional structure device consists of ITO/PEDOT:PSS/poly-
mer:fullerene blend/LWF metal from bottom to top (Fig. 3a), whereas an inverted
structure device is composed of ITO/n-type material/polymer:fullerene blend/ HWF
metal (Fig. 3b). In principle, ITO is able to collect either holes or electrons from the
polymer:fullerene network because its work function (from —4.5 to —4.9 eV) is
between the HOMO and LUMO values of these organic materials (Fig. 4a). In the
conventional device, ITO is modified by p-type PEDOT:PSS, which has a HWF so
that electrons are blocked and only holes are collected by ITO anode (Fig. 4b).
Since the electrons must be extracted from the top electrode, air-sensitive LWF
metal is applicable as the top cathode. On the other hand, if ITO is modified by
n-type material with a LWF, the holes will be blocked and electrons will be
exclusively collected by ITO electrode (Fig. 4c). Collecting the holes at the other
side allows the usage of HWF metal as top electrode without losing the asymmetric
electrode structure and concurrently eliminating the PEDOT:PSS/ITO interface
issue. Applying this concept in an inverted device, the ITO is coated with n-type
material which can be transition metal oxides [55, 56], an alkali-metal compound
[52], an ultra-thin LWF metal [53], or an organic material [42], instead of hole-
transporting material. In some modified inverted devices, a hole-transporting layer
is inserted between the active layer and the HWF electrode to effectively block the
excitons and adjust the optical field distribution in the active layer [53, 54].
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2.3 Bottom Illuminated Inverted Structure

Owing to the advantages in device stability and design flexibility compared to
conventional structure, the inverted geometry has attracted significant attention in
OSC research. To date, many efforts have been made to improve the efficiency,
stability, and ease of processing via altering the materials and sequence of func-
tional interfacial layers and studying the influence of interfacial layers on the
performance of the device. Based on the previous research, inverted structures
OSCs can be categorized into two groups: bottom illuminated and top illuminated,
determined by the direction of light illumination. The implementation of bottom
illuminated structure was achieved by Sahin et al. [42] in 2005. Typically, the
bottom illuminated inverted structure employs a HWF metal as the hole collecting
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Fig. 5 a Device structure of White’s inverted device and b estimated band diagram for the
device prior to any Fermi- or vacuum-level alignment of the layers [56]

top electrode while ITO modified with a LWF material is used as the bottom
electrode to effectively collect the electrons from the active layer and allow the
light to enter the active layer, similar to the structure shown in Fig. 3b.

2.3.1 Transition Metal Oxide as Interfacial Layer

Transition metal oxides offer a unique opportunity to fabricate the devices with
large area and at a low cost via solution-processing, which is similar to the
solution-processing of organic material. The organic materials’ electrical and
optical properties, such as the control of work function, charge injection, and high
transparency in the visible range, play important roles in their applications in
optoelectronic devices. The modification of organic layer/electrode interface by
inserting a transition metal oxide has been very beneficial to organic light-emitting
diodes (OLEDs) [54] and organic thin film transistors (OTFTs) [57].

ZnO is one of the transition metal oxides whose work function is suitable to
collect electrons as well as block holes from photoactive layer. White et al.
demonstrated solution-processed ZnO as a functional interfacial layer in the
inverted device [56]. The PCE of 2.58% (Certified NREL measurements 4 days
after fabrication) was achieved with a structure of ITO/ZnO/P3HT:PCBM/Ag
(Fig. 5). The solution-processed ZnO film after annealing at 300°C for 5 min in air
results in crystalline ZnO with a work function of —4.3 eV which is close to its
conduction band of —4.1 eV. The V. of 0.556 V for these devices is similar to
that commonly reported in a conventional device with ITO/PEDOT:PSS/
P3HT:PCBM/AL structure, implying that there is no significant energy loss during
the electron transferring from the PCBM to the ZnO layer. Based on the finding
that V. value of MDMO-PPV:ZnO nanoparticle blend device [58] and that of
MDMO-PPV:PCBM [12] are similar, the authors also suggested that LUMO of
PCBM is close to the conduction band of ZnO at —4.1 eV, rather than commonly
reported value of —3.7 eV [18, 59]. Similarly, the work function of Ag is shifted
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Fig. 6 Field emission scanning electron microscopy (FESEM) images of ZnO films derived
from a 0.75 M, b 0.5 M, and ¢ 0.3 M sol. The bar scale is 100 nm [60] (With kind permission
from Springer Science + Business Media: Kyaw et al. [60], figure 3)

away from the vacuum level instead of documented value at —4.5 eV due to the
exposure to oxygen. The matched energy level between LUMO of PCBM and
conduction band of ZnO as well as that between HOMO of P3HT and shifted work
function of Ag provides efficient electron and hole extractions at the electrodes,
resulting in a high quantum efficiency of 85% from 500 to 550 nm. The high
rectification of the diode (on the order of 10%) is attributed to the efficient hole
blocking by ZnO at P3HT/ZnO interface.

Despite an initial realization of ZnO as interfacial layer, White et al. did not
reveal how the ZnO layer influences the performance of inverted cells. We con-
ducted a systematic study on the effect of solution-processed ZnO film and its
properties on the performance of the device, employing a device structure of FTO/
ZnO/P3HT:PCBM/Au where ZnO film was fabricated by the sol-gel technique
[60]. One important criterion to be utilized as an interfacial layer in organic
devices is to ensure a pinhole-free film to prevent short-circuits in the device. We
demonstrated that conformal and pinhole-free film can be achieved by manipu-
lating the concentration of sol. As shown in Fig. 6, ZnO colloids are not closely
packed in the film derived from 0.75 M sol, creating nano-sized gaps on the film.
These gaps are favorable for polymer to infiltrate the ZnO film and cause direct
contact between polymer layer and FTO, leading to short-circuits. On the other
hand, the grains produced from both 0.5 and 0.3 M are smaller than that from
0.75 M, resulting in conformal and closely packed films. Therefore, the
I-V characteristics of the devices with ZnO layer derived from 0.5 and 0.3 M sols
do not show any short-circuit behavior, but do demonstrate the photovoltaic effect.

We also showed that room-temperature surface activation effectively removes
unwanted chemical groups capped in the ZnO colloids without further increasing
the annealing temperature. Generally, zinc-oxo-acetate oligomers are formed
during the hydrolysis and condensation of the sol-gel process due to the presence
of OH™ groups and acetate (CH;COO™) groups from a zinc acetate dihydrate
precursor [61]. Ammonia treatment is able to remove the ZnAc, coated on the
surface of the ZnO film by forming dissolvable Zn(NH3);~ ions [62]. The removal
of Ac ions by ammonia treatment was verified by XPS. In high resolution C(1s)
spectra (Fig. 7), two distinct peaks are observed at binding energies around 288.6
and 284.6 eV for as-deposited film. One peak at higher binding energy
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corresponds to the carbon atom bonded to carbonyl oxygen atom in the acetate
group and the other peak associates with adventitious carbon atoms. The inten-
sities of both peaks are attenuated after low-temperature annealing while the
acetate group diminishes strongly and the intensity of carbon reduces to half after
additional ammonia treatment. As a result, the PCE of the device with ZnO
interfacial layer derived from 0.3 M sol increases significantly from 0.82 to 1.55%
(Fig. 8). The I-V curves (in semilogarithmic scale) of the cells in the dark (the
inset of Fig. 8) show that the device with ammonia treated ZnO film has a higher
current in the forward direction and a lower leakage current in the reverse
direction. Finally, our optimized device adopted with a sol-gel derived ZnO
electron selective layer and MoO; hole selective layer achieves a maximum PCE
of 3.09% [63].

Hau et al. also reported that inverted cells with spin-coated ZnO nanoparticle as
an electron selective layer and PEDOT:PSS as a hole selective layer have PCEs of
3.78 and 3.58% on glass and plastic substrates, respectively [64]. Despite a similar
FF, the J,. of inverted device is higher than those of regular devices due to the
additional acceptor—donor interface between ZnO and P3HT, which generates
additional photocurrent. In addition to solution-processed ZnO film, flexible
inverted cell was recently fabricated with an atomic layer deposited (ALD) ZnO
interfacial layer [65]. Being deposited layer by layer at atomic scale by introducing
reactant gas into the reaction zone separately and sequentially, a conformal and
pinhole-free film can be achieved at low temperature process (<100°C). The PCE
of the device with ZnO grown at 80°C is higher than those with ZnO grown at
45°C, which is attributed to the lower resistivity of ZnO layer and a more
hydrophobic surface, beneficial to the adhesion of polymer films. The PCE of the
device using ALD ZnO (grown at 80°C) as the electron selective layer has
achieved 4.18%, higher than previously reported values; however this technique
has the drawbacks of high equipment cost and slow deposition rate. In addition to
polymer:fullerene-based OSCs, an inverted architecture was also implemented in a
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small molecule-based OSC, employing solution-processed ZnO as the interfacial
layer. Liu et al. fabricated an inverted small molecule OSC with an ITO/ZnO/
CuPc:Cg/CuPc/PEDOT:PSS/Ag structure, showing a PCE of 0.31% using a ratio
of 4:1 for CuPc:Cgq [66]. It is worthwhile to note that, the devices without ZnO
interfacial layer do not show good rectification behavior in dark in both BHJ and
small molecule heterojunction devices (Figs. 9a and 10). For the inverted device
without ZnO interfacial layer, since the energy barrier height for electron injection
into the active layer is quite large, a rise in dark current can be observed only at a
sufficiently high positive bias and the current is quite small, compared to that of the
device with ZnO layer. Moreover, in the J-V curve under illumination (Figs. 9b
and 10), the device without ZnO shows a rise of current at low positive (even at
negative voltage in the small molecule device), a small V. because ITO has a
larger work function than Ag, the flat-band condition is met at a negative bias
voltage, and electron transport to ITO is not favored at positive bias voltage. The
LWF interfacial layer, therefore, is a key factor to obtain a rectification behavior of
diode in the dark and photovoltaic effect under illumination.

TiO, is another transition metal oxide applicable as an interfacial layer in an
inverted structure since its conduction band (—4.4 eV) [25] is well matched with
LUMO level of PCBM (—4.3 eV) [67] and its valence band (—7.5 eV) [25] also
effectively blocks the hole collection to ITO. Waldauf et al. [55] investigated an
inverted OSC using solution-processed TiO, as the electron selective layer,
comparing the performance of regular device (ITO/PEDOT:PSS/P3HT:PCBM/
LiF/Al) and inverted device (ITO/TiO,/P3HT:PCBM/PEDOT:PSS/Ag). In con-
trast to the literature [64], the J. of inverted device is lower than that of regular
one. However, this group claims that the FF of the inverted device is higher than
that of the regular device because TiO, serves as an efficient hole-blocking layer,
leading to a lower leakage current. They prepared the solution of P3HT:PCBM
blend in low-cost o-xylene solvent rather than chlorinated-based solvents, con-
sidering that o-xylene is more beneficial to inverted devices, based on the electron
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Fig. 9 The J-V characteristics of inverted OSCs (ITO/ALD-grown ZnO/P3HT:PCBM/MoQO/
Ag) with different ZnO thicknesses deposited at 45°C, a in the dark, and b under AM 1.5G
illumination [65] (Reproduced by permission of The Royal Society of Chemistry (RSC) for the
European Society for Photobiology, the European Photochemistry Association, and the RSC)
(http://dx.doi.org/10.1039/B921396A )

and hole mobility extracted from OTFT characterization. In the blend layer pre-
pared from o-xylene, the hole mobility is 25 times higher than the electron
mobility. Although balanced transport is required to reduce space charge building
and charge recombination, the group speculates that for the inverted device, where
light is illuminated from bottom and hole is collected by top, higher mobility of
hole is necessary due to a longer distance travel. No other groups, however,
continue the investigation on the effect of o-xylene as the solvent on inverted
device performance. Nanostructure n-type oxides, such as ZnO nanorods [68, 69]
and TiO, nanotubes [50, 70] are also employed as an electron selective layer in
inverted devices, which will be discussed in detail in double-heterojunction device,
in (Sect. 2.5).

While n-type oxides serve as an interfacial layer at the bottom electrode for
electron collection, p-type-like oxides, which have been utilized for hole injection
in OLEDs [71, 72], anode buffer layers in conventional OSCs, and intermediate
layer in tandem OSCs [17, 18], are introduced as a hole selective layer and exciton
blocking layer in inverted device. Although PEDOT:PSS layer can be employed as
a hole-transporting layer in an inverted cell [73, 74], its hygroscopic nature is
likely to form insulating patches due to the water adsorption, degrading device
performance [73, 75]. We demonstrated that V.. and FF of the inverted device
(FTO/ZnO/P3HT:PCBM/Ag) increases from 0.567 to 0.616 V and from 47 to
57%, respectively, by inserting a thermal-evaporated p-type-like MoOj layer
between the active layer and the top electrode, as shown in Fig. 11 [63]. The
p-type-like MoOj serves as an exciton blocking layer because the energy band gap
(~3.0 eV) of MoOs is higher than the exciton energy (~1.9 eV) of P3HT, thereby
suppressing exciton quenching at the organic/metal interface and leading to the
increase in FF. Tao et al. also adopted thermal-evaporated MoO; as a hole
selective interfacial layer in an inverted device together with sol-gel processed
TiO, electron selective layer [76]. They studied three different metals (Au, Ag,
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Fig. 10 The J-V characteristics of inverted small molecule devices with ZnO (ITO/ZnO/
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and Al) as top electrodes and found that there is a considerable difference in the
Vo of the devices without MoOj present. However, the variation in the V. for the
device with MoOj; is within 20 mV, suggesting that the V,. of device is inde-
pendent of the work function of top electrode when an anode buffer layer is
included. This group also revealed that the device with MoOj3 has a higher V,,. than
corresponding devices without MoO;, which is consistent with our finding.
Schmidt et al. [77] demonstrated thermally evaporated thick MoO; as a protective
layer in a semitransparent inverted OSC. The control device (ITO/TiO,/
P3HT:PCBM/Mo00O3/Al) and semitransparent device (ITO/TiO,/P3HT:PCBM/
MoOs/sputtered-ITO) were fabricated and the effect of the thickness of MoO3
layer was investigated. Surprisingly, the characteristics of the control devices vary
slightly when MoOj thickness changes from 5 to 40 nm, yet a significant differ-
ence is observed for semitransparent devices by varying MoOj thickness. The J-V
characteristics of the semitransparent device with 5 nm-thick MoO3 shows an
S-shape with a low FF, whereas the device with 40 nm-thick MoOj exhibits an
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increased FF of 60% with no increased series resistance. The authors claimed that
5 nm MoQOj; is not thick enough to protect the active layer from the impact of
sputtering ITO top electrode and therefore the charge extraction at the organic/MoOj3
and MoOs/ITO interfaces is deteriorated and FF is declined. In contrast, the damage
from sputtering ITO is well protected by 40 nm-thick MoOs;, resulting in a high FF.

Alternatives to MoO; include other widely utilized p-type-like oxides, such as
V,05 and WOj3. Thermally fevaporated V,05 was applied as a hole injection layer in
the inverted OSCs, complemented with Cs,COj3 [59] and TiO, nanotubes [70] as the
electron selective layer. Due to the HWF of V,0s, areasonable value of V. (~0.59 V)
is achieved in the inverted cell even though a LWF Al is used as the top electrode [70].
Like MoO3, V,05 was employed as a protective layer in a transparent OSC, which is
important for realizing tandem OSCs for further efficiency improvement [59].
Besides thermally evaporated V,0s, solution-processed V,0s, which is more com-
patible with solution-processed polymer OSCs, was also demonstrated by Huang et
al. [68]. In addition to a higher V,,. and FF due to suppression of leakage current at the
organic layer/top electrode interface and HWF, V,05 acts as an optical spacer which
adjusts high optical field distribution across the active layer, leading to 6% increase in
IPCE at 550 nm and a 5% increase in J.. It also serves as a barrier for preventing
oxygen and water from entering the active layer owing to V,0s’s relative insensitivity
to water and stability in air. A thermally evaporated WOj3 as a hole selective inter-
facial layer in inverted OSC was realized by Tao et al. [78]. Similarly, WOj3 has
multiple function: efficient hole collection, suppression of leakage current, and
enhancement in built-in potential, all of which result in higher J., V.., and FF,
compared to devices without WOj3;. Similar to MoOs;, inserting WO; buffer layer
makes the influence of the work function of the electrode on V. diminutive. J,
however, depends on the top electrode due to different properties of reflection of light
for different metals. The group also demonstrated the transparent OSC by applying
WO;5 (10 nm)/Ag (13 nm)/WOj3 (40 nm) where the bottom 10 nm WOj; serves as the
buffer layer and the top Ag (13 nm)/WO5 (40 nm) serves as the transparent electrode.

2.3.2 Alkali-Metal Compound as Interfacial Layer

Alkali and alkali-earth metal compounds are considered as candidates for electron
injection materials due to their LWF and insensitivity to moisture and oxygen.
Alkali metal (Li*, Na*, K*, Rb*, and Cs*) acetates and fluorides have revealed the
enhanced electron injection in OLEDs since 2001 [79]. Cs,COs, easier to handle in
comparison with other commonly used alkali-metals, was introduced by Toshinori
et al. [75] from Canon as an electron injection layer for top emission OLEDs. It
was also implemented as an interfacial layer in an n-channel OTFT for the
reduction in the energy barrier of electron injection, the prevention of unfavorable
chemical interaction between organic layer and metal electrode, and the reduction
in contact resistance [80].

It is believed that Cs,CO5; was first demonstrated in OSCs by Li et al. [59].
By interchanging the positions of Cs,CO3 (1 nm) and V,05 (10 nm) below and
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Fig. 12 a Evolution of secondary electron edge with different alkali metal compounds on ITO,
b illustration of the formation of dipole layer on ITO due to alkali metal compound and its effect
on reducing the work function of ITO [81] (Copyright Wiley—VCH Verlag GmbH & Co. KGaA.
Reproduced with permission)

above the active layer, a conventional cell was transformed into inverted cell with
a PCE of 2.25%. In the conventional cell, V. and FF are improved significantly,
however J,. is reduced by inserting 1 nm Cs,CO;, suggesting that physical
damage may reduce the photocurrent. However, in the inverted cell, Cs,CO5 is
deposited onto ITO and all parameters are improved. Cs,CO5 can be deposited by
both solution-processing and thermal evaporation, without significantly influenc-
ing the PCE. Although LiF thin film enhances V,. and FF in conventional cells
[23], it results in low V. and FF in inverted cell due to the presence of an anti-
diode. An interesting observation related to alkali compounds in inverted OSCs is
that the same metal salt (Cs) with different anions (carbonate, fluoride, and acetate)
results in almost the same device characteristic because buffer layers containing
the same metal salt have similar work functions. However, different metal salts
with the same COj anion yield different device characteristics owing to different
work functions (Fig. 12a) [81]. A strong dipole layer is formed at the interface of
ITO (or FTO) and alkali metal due to the electron donating ability of metal
species, which alters the work function of ITO (or FTO) (Fig. 12b). Among the



Organic Solar Cells with Inverted and Tandem Structures 131

(a) 100 4 —=— Ca(0nm)/Polymer(85hm)

(b) 0 T T v l!’
—+—Ca(0.5nm)/Polymer(85nm) e . “___“‘ ]
=y -~ Ca(1nm)/Polymer(85nm) .*"
$ 8o —+— Caf2nm)/Polymer(85nm) ,* 1 ~ -2f(0.0nm, 23.2%, 0.04%) - .
@ . Ca(3nm)/Polymer(85nm})* "E (0.5nm, 55.3%, 2.73%) 1"/
c A aett (] y i
s 60 1 < | (1.0nm,65.9%, 3.55%) ; 4 4
= £ P
£ - (2.0nm, 64.2%, 3.25%) 7/
8 40 g H . g
© = g} (3.0nm, 60.6%, 3.03%) i |
=
20 i M'/./"' s
ITO Glass. 3 FTOITITT
0 1 'l ' 'l L 1 " 1 L i 'l
350 400 450 S00 S50 600 650 700 0.0 0.2 0.4 0.6 0.8
Wavelength (nm) Voltage (V)

Fig. 13 a The transmittance spectra of the films Ca (x nm)/P3HT:PCBM (85 nm) with x = 0,
0.5, 1, 2 and 3 nm. The inset shows the device structure of inverted organic solar cell, b The
J-V characteristics of inverted cells with 3 nm MoO; and different thickness of Ca under
100 mW/cm? illumination. The corresponding Ca thickness, FF, and PCE are shown in the
format of (Ca thickness, FF, PCE) (Reprinted with permission from Ref. [53]. Copyright 2009
American Institute of Physics)

alkali-metal compounds (Cs, K, Na, Li metal with CO5 anions), Cs,CO3 reduces
the work function the most due to formation of the strongest dipole moment,
leading to higher Jy. and V,. and a lower series resistance, compared to other
compounds. Higher J,. and lower series resistance are related to the enhanced
interfacial charge transfer rate at the cathode and higher V,. corresponds to the
lower work function of cathode before Fermi level pinning.

2.3.3 Ultra-Thin LWF Metal as Interfacial Layer

LWEF metals such as Ca and Mg are inserted between active layer and top electrode
in a conventional OSC to enhance the charge collection and built-in potential of
the device [82]. Similarly, being sandwiched between an ITO electrode and the
active layer in an inverted cell, LWF metals can serve as an interfacial layer
that efficiently collects electron. Recently, we have investigated the impact of
thermally evaporated, ultra-thin Ca in inverted cell using a structure of ITO/Ca/
P3HT:PCBM/MoO3/Ag (the inset of Fig. 13a) [53]. Without Ca, the cell is a hole-
only device, exhibiting nearly no photovoltaic effect. When Ca is inserted, the
PCE significantly increases and achieves 3.55% with 1 nm-thick Ca (Fig. 13b).
The work function of Ca (—2.9 eV) lowers the work function of ITO, thereby
increasing the V. of device considerably due to Fermi level pinning between Ca
and PCBM via surface states. As a result, an Ohmic contact is favored between the
Ca and PCBM [83]. In contrast, a rectifying contact between Ca and P3HT is
formed, which blocks the hole collection on the ITO side [83]. It is worth men-
tioning that Ca layer is not oxidized because Ca is deposited in a vacuum of
9.0 x 107> Pa and subsequent layers protect it from moisture and oxygen. This is
indirectly verified by a poorly performing device with Ca being replaced by CaO
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(oxidizing Ca by dry air). Similarly, other LWF metals like Mg result in photo-
voltaic effect comparable to Ca. On the other hand, when HWF metal Ag
(—4.5 eV) is applied to the ITO surface, an V,. of only 0.29 V is yielded. This
clearly reveals that LWF metals are also suitable to be adopted as electron
selective interfacial layer for inverted cell.

2.4 Top Illuminated Inverted Structure

In contrast to bottom illuminated devices, the reflective metal electrode is
embedded in the device and either a transparent conductive oxide or a thin metal or
metal grid is employed as the top electrode in a top illuminated device (Fig. 14).
The top illuminated structure is appealing in solar cell research because it allows
for the usage of low-cost metal foil substrates and plastic foils with opaque metal
coatings. Moreover, it can eliminate the need for expensive ITO if a metal grid or
thin metal film is used as top electrode.

It is believed that the first top illuminated inverted structure was introduced by
Glatthaar et al. in 2005 [51]. The top illuminated inverted cell was formed by Al
(80 nm), Ti (20 nm), P3HT:PCBM (250 nm), PEDOT:PSS (250 nm), and an
Au-grid (50 nm) sequentially placed on a glass substrate. Electrons are extracted
from the bottom Al electrode and holes from the top Au-grid electrode. Herein, a
thin Ti layer, which has high electron mobility even if oxidized, is used to prevent
the formation of highly insulating oxide at the surface. The combination of highly
conductive PEDOT:PSS and Ag-grid allows the light to enter the active layer
without sacrificing sheet resistance. Despite a low PCE of 1.4% with
Jo = 4.6 mA/em?, V,. = 0.58 V, and FF = 53%, the result was promising and
the device structure was significant at the point of time. Unfortunately, such a
device structure was not well-known in inverted solar cell research and no similar
work was reported until recently. Chen et al. [84] rejuvenated this structure on a
stainless-steel (SS) substrate. Its device structure is photoresist (PR) and SiO,
coated SS foil/Ag(100 nm)/ITO(100 nm)/Cs,CO3/P3HT:PCBM/MoO3(15 nm)/
Al-grid/ITO. PR is used to reduce the roughness of SS foil and SiO, is to prevent
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PR from damage associated with solution process. While PR and SiO, serve as
non-functional buffer layers, Ag plays an important role in reducing sheet resis-
tance and serves as a light reflector. The reason for inserting ITO between Ag and
Cs,CO5 is not clear. Al-grid with 10% shadow fraction embedded between MoO;
and ITO further reduces the sheet resistance of the device without sacrificing much
in optical loss. Another example of using Cs,COj as electron selective layer in top
illuminated inverted structure is a device composed of an opaque Ag substrate/
Cs,CO5/P3HT:PCBM/PEDOT:PSS/Ag nanowires (Fig. 15) [47]. The device is
fabricated from the Ag substrate up to the PEDOT:PSS using solution-processing.
To deposit the Ag nanowires as the top electrode, Ag nanowire meshes were
pressed with a glass substrate to flatten the nanowire mesh first and then laminated
onto the previously deposited PEDOT:PSS surface. The advantage of this device is
that all solution-processed inverted cells can be realized without an ITO electrode,
potentially reducing cost. The top Ag nanowire electrode has a transparency,
similar to ITO with a sheet resistance of 10 Q/square. A PCE of 2.5% with
Joe = 10.59 mA/cm?, V,. = 0.51 V, and FF = 46% was achieved. However, as
the case in bottom illuminated device, the device without Cs,COj3 layer results in
low Jg., Ve, and FF. Another all solution-processed top illuminated inverted cell
was fabricated on a granular surface-nickelized polyimide (NiPI), which serves as
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both substrate and cathode [85]. Different from other inverted cells, titanium
(diisopropoxide)bis(2,4-pentanedionate) (TIPD) is used as the electron selective
interfacial layer based on the previous finding that TIPD interface significantly
reduces the interface resistance between the cathode and the active layer [86].
A high-thickness layer (minimum 200 nm) of P3HT:PCBM, about twice as thick
as those used in conventional devices, is used as the active layer to prevent
short-circuit due to the imposed morphology (granular structure) of the anode.
High conductive PEDOT:PSS with an Ag grid is used as the top electrode. Despite
the fact that the work function of Ni is —5.3 eV [87], and that of NiPI is reduced
to —3.9 eV, compatible with the conduction band of TIPD (—3.9 eV) and lower
than the work function of Al. One advantage of employing a granular anode over a
planar anode is improved light-trapping in the active layer. Since the refractive
index of P3HT:PCBM (1.6-2.2) is higher than that of PEDOT:PSS (1.1-1.6)
[88, 89], the tilted light reflected from the granular NiPI is likely to be trapped by
P3HT:PCBM layer rather than refracted into the PEDOT:PSS layer due to total
internal reflection as illustrated in Fig. 16. The reflective haze factor measurement
and external quantum efficiency (EQE) test, in which the reflective haze factor and
EQE obtained from granular NiPI film are higher than that obtained from planar
AIPI film, thus verify that a granular anode improves the light scattering and
trapping in such device structure. This ITO-free inverted cell on flexible granular
NiPI film has a PCE of 2.4%.
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The top illuminated inverted structure was also implemented in small molecule
OSCs. Tong et al. [90] demonstrated an inverted small molecule OSC on a
reflective substrate, employing a structure of quartz substrate/Ni/CuPc/PTCBI/
BCP/ITO. The top ITO electrode was deposited by sputtering. This device with
optimized thickness of acceptor (10 nm) and donor (35 nm) gives a PCE of
0.74% + 0.03%. In fact, this device is more similar to a conventional device
because holes are extracted by the bottom electrode and electrons are collected by
the top electrode. Only the direction of illumination is reversed. The actual
inverted structure, in which electrons are collected by the bottom electrode and
holes are collected by the top electrode, was also fabricated with quartz/Ag/BCP/
PTCBI/CuPc/ITO, yet this device structure did not work, probably due to the
damage caused by sputtering ITO directly on CuPc surface.

An ITO-free top illuminated small molecule BHJ OSC was realized using
100 nm Al as the bottom electrode, 30 nm of 10 wt% ZnPC (10 nm)/ZnPC:Cg
(25 nm, weight ratio of 1:1)/Cgy (40 nm) as the active layer, 7 nm of BPhen as the
exciton-blocking and electron-transporting layers, and finally ultra-thin Al and Ag
with different combinations of thickness as the top electrode [91]. The novelty of
this device is the fabrication of cell without ITO or a metal grid. Likewise previous
small molecule OSCs, although it was called an inverted OSC, its structure
resembles a conventional structure. By varying the thicknesses of Al and Ag top
electrodes, optimized device performance was achieved. Al acts as a surface-
mediating layer to ensure good adhesion of Ag and formation of a closed, flat Ag
layer with a smooth morphology, but causes optical loss due to high reflectivity.
The optical transmittance does not suffer much from the Ag layer and it serves as
the main conductive component of the top electrode. However, at a thickness
below a certain coalescence threshold, depending on evaporation rate, substrate,
and pressure [92], some isolated Ag clusters, islands or hillocks that act as charge
traps center form, leading to unbalanced charge-carrier extraction. The optimized
thickness of the top electrode, therefore, is a combination of 1 nm Al and 14 nm
Ag, which results in an improved morphology of metal contact without causing
optical loss, leading to a PCE of 2.21% with J,. = 7.9 mA/cm?, V. = 0.519 V,
and FF = 53.86%.

2.5 Inverted Organic Solar Cells with Nanostructure
Metal Oxides or Double-Heterojunction Structure

As discussed in Sect. 2.3.1, n-type transition metal oxides serve as an interfacial
layer between a polymer:fullerene blend and an ITO electrode to effectively col-
lect electrons and block holes. In addition to planar thin film, nanostructure metal
oxide can also be employed as an interfacial layer in inverted cells. The inverted
OSC with a nanostructure metal oxide, also referred to as a double-heterojunction
device, owing to the formation of two acceptor—donor heterojunctions: one junc-
tion is between polymer and fullerene interface and the other one is between
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polymer and n-type metal oxide. Despite an efficient dissociation of photogener-
ated excitons due to the electron transfer from semiconducting polymer to ful-
lerene, the BHJ still suffers from poor charge collection due to the inherently
random penetrating network morphology and the problem of segregation of the
donor and acceptor phases. On the other hand, an ordered heterojunction (e.g., a
well-ordered, mesoporous TiO, infiltrated with polymer) provides a straightfor-
ward pathway for electron transport/collection and enhances the hole transport due
to the vertical confinement of the polymer chains in the pores if the pore size is
appropriate (ca. 20-30 nm) [93]. A double-heterojunction, as a result of combining
features of BHJ and ordered heterojunction, not only has advantages of ordered
network morphology but also enhances the exciton dissociation sites due to the
large-surface area of the nanostructures, providing additional acceptor—donor
junctions between polymer and n-type metal oxide. Light harvesting can be
improved due to an increased amount of active layer; however, there is a negligible
drawback in exciton recombination due to the infiltration of polymers inside
nanostructure with pore size comparable to the exciton diffusion length.

However, the challenge in realizing such a device is to fabricate the nano-
structures with a highly ordered and controlled pore size since the structure of
polymer chain infiltrated inside the nanostructure significantly depends on both
alignment and pore size. Coakley et al. revealed that the charge-carrier mobility of
the polymer is increased as much as 20-fold due to the vertical channel confine-
ment in the pores along the direction perpendicular to the substrate [94]. However,
it should be noted that the polymer chains cannot twist and a high-degree of
n-stacking between polymer chains cannot exists (which would allow for the
delocalization of excitons over multiple chain) due to the constrictions imposed by
the strongly confining pores (ca. 8 nm) [93]. Moreover, very small pores allow
only isolated chains of polymer rather than coiled interacting chains, resulting in
low polaron yield or polaron lifetime [95]. Larger pore sizes allow more film-like
environments with aggregated and coiled polymer chains. According to pre-
liminary study, it is believed that straight pores and larger pore size will be
required for double-heterojunction devices to achieve good hole transport in the
films.

Mor et al. [50] demonstrated an inverted OSC with nanostructures by infiltrating
P3HT:PCBM blend into TiO, nanotubes with a length of 270 nm and a pore size of
50 nm, which is large enough to allow the formation of coiled interacting chains as
in bulk polymer film. TiO, nanotubes were fabricated on FTO glass while Au was
employed as the top contact. PEDOT:PSS was used as the hole collecting and
electron blocking layer as shown in Fig. 17. With this structure, a PCE of 4.07%
with V. = 0.641 V and FF = 51.1% was achieved. The high Jy. (12.4 mA/cm?)
and high EQE (maximum 80% at 538 nm) are most likely due to the additional
exciton dissociation sites at the P3HT:TiO, interfaces and large P3HT:PCBM
interface area, since the blend layer is infiltrated into large-surface area nano-
structures instead of planar layers. However, the fraction of the contribution from
the P3HT:TiO, interface cannot be determined since the experimental result of
photocurrent generated from the P3HT:TiO, only device (without PCBM) was not
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Fig. 17 Inverted device structure using TiO, nanotubes as electron selective layer (leff) and
J-V characteristic of the device (right) (Reprinted with permission from Ref. [50]. Copyright
2007 American Institute of Physics)

disclosed. Another inverted cell with TiO, nanotubes was reported by Yu et al.,
employing an ITO/TiO, nanotubes/P3HT:PCBM/V,0s/Al structure [70]. With
TiO, nanotubes having 15 nm pores prepared by anodizing 100 nm Ti film on ITO
for 27 min at 20 V and then annealing at 500°C for 1 h, the resulting inverted cell
obtained J,. = 10.96 mA/cm?, Voe = 0.59 V, and FF = 42%, leading to a PCE of
2.71%. A very short anodization time results in a low J. because residual Ti film
exists due to incomplete formation of nanotubes, causing a high series resistance in
the cell. It is also possible that the low carrier mobility of the polymer resulting
from the lack of high-degree m-stacking of polymer chain inside small pores is
responsible for inferior device performance. Over anodization also deteriorates the
device performance because the weakly acidic electrolyte over-etches the ITO
electrode. In fact, this inverted cell should be fabricated on FTO rather than ITO
because the annealing process of TiO, nanotubes at high temperature has a negative
impact on the resistivity of ITO but FTO is not susceptible. This may be one of the
reasons for that the device performance is lower than Mor’s reported values despite
a similar fabrication process and device structure.

In addition to TiO,, ZnO nanostructures are also applied in inverted devices. In
fact, the realization of inverted device with ZnO nanostructure was earlier than
TiO,. Olson et al. reported an inverted device with ITO/ZnO nanofiber/
P3HT:PCBM/Ag architecture, where ZnO fibers were fabricated from a hydro-
thermal method, with a PCE of 2% with a J. of 10 mA/cm?, Voe of 0.475 V, and
FF of 43% [69]. However, the device without PCBM (i.e., ITO/ZnO nanofiber/
P3HT/Ag hybrid) shows a Js. of 2.2 mA/cm?, Vo of 0.44 V, and FF of 56%,
leading to a PCE of 0.53%, implying that about 20% of photogenerated current in
the inverted device is contributed from the P3HT (donor):ZnO (acceptor) het-
erojunction. Takanezawa et al. fabricated an inverted cell with the same archi-
tecture, which achieved a PCE of 2.7%. The J. of the device with ~ 160 nm ZnO
nanorods is ~7 mA/cm? and that of the device under the same condition without
PCBM is ~ 1.2 mA/cm?, suggesting that about 17% of photocurrent is contributed
from P3HT:ZnO heterojunction [96]. Based on these observations, it can be
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Fig. 18 a The J-V characteristics of inverted devices with ZnO films derived from different sols
under simulated solar irradiation of AM 1.5G. The corresponding sol concentration, FF and PCE
are shown in the format of (sol concentration, FF, PCE). b The transmission spectra of ZnO films
derived from different sols (Reprinted with permission from Ref. [63]. Copyright 2008 American
Institute of Physics)

concluded that nanostructure oxides serve as an electron selective layer and an
acceptor, which allows the formation of additional heterojunction although the
photocurrent primarily comes from polymer:fullerene heterojunction.

2.6 Power Efficiency Improving Techniques

The performance of inverted OSCs can be improved in two main aspects. One is
manipulating the active layer so that the orientation of vertical phase separation is
beneficial to the charge transport to respective electrodes. The other is engineering
the interfaces between the organic layer and electrode to promote efficient charge
collection, to reduce the contact resistance, and to minimize the charge trapping at
the interfaces. Many efforts have been made on latter part, yet work on manipu-
lating the active layer has been lacking. In this section, a few techniques that
improve the efficiency by interface engineering will be discussed.

The interfacial buffer layers, both electron and hole selective layers, must be as
transparent as possible to reduce the light losses (both incident light and reflected
light from the reflective metal electrode). We demonstrated an efficiency
improvement of the inverted device by manipulating the optical transmittance of
the electron selective ZnO buffer layer [63]. The transmittance of a crystalline thin
film depends on the crystal size, which is controlled by the concentration of
precursors in the sol [97]. Therefore, we prepared sols with different concentra-
tions of precursors to control the transmittance of the film. Devices A, B, C, and D
refer to the devices with ZnO film derived from 0.75, 0.5, 0.3, and 0.1 M sol,
respectively. It can be clearly seen that the trends in the current density (Fig. 18a)
and IPCE (not shown here) are consistent with the variation in the transmittance of
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ZnO films used in the devices (Fig. 18b). Since the ZnO films were controlled to
obtain the same thickness except for device A, whose thickness is higher than the
others due to its large grain size, the variation in the transmittance is not due to
different thicknesses, but is caused by the grain size of the film.

The surfaces of commonly used buffer layers such as transition metal oxides
and alkali-metal compounds are not as smooth as that of PEDOT:PSS, but, gen-
erally, a smooth surface is necessary for acceptable performance of organic
devices [54]. Interface modification to reduce the roughness of buffer layer is a
useful technique to improve the efficiency. Steim et al. [98] reported that the series
resistance is reduced from 3 to 1 Q and the shunt resistance increases from 14 to
31 kQ, leading to an increase in FF from 55 to 64% when inserting an ultrathin
organic interfacial layer, polyoxyethylene tridecyl ether (PTE) between ITO and
TiO, buffer layer. The PTE layer reduces the roughness (distance between peaks
and valleys) of the TiO, buffer layer, providing more intimate contacts with the
active layer. The fact that built-in voltage (Vy,;) of the devices with and without
PTE is the same suggests that the ultrathin, insulating PTE layer does not alter the
work function of ITO. Hence, it is a solely passive interfacial layer and its ability
to reduce the roughness of buffer layer increases the FF of the device. Liao et al.
[52] also found that the PCE of the inverted device is improved while increasing
the contact angle of the electron selective buffer layer. Since the smooth surface
generally has higher contact angle for hydrophilic surfaces [99], the improvement
in Liao’s inverted device is attributed to the smooth surface of buffer layer.
Moreover, an improvement in device performance was observed by modifying
TiO, buffer layer with a functionalized self-assembled monolayer (SAM), which
makes the morphology of the buffer layer smoother and increases the contact angle
of the surface [100].

Manipulating the work function of the electrodes is another technique to pro-
mote efficient charge collection and to increase the PCE. The work function
manipulation can be achieved by intrinsic or extrinsic doping of the buffer layer, or
using SAM that creates dipoles at the interfaces. Liao et al. [52]. demonstrated that
the PCE of inverted cell was improved by decreasing the work function of the
Cs,CO; buffer layer from 3.45 to 3.06 eV via low-temperature annealing, which
decomposes Cs,CO; into Cs,0 intrinsically doped with Cs,O,. We also reported
that charge collection at the cathode is improved and J. increases by extrinsically
doping ZnO with indium, which lowers the work function and the resistivity of the
buffer layer [101]. Lowering the work function decreases the barrier height for the
electrons to be extracted by the electrode and reduces the electron injection barrier
for diodes as illustrated in Fig. 19, and therefore improves the charge collection
efficiency.

A dipolar SAM, which can effectively increase or decrease the work function of
the electrode corresponding to the direction of the dipole moment, is widely used
in other organic electronic devices [102] and conventional OSCs [27, 103, 104] to
tune the work function of ITO or metal electrode, yet it is rarely adopted in
inverted OSCs to tune the work function of the electrodes. Hau et al. utilized a
SAM and inserted it between a TiO, buffer layer and an organic active layer, but
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Fig. 19 Schematic energy band diagram of a typical n-type buffer layer and acceptor and
b work-function-tuned (lower) buffer layer and acceptor before Fermi level alignment of the
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the main purpose was to reduce the charge recombination rather than to tune the
work function of the electrode [100]. The PCE of inverted cell increased from 2.8
to 3.78% by adding the Cgo-based SAM because the Cg’s electroactive functional
group reduced the recombination losses at the interface by passivation of inorganic
trap states and promoted photoinduced charge transfer at the interface.

Chen et al. reported that the PCE of their inverted cell was slightly lower than
that of their best conventional cell due to a lower V,. and FF. However, their
device’s Jy. was higher than conventional cell (11.1 vs. 10.6 mA/cm?) and the
EQE was higher in the whole spectrum [49]. In addition, the maximum EQE of
more than 80% was reported [50, 56]. Based on these facts, it was speculated
that the spontaneous vertical phase separation of the BHJ blend resulted in a donor-
enriched top surface and an acceptor-enriched bottom contact, which accounts for
the enhancement of the charge collection efficiency [49]. Therefore, manipulating
the orientation of vertical segregation in an acceptor—donor blend is an alternative
and promising technique to further improve the efficiency of inverted cells. The
segregation in the blend can be manipulated by the careful control of driving forces
such as entropic and enthalpic forces [105], crystallization [106], and surface
energy of the materials [107]. Utilizing surface energy as a driving force, Wei et al.
reported self-organized buffer layers for conventional OSCs, in which a small
amount of PCBM with a fluorocarbon chain (F-PCBM) is mixed in P3HT:PCBM
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solution. Owing to the low surface energy of fluorocarbon, F-PCBM spontaneously
migrates to the surface of organic layer during spin-coating, forming a monolayer
of F-PCBM on the surface, which serves as a buffer layer for the electron extraction.
This self-organized F-PCBM layer also creates a dipole moment pointing away
from top Al electrode, which further reduces the work function of Al top electrode,
resulting in an increase in FF from 64.4 to 70% and J. from 8.72 to 9.51 mA/cm?.
Mimicking this approach and adopting the technologies for the segregation of the
blend materials, the manipulation of segregation of BHJ blend to obtain a donor-
enriched top surface and an acceptor-enriched bottom contact is achievable, leading
to further efficiency improvement of inverted cells.

2.7 Air-Stability Study of Inverted Organic Solar Cell

Principally, the inverted structure provides better air-stability than a conventional
structure due to a less air-sensitive top metal electrode. However, it is necessary to
investigate the extent of air-stability that an inverted cell provides compared to a
conventional cell without aid of encapsulation. Sahin et al. [42] first demonstrated
that the inverted cell has a better air-stability than the conventional cell. The
inverted cell (ITO/Perylene/MEH-PPV:PCBM/CuPc/Au) shows a PCE of 0.14%
under illumination with 74.5 mW/cm? in the first day measurement and decreases
by only 27% of the first day value after 2 weeks despite the presence of oxygen
and humidity in the environment. In contrast, such cells using an Al top cathode
with a LiF interlayer (conventional architecture) yields an initial PCE of 1.3%
under 100 mW/cm? illumination in an N, filled glove box, but the PCE drops by
91% after 24 h of being kept in oxygen environment and diminishes completely
after only a few days in air. Kuwabara et al. also studied the stability of
P3HT:PCBM-based inverted cells by comparing an inverted cell (ITO/TiO,/
P3HT:PCBM/PEDOT:PSS/Au) with a conventional cell (ITO/PEDOT:PSS/
P3HT:PCBM/ALl), carrying out the test in an ambient atmosphere under continuous
100 mW/cm? illumination [74]. The PCE of the conventional cell drops to 50% of
its maximum value after light illumination for 10 h, whereas the inverted cell
without encapsulation maintains its efficiency under continuous light illumination
for 20 h, demonstrating its stability not only in ambient environment but also
under continuous illumination (Fig. 20). Hau et al. also conducted the air-stability
study of inverted cells employing ZnO nanoparticles (NP) as an electron selective
layer and PEDOT:PSS with Ag as a top contact [64].

The shelf lifetime, which is defined as the degradation time of PCE from the
original value to half of it, of conventional device (ITO/PEDOT:PSS/
P3HT:PCBM/LiF/Al) is only one day and the device is completely degraded after
4 days, showing the rapid degradation of conventional device (Fig. 21a). After
4 days, a large decrease in dark current density at 2 V was observed compared to
its initial value (the inset of Fig. 21a), suggesting an increase in series resistance is
part of the degradation mechanism. In contrast, the inverted device (ITO/ZnO NP/
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P3HT:PCBM/PEDOT:PSS/Ag) without encapsulation is relatively stable in air
over a long period of time, leading to only a 20% drop in PCE after 40 days
(Fig. 21b). A decrease in dark current density due to storage in air was not
observed (the inset of Fig. 21b). The improvement in the stability of small mol-
ecule OSCs by adopting an inverted structure was reported by Liu et al. [66]. Two
air-stability tests were performed; devices were kept in the dark for one test and
kept under 100 mW/cm? illumination for the other. The former test revealed that
the shelf lifetime of an inverted cell (ITO/ZnO/CuPc:Cgo/CuPc/PEDOT:PSS/Ag)
kept in air is 912 h whereas that of the conventional cell (ITO/CuPc/C60/BCP/Al)
kept in air is only 256 h. At 912 h, the PCE of conventional cell drops by 99.5%
and the cell is almost completely degraded. In the latter test, continuous illumi-
nation also degrades the conventional device faster while the degradation of
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Fig. 22 General device
structure of a tandem OSC

inverted cell is negligible. An initial increase in the PCE of the inverted cell was
observed, which can be attributed to the improvement in mobility of ZnO due to
the filling of electron traps under light illumination. All of these stability tests
show that the degradation rate for inverted cells is much slower (more than one
order of magnitude) than conventional cells, although the degradation is not totally
evitable due to the air-vulnerable nature of organic materials.

3 Tandem Organic Solar Cells
3.1 Introduction

Although the PCEs of conventional and inverted OSCs have been enhanced
remarkably [1, 3, 5, 16], improvement is still needed. The limitations of current
OSCs lie mainly in the narrow absorption range, short exciton diffusion length, and
relatively low charge mobility of organic semiconductors, limiting the photocurrent
generation and charge transport in the devices. Due to wide band gaps, a large
fraction of solar light is lost in most organic semiconductors. Therefore, a thick layer
is required to absorb sunlight as much as possible, but the low charge mobility and
short exciton diffusion length limit the thickness of active layer. In order to improve
the absorption of the solar irradiation by relatively thin active layers, materials with
low band gaps and broad absorption ranges have been designed and applied [3, 5,
108, 109]. When two active layers with complementary absorption ranges are
combined, a full coverage of solar spectrum can be realized. Hence, the performance
of tandem OSCs is expected to improve by stacking different active layers with
complementary absorption spectra and a proper thickness.

A tandem structure [19, 20, 30, 110] consisting of two complementary
absorbers in series, as shown in Fig. 22, offers several merits: (1) summation of the
Voo's of individual cells; (2) a broad absorption spectrum obtained by using
materials with complementary absorption spectra, ensuring a high Jg; (3) higher
optical density over a wider fraction of the solar spectrum than that of a single cell
without increasing the internal resistance [30], guaranteeing a reasonable FF.
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In this section, we will discuss device design and operation of tandem OSCs,
and their theory and limits. Then we will review the devices developed in detail,
concentrating on the intermediate layers employed and device performance.
Finally, the lifetime or stability of tandem OSCs will be taken into account.

3.2 Device Design and Operation: Theory and Limits

3.2.1 Design Rules

Just like efficiency prediction in single OSCs, a simple model has been developed to
predict tandem cell efficiency with estimates approaching a promising 15% [111],
assuming a few ideal properties of materials such as the HOMO, LUMO, and band
gap, which will assist the realization of highly efficient tandem cells. In addition, a very
important assumption for all calculations is a constant EQE for the absorbed wave-
lengths. Figure 23 shows the scheme of the energy levels of tandem cells considered in
this prediction. Dennler et al. considered three cases: the first is a tandem cell that has a
P3HT-based bottom cell and variable donor-based top cells; and the second is a
tandem cell that has a PCPDTBT:PCg,BM-based top cell and variable donor-based
bottom cells. From these two cases, conclusions have been drawn that the realization
of tandem cell by stacking two sub-cells in series can only enhance the efficiency of the
corresponding single cells only in the situation that the performance of the donor
materials based devices is achieved under their maximum potential capability. This
has been proven by Kim’s work [30]. Moreover, the third calculation is carried out by
fixing £y ymo1 = ELumoz = —4 ¢V, the case of PCBM as the acceptor and varying
the donor materials. The maximum efficiency of 15% was proposed to be a bottom cell
with a donor E, of 1.6 eV and a top cell with a donor E, of 1.3 eV.

For more specific calculations, Dennler et al. introduced rigorous coupled wave
analysis (RCWA) and transfer matrix formalism (TMF) to perform the optical
calculations [112]. It has been presented that the selection of donor materials in the
corresponding cells plays an important role. And the best device performance can be
obtained by stacking PCPDTBT:PC¢BM as the bottom cell and P3HT:PC;,BM as



Organic Solar Cells with Inverted and Tandem Structures 145

the top cell in order to achieve a well-matched photocurrent. This conclusion is in
accordance with the work performed by Kim et al. [30]. Two points that are worth
mentioning here are: (1) the interference effect is obvious in the top cell, but, on the
contrary, no strong interference effect appears in the bottom cell; (2) the proper
acceptors must be carefully chosen in order to optimize the tandem device perfor-
mance, since the PCgBM and PC,,BM acceptors have significantly different
absorption ranges that could lead to the balanced photocurrent in the tandem cell.

Moreover, Persson et al. [113] unified both optical and electrical modelings
under monochromatic or polychromatic light in tandem cells, consisting of APFO
3:PCBM (1:4) as the bottom cell and APFO Green 1:BTPFC70 (1:4) as the top
cell, connected by an intermediate layer PDMS (a “separator”). The spatial
absorption profile in the cell was calculated by unifying coherent and incoherent
light addition in the incident and reflected lights. The thickness of each active layer
has been optimized by means of optical electric field distribution, energy dissi-
pation at a given wavelength, and accumulated dissipation, taking light absorption
and charge transport into account. Such a combined model provides a simple and
promising way to optimize the tandem OSCs.

3.2.2 Device Operation

If an intermediate layer is ideal, i.e., the holes from one cell should efficiently
recombine with the electrons from the other cell, there is no voltage loss across this
intermediate layer. Therefore, the V. of the tandem cell in a series connection is
the summation of the V,.’s of the individual cells (Voc. tandem = Voe, 1 +
Voc, 2+ Voc, 3,~~)-

As reviewed by Ameri et al. [114, 115], the FF of the individual cells determines
the overall efficiency of the tandem cell. Figure 24 shows the comparison of two
cases using different combinations of the individual cells. In one case, shown in
Fig. 24a, one cell has a lower J,. and much higher FF whereas the other cell has a
high J,. and much low FF, resulting in the J,. of the tandem cell equal to the smaller
of the two (Js, tandem = Min [J, 1, Jsc, 21) [111]. In the other case, shown in Fig. 24b,
one cell has a much lower J,. and FF while the other cell has a much higher J,. and
FF, leading to an extremely low FF and the J. of the tandem cell (Js, tangem = Max
[Jse. 1> Jsc, 21) [114]. These calculations can predict the performance of tandem cell by
knowing performance of both sub-cells [115], providing a direction for the optimi-
zation of tandem cell in order to approach the optimal device performance.

3.3 Realization of Tandem Organic Solar Cells: Different Types

In tandem OSCs, the intermediate layer is crucial and should possess the following
properties: (1) low electrical resistance; (2) high transparency in the visible and
infrared ranges; (3) low barriers for both electron and hole extractions; (4) easy-
fabrication process; and (5) protection for the previously deposited active layer in



146 D. W. Zhao et al.

Vocz + Voer = Voes

High FF ; Low Jscy Low FF ; High Jsc High FF ; Low Jec = Min (Jset,Jsc2)

Vic Voez + Voer = Vioes

i I

Low FF ; Low Jsci High FF ; High Jgco Low FF ; High Jsc = Max (Jse1,Jscz)

Fig. 24 a A casein which atandem cell, consisting of a cell with lower J. and a much higher FF and
the other cell with a high J. and much lower FF, has a J, of the tandem cell equal to the minimum of
the two cells (Jc, tandem = Min [Jyc, 1, Jsc, 21. b A case in which a tandem cell, consisting of one cell
with a much lower J. and FF as well as the other cell with much higher J,. and FF, has a J. of the
tandem cell equal to the maximum of the two cells (Jsc, tandem = Max [Jsc, 1, Jsc, 2] [114] (Reproduced
by permission of The Royal Society of Chemistry) (http://dx.doi.org/10.1039/B817952B )

a solution-processed tandem cell. Herein, we focus on the functional intermediate
layer and discuss the realization of tandem cells by using various combinations of
multiple layers to connect sub-cells. Based on their different compositions (active
layers) and intermediate layers with their corresponding fabrication techniques,
tandem OSCs can be divided into three types:

(a) Small molecule/small molecule tandem solar cells, in which thermally evap-
orated, low-weight small molecules are used as the active materials in both
bottom and top cells.

(b) Polymer/small molecule tandem solar cells, in which a solution-processed
polymer BHJ is used as the active medium in the bottom cell and thermally
evaporated small molecules are active in the top cell.

(c) Polymer/polymer solution-processed tandem solar cells, in which solution-
processed polymer BHJs are used as the active materials in both bottom and
top cells by spin-coating.

3.3.1 Small Molecule/Small Molecule Tandem Solar Cells
For small molecule/small molecule tandem cells, the whole process is completed in a

high-vacuum evaporation system, ensuring the sequential multiple layers are
deposited with high-quality interfaces. The devices consist of multiple layers of
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Fig. 25 The structure of the tandem OSC with 0.5 nm Ag nanocluster as recombination center,
made of CuPc and PTCBI as donor and acceptor, respectively [110]

donors and acceptors or their mixtures, without damaging any previously deposited
layers.

In 1990, Hiramoto et al. [116] reported the first small molecule/small molecule
tandem OSCs with phthalocyanine (H,Pc) (50 nm) and a perylene tetracarboxylic
derivative (Me-PTC) (70 nm) as the active layers. An ultrathin Au (2 nm) layer
was inserted to provide Ohmic contact between the sub-cells. This tandem cell
exhibits a doubled V. of 0.8 V, compared to the V. of the single cell (0.4 V),
demonstrating that the Au layer acts as an effective recombination center for the
holes from the top cell and the electrons from the bottom cell.

Yakimov and Forrest [117] presented the first multiple heterojunction-based
tandem cells with Ag interfacial metallic nanoclusters as the recombination centers
by stacking two, three, or five cells. The heterojunction cells are made of CuPc and
PTCBI as the donor and acceptor materials, respectively. The device structure is
shown in Fig. 25. It is mentioned that the built-in voltage of such cell is deter-
mined by the difference in the Fermi levels of the constituent organic materials.
The cell without the Ag cluster exhibits no tandem effect. When the nanoclustered
Ag is incorporated between two sub-cells, the V. is summated to be 0.9 V, where
the V,.’s of individual cells is 0.45 V. With the Ag thickness increasing, the V.
does not change but the J,. decreases dramatically. Thick Ag lessens the photo-
current generation because the amount of light reaching the top cell is reduced,
resulting in a decrease of the photocurrent in top cell. This demonstrates that
0.5 nm discontinuous nanocluster Ag is optimal for the performance of tandem
cell, serving as the recombination center. It is noted that the final current generated
in the tandem cell depends on how efficient charges can recombine at the nano-
clustered Ag intermediate layer [110]. Any more current generated in one cell than
the other one will induce unbalanced charges at the intermediate layer, leading to
the degradation of performance. Finally, the maximum PCE of double-tandem cell
achieves 2.5% with V.. = 0.9 V under 100 mW/cm?.

Triyana [118] reported triple-tandem cells comprised of materials with diff-
erent absorption ranges as the active layers. Similarly, the V. is summated.
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Fig. 26 The structure of hybrid PM-heterojunction tandem OSC [120]

The photocurrent is still low since the materials (phthalocyanine/perylene, and
CuPc/PTCBI) have short exciton diffusion lengths. However, the PCE is improved
due to more balanced photogenerated carriers by using appropriate material for the
second heterojunction component. Cheyns [119] presented double-tandem cells,
consisting of pentacene and Cg as the donor and acceptor, respectively, in order to
improve photon harvesting. The authors compared different metal-based inter-
mediate layers. The results indicate that thin Al causes S-shaped curves in
I-V characteristics due to a barrier for charge extraction inside the device, how-
ever, by incorporating a thin metal layer of Au or Ag, the S-shaped curves dis-
appear and the V. increases.

In order to further improve the efficiency of tandem cells, Xue and Forrest
developed a few fabrication technique to enhance the performance of single [121]
and tandem cells [120]. The structure of their tandem cell is shown in Fig. 26. This
tandem cell has a symmetric spectral response from the individual cells, since the
front cell has an absorption peak in the long-wavelength range and the back cell
efficiently absorbs in the shorter-wavelength range. As a result, the PCE of such an
“asymmetric” tandem cell reaches nearly 6% under 100 mW/cm? illumination.
This approach makes efficiencies in excess of 7% a possibility. It is worth high-
lighting some points here: (1) Cg is applied as the acceptor instead of PTCBI due
to its longer exciton diffusion length (~40 nm) and high charge-carrier mobility;
(2) a mixed donor—acceptor layer is used, sandwiched between pure donor and
acceptor layers, a hybrid planar-mixed heterojunction (PM-HJ) [121], in order to
increase the donor/acceptor interfaces for the enhancement of exciton dissociation;
and (3) BCP and PTCBI are used in both the electron-transporting layer and the
blocking layer in the top cell and the bottom cell, respectively, for the interfacial
modifications, as shown in Fig. 26. The blocking layer functions to: (1) block
excitons from diffusing to the interfaces of organic layer/metal electrode and
consequently quenching; (2) prevent damage of Ag evaporation onto the top cell;
(3) reduce the diffusion of Ag particles into active layer, which act as quenching
centers; and (4) provide an optical spacer for the entire device to tune the optical
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field distribution. Ag nanoclusters are also inserted in m-MTDATA layer, a
p-doped organic semiconductor. Doping this intermediate layer increases its
conductivity and reduces Ohmic losses due to non-Ohmic contacts. The highly
conductive transporting layer can adjust the optical field distribution in the device
by controlling its thickness, and furthermore the increase of the thickness can
make the devices stable and the probability of short-circuit low [110].

Yu et al. [122] presented an all-organic intermediate layer in small molecule/
small molecule tandem cells based on ZnPc:Cgy heterojunction. The SnCl,Pc/
F1¢CuPc intermediate layer has advantages in higher transparency and lower
sublimation temperature, serving as an effective recombination center. First of all,
only F,4CuPc is inserted between two sub-cells. Although the V. of the tandem
cell approaches 0.78 V, it is still smaller than the combined V. of the single cells
(0.54 V) due to energy loss, primarily caused by the formation of an interface
barrier at the F14CuPc/Cg interface. In order to improve this interface, an n-type
organic material SnCl,Pc is introduced between Cgy and F;¢CuPc, leading to the
direct transport of electrons from SnCl,Pc layer to F;4CuPc layer and reducing the
energy loss. As a result, the V. of 1.04 V, nearly the doubled V. of the single cell,
was obtained with an optimal SnCl,Pc thickness of 3 nm. Finally, the tandem cell
has a PCE of 1.81% with a J,, = 3.64 mA/cm?, FF = 48%, and Voe = 1.04 V.
The explanation for the improved intermediate layer is that the electrons are
accumulated in F;sCuPc layer in both heterojunctions of SnCl,Pc/F;sCuPc and
ZnPc/F4CuPc, resulting in high electron density and improving the barrier height
as well as the tunneling probability. Therefore, the charge carriers recombine via
tunneling at the ZnPc/F,cCuPc interface.

3.3.2 Polymer/Small Molecule Tandem Solar Cells

This type of tandem cell is constructed by solution and high-vacuum processes. In
general, such a tandem cell can be easily realized by stacking two sub-cells with
complementary absorption ranges without damaging the previously deposited
active layer.

Dennler [123] presented tandem OSCs with a bi-layer of P3HT and PCBM as
the bottom cell and small molecules ZnPc/Cg in multiple layers as the top cell, as
shown in Fig. 27. In this tandem cell, the bottom cell mainly absorbs light in the
range from 375 to 630 nm and the top cell has an absorption band ranging from
600 to 800 nm. As a result, the absorption of this tandem cell covers a broad range
compared to those covered by individual cells. A thin layer of Au (1 nm) is used as
the intermediate layer. It is worth mentioning that the bottom cell is made of a
stratified bilayer or diffused bilayer due to different solubility of P3HT and PCBM
in chlorobenzene and dichloromethane, respectively. Such sequential double lay-
ers can assist exciton dissociation at the P3HT/PCBM interfaces and charge
transport. The usage of ZnPc, Cgp, and their mixture ZnPc:Cg is similar to that of
CuPc:Cqgg system; however, ZnPc absorbs light in a longer wavelength range than
CuPc. This makes the absorption spectrum much more complementary in such a



150 D. W. Zhao et al.

PEDOT:PSS
ITO

Fig. 27 The structure of polymer/small molecule tandem OSC, where the bottom cell consists of
a stratified bilayer of P3BHT and PCBM, and the top cell is fabricated by the evaporation of ZnPc,
Cgp and their mixture [123]

tandem cell. One advantage of this method is that the fabrication of top cell has no
effect on the previously deposited bottom cell. Therefore, the V,,. of tandem cell
(1.02 V) reaches the sum of that of bottom cell (0.55 V) and that of top cell
(0.47 V). In addition, the J,. decreases to 4.8 mA/cm> compared to that of bottom
cell (8.5 mA/cmz) and that of top cell (9.3 mA/cmz); correspondingly, the FF
reduces to 45% from 55 and 50%, respectively. Finally, the PCE of 2.3% was
attained, compared to single reference cells (2.6 and 2.2%). Although the enhanced
Voc is realized, the performance of the tandem cell is still limited by the low
photocurrent and reduced FF.

Colsmann [124] reported tandem OSCs comprised of a P3HT/PCBM hetero-
junction as the bottom cell and a small molecule CuPc/Cgq layer as the top cell
with a new intermediate layer of BPhen:Li/Au/MTDATA:F4-TCNQ, which was
fabricated by using two doped organic semiconductor layers and a thin noble metal
interlayer. This intermediate layer functions well, making the summation of V.
achievable; however, the performance of the tandem cell is low due to the poor
individual single cells. Through optimization, 60 nm-thick active layer of bottom
cell is the best available, and either doped layer is mandatory for the operation of
the tandem cell. In such a tandem cell, the total current is lower than those of
individual cells, explained by the large spectral overlap of both sub-cells and thus
the competition for photon harvesting. This approach is similar to the technique
employed in tandem OLEDs, where doped transporting layers are used as the
intermediate layer. In addition, the high transparency of intermediate layer is
rather crucial for tandem OSCs.

Janssen [125] used a thin metal oxide WO; (3 nm) layer instead of Au (10 nm)
layer as part of the intermediate layer of Al (1 nm)/WO;5 (3 nm) to connect the
bottom (P3HT:PCBM) and top cells (CuPc:Cg). The structure is shown in Fig. 28.
The results show that the intermediate layer with 3 nm WO;3; has much higher
transparency than that with 10 nm Au (only 50% in the spectral region for the
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Fig. 28 The structure of the tandem cell with different intermediate layers: Al/Au and AI/WO;
[125]

optimum absorption of top cell), although both sub-cells exhibit the summation of
Voe. The 200 nm bottom cell of P3BHT:PCBM, optimized for the best performance,
is thick enough to absorb its corresponding light. Therefore, the maximum PCEs of
3.0% at 160 mW/cm?” and up to 4.6% at 16 mW/cm?” were obtained in the tandem
cell with the AI/WOj; intermediate layer, higher than those of tandem cells with Al/
Au intermediate layers. Additionally, a reduced series resistance of 6 Q cm? for
WO; cell is found compared to that of 8 Q cm? for Au cell.

We developed a new and effective intermediate layer, combining the metal
nanocluster and metal oxide layer together [19]. This intermediate layer consists of
1 nm Al and 15 nm MoO3;, connecting the P3HT:PCBM active layered bottom cell
and CuPc:Cgq in multiple layers as the top cell. Figure 29a shows the structure of
the tandem cell. Figure 29b shows the absorption spectra of P3HT:PCBM, CuPc/
CuPc:Cgo/Cqp and P3HT:PCBM/LiF/Al/M0QO3/CuPc/CuPc:Cgn/Ceo films. Obvi-
ously, the absorption spectrum of tandem film is broadened since the bottom film
mainly covers the visible range from 400 to 650 nm and the top film absorbs
complementarily from 650 to 750 nm. More importantly, the transmittance
spectrum of Al (1 nm)/MoO;5 (15 nm) intermediate layer is almost 98% in the
range from 350 to 900 nm, as shown in Fig. 29b. Hence, this intermediate layer
with high transparency satisfies the optical requirement as outlined in the previous
section.

The I-V characteristics of bottom single, top single, and tandem cells in the
polymer/small molecule tandem structure are shown in Fig. 30a under 100 mW/
cm?”. The PCEs of the bottom and top single cells are 2.11 and 1.68%, respectively.
With the Al (I nm)/MoO;5 (15 nm) intermediate layer, the tandem cell has a PCE
of 2.82% with V,. = 1.01 V, J = 6.05 mA/cm?, and FF = 46.2%. The V..
(1.01 V) of the tandem cell is the sum of the V,.’s of the bottom single cell
(0.63 V) and top single cell (0.45 V), which demonstrates that the tandem cell is
connected electrically by this AI/MoOj; intermediate layer. The matched Jy. of
bottom and top single cells is important for tandem cells in series. From Fig. 30a,
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Fig. 29 a The resulting structure of the polymer/small molecule tandem cell. b The absorption
spectra of the bottom film P3HT:PCBM (120 nm), top film CuPc(7.5 nm)/CuPc:Cgq
(12.5:12.5 nm)/Cgp(27.5 nm) and tandem film P3HT:PCBM(120 nm)/LiF(0.5 nm)/Al(1 nm)/
MoO5(15 nm)/CuPc(7.5 nm)/CuPc:Cgn(12.5:12.5 nm)/Cgo(27.5 nm) films. b The transmittance
spectrum of the AI(1 nm)/MoO;(15 nm) intermediate layer (Reprinted with permission from Ref.
[19]. Copyright 2008 American Institute of Physics.)
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Fig. 30 a The /-V characteristics of bottom single, top single cells and polymer/small molecule
tandem cell under 100 mW/cm?. b The /-V characteristics of polymer/small molecule tandem
cell under different illuminations. The corresponding FF and PCE are shown in the format of (FF,
PCE) (Reprinted with permission from Ref. [19]. Copyright 2008 American Institute of Physics)

the J (7.83 mA/cm?) of top single cell is slightly higher than that (6.54 mA/cm?)
of bottom one, demonstrating that the nearly matched photocurrent density
between the bottom and top cells can be achieved in this tandem cell. Overall, the
PCE of the tandem cell is higher than either of the individual single cells due to the
increase of the V.. Figure 30b shows the -V characteristics of the polymer/small
molecule tandem cell under different illuminations. Clearly, its V. increases with
the intensity of illumination because of the increased V,.’s of both bottom and
top single cells. Despite FF reduction from 47.2% (at 50 mW/cm?) to 43.3% (at
300 mA/crnz) monotonically, the maximum PCE reaches 3.88% at 300 mW/cm?
primarily due to the enhanced V..
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In this tandem cell, MoO; has two functions: (1) hole transport and (2) exciton
blocking. The holes collected/transported by MoOs5 and electrons generated from
the bottom cell are recombined in the AI/MoOs intermediate layer (1 nm Al, most
likely in nanocluster form). MoO; has been used as a hole-injection layer for
OLEDs [71, 126] and a replacement of PEDOT:PSS in polymer OSCs [18] for its
good hole-transporting property. Meanwhile, MoO; has the other function of
exciton blocking. Due to the higher energy band gap of MoO; (3.0 eV) than the
exciton energy of CuPc (1.9 eV), excitons formed in the top cell will be blocked
by MoOs. Only after exciton dissociation (at the CuPc/Cg interfaces) can holes be
collected by MoO; layer, contributing to photocurrent. More importantly, this
intermediate layer can also act as the protection layer for the previously deposited
polymer active layer. This function will be discussed in the following section.

3.3.3 Polymer/Polymer Solution-Processed Tandem Solar Cells

Polymer OSCs are believed to have the most potential in the commercial appli-
cation due to their large area, easy fabrication, and low cost. Generally speaking,
polymer OSCs are prepared by using simple techniques such as spin-coating,
printing, and doctor-blading. For their applications in tandem structure, the main
problem is that the previously deposited active layer can be easily dissolved or
damaged by the process to deposit the top cell since the polymers can be dissolved
in most organic solvents. Therefore, this requires an intermediate layer with a
special property of protecting the previously deposited layers while providing
optical and electrical connections. This issue has been overcome to a certain
degree, which will be reviewed in the following section.

ITO/PEDOT as Intermediate Layer

Kawano [127] reported a tandem OSC made of two identical BHI MDMO-PPV/
PCBM as the active layers, in which ITO/PEDOT acts as the intermediate layer, as
shown in Fig. 31.

The intermediate layer of ITO is deposited by dc magnetron sputtering in 1 Pa
of argon without substrate heating, which prevents the bottom active layer from
damage by sputtering. Sputtering is followed by spin-coating layers of PEDOT and
polymer for the top cell. However, it was not revealed how the PEDOT was treated
in the intermediate layer since PEDOT must be dried under high temperature. The
authors compared two thicknesses of sputtered ITO (20 and 100 nm). The results
demonstrate that the thinner layer has lower series resistance (20 Q) than the
thicker one (27 Q).

The tandem cell with a 20 nm ITO layer has V. = 1.34 V, J,. = 4.1 mA/cm?,
FF = 56%, and PCE = 3.1%. The V. is the sum of those of bottom (0.48 V) and
top cells (0.73 V), although the V. of bottom cell is lower than expected due to
the HWF of its ITO cathode. Therefore, it is necessary to optimize the intermediate
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Fig. 31 The structure of tandem cell with ITO/PEDOT as the intermediate layer [127]

layer to obtain proper energy level alignment between the two sub-cells, which
may be implemented using LWF materials and thin metal film or clusters, taking
the structural continuity and chemical and mechanical stability against the solution
process into account [127].

Metals/PEDOT as Intermediate Layer

Hadipour et al. [128] first reported a solution-processed tandem OSCs made of two
BHIJ cells with complementary absorption spectra, in which PFDTBT is a wide
band gap donor polymer used for the bottom cell and PTBEHT is a low band gap
donor polymer used for the top cell, while PCBM is used as the acceptor in both.
As a result, the light in the short wavelength is absorbed by the bottom cell and
that in the long wavelength is absorbed mainly by the top cell. The absorption
spectra of the used materials (PFDTBT [128] and PTBEHT [108, 128]) are shown
in Fig. 32.

These two sub-cells are connected by an intermediate layer of Al/Au/PE-
DOT:PSS, and the corresponding structure of the tandem cell is shown in Fig. 33.
The LiF (0.5 nm)/Al (0.5 nm) layer acts as the cathode for the bottom cell, sup-
plying an Ohmic contact between PCBM and LiF/Al to extract electrons, and the
Au (15 nm)/PEDOT:PSS (60 nm) layer acts as the anode for the top cell, pro-
viding a stable and Ohmic contact for hole extraction. Then, the extracted elec-
trons and holes recombine in this intermediate layer. More importantly, the Au
layer is employed to protect the bottom cell from being dissolved when the
subsequent PEDOT:PSS and top cell layers are deposited by spin-coating, a key
point in solution-processed tandem cells. In addition, the intermediate layer is
fabricated as thin as possible to allow maximum light transmission. Through
careful optical and current optimization, the most desirable thicknesses are 110 nm
(PFDTBT:PCBM, 1:4) for the bottom cell and 90 nm (PTBEHT:PCBM, 1:4) for
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Fig. 32 The absorption spectra of the materials used in the tandem cell [128] (Copyright Wiley—
VCH Verlag GmbH & Co. KGaA. Reproduced with permission)
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Fig. 33 The structure of the tandem cell consisting of PEDTBT:PCBM as the bottom cell and
PTBEHT:PCBM as the top cell, connected by Al/Au/PEDOT:PSS intermediate layer [128]

the top cell, yielding a PCE of 0.57% with V,. = 1.5V, J,. = 0.9 mA/cm?, and
FF = 55%.
Metal Oxides/PEDOT as Intermediate Layer

Gilot et al. [129] presented fully solution-processed tandem OSCs with interme-
diate layers of ZnO (nanoparticles)/PEDOT:PSS. These tandem cells have the
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Fig. 34 The structure of double-tandem cell with ZnO/PEDOT:PSS intermediate layer.
The active layers are made of MDMO-PPV/PCBM and P3HT/PCBM for the bottom and top
cells, respectively [129]

combination of MDMO-PPV/PCBM and P3HT/PCBM as the active layers.
The structure of a tandem cell is shown in Fig. 34.

It is worth mentioning that these tandem cells are fabricated without the use of
vacuum deposition. For the ZnO fabrication, ZnO nanoparticles were prepared in
acetone and spin-coated onto the active layer. ZnO is a wide band gap metal oxide
and usually a high-conductivity, n-type semiconductor. PEDOT:PSS is a water-
based solution with a slight acidity. The PEDOT:PSS must be modified to be
neutral because it can easily dissolve the ZnO layer during spin-coating. The ZnO
layer serves as the electron-transporting layer and PEDOT:PSS as the hole-
transporting layer and the two form the interface at which electrons and holes
recombine. Generally, such recombination is poor due to the high offset of work
functions; instead an ohmic contact between these two layers is desired. In this
work, the authors expose ZnO layer to UV lights for a few seconds to provide an
n-type doping. Then, the V. of triple-tandem cell with MDMO-PPV/PCBM as
active layers is increased from 1.40 to 1.92 V. It was found that the V. of the
tandem cell was lower than the sum of those of individual cells (0.84 V), which
might be attributed to large voltage drop across the interface of ZnO and
PEDOT:PSS. Although the V. is much higher than those of the individual cells,
the overall efficiency is still poor. This approach provides a new method to fab-
ricate fully solution-processed tandem cells with broad complementary absorption
spectra.

Moreover, another n-type metal oxide TiO, was also introduced to fabricate
tandem cells with a PCE of 6.7% by Kim et al. [30]. In such a tandem cell, a highly
transparent TiO, layer is used as the cathode for the bottom cell and is combined
with PEDOT PH 500 to form the intermediate layer. This tandem cell is also fully
solution-processed and the TiO/PEDOT PH 500 intermediate layer serves as
the recombination center and protects the previously deposited active layer.
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Fig. 35 The structure of the tandem cell with TiO,/PEDOT as the intermediate layer [110]

The tandem cell, shown in Fig. 35, consists of a 130 nm thick layer of PCPDTBT/
PCBM (1:3.6) as the bottom cell and a 170 nm thick layer of P3HT/PC,,BM
(1:0.7) as the top cell, with complementary absorption spectra. The absorption of
this tandem cell covers the entire visible range and a small part of infrared range of
solar spectrum.

For the fabrication of intermediate layer, TiO, was prepared in a methanol
solution by means of sol-gel chemistry and spin-coated onto the active layer of the
bottom cell to form its cathode. The highly conductive PEDOT PH 500 was
applied as the anode of the top cell. This tandem cell achieves the highest per-
formance, with PCE = 6.7% under 20 mW/cm? and 6.3% under 100 mW/cm>.
The fine performance is attributed to high photocurrent generation, facilitated by
these two complementary donors as photoactive absorbing layers in both sub-cells.

Sista and Yang et al. [130] recently reported a highly efficient tandem cell with
P3HT:PC;(,BM as the bottom cell and PSBTBT:PC,,BM as the top cell, connected
by an improved intermediate layer of Al/TiO,:Cs/PEDOT:PSS 4083. In this tan-
dem cell, the bottom cell (P3HT:PC,,BM) absorbs the light ranging from 400 to
600 nm, and the top cell (PSBTBT:PC;oBM) absorbs light in the range from 600
to 800 nm, a complementary absorption spectrum. It is worth mentioning that the
donor polymer PSBTBT is newly synthesized, showing a PCE of 5.5% for a single
cell. For the intermediate layer, ultra-thin Al is thermally evaporated for improving
both wettability and electrical contact between P3HT:PC;,BM and TiO,. TiO,,
which forms a densely packed network of nanocrystals, serves as the protective
layer for the previously deposited active, hole-blocking, and electron collection
layers. Moreover, with this intermediate layer exposed to UV light, the TiO,/
PEDOT:PSS 4083 interface transforms from a Schottky to an Ohmic contact,
leaving no energy barrier at the TiO,/PEDOT:PSS 4083 interface and facilitating
efficient electron tunneling. Furthermore, the authors compared the tandem cells
with PEDOT:PSS 4083 and PEDOT:PSS PH500 as part of an intermediate layer,
indicating that the tandem device with PH500 gives a higher J. than that with
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PEDOT:PSS 4083 and no difference in EQE appears. This is because the active
area for PH500-based tandem cell is larger than the electrode overlap due to high
conductivity of PH500 films. Therefore, the active area should be carefully con-
cerned when PH500 is used as part of the intermediate layer. Overall, the PCE of
tandem cell is up to 5.84% with a J, = 7.44 mA/cmZ, FF = 63.2%, and
Voo = 1.25 V.

Metal/Metal Oxide as Intermediate Layer

As mentioned above, metallic thin films can be used as semitransparent inter-
mediate layers in tandem cells, such as Ag [120], Au [123], and Al/Au [128].
However, such an intermediate layer alone is not suitable for solution-processings
because either the thickness is insufficient to protect the previously deposited layer
or the light loss is high. The combination of n-type metal oxides (e.g., TiO, [30]
and ZnO [129]) and PEDOT:PSS has been used as intermediate layers. Disad-
vantages of this kind of intermediate layer are that the fabrication of the PEDOT
layer is always carried out in an oxygen and moisture environment (outside the
glove box) with baking and being modified to be neutral is required due to the
acidic nature of PEDOT [129], which is harmful to the previously deposited layers
[36]. Hence, it is desirable to replace the PEDOT layer with a functional layer
serving as the anode for the top cell and protecting the previously deposited layers.
Some p-type-like metal oxides, such as NiO, MoOs_ V,0s, and WO3, with HWFs
and good hole transport behavior, are proper candidates. These oxide films can
generally be deposited by thermal evaporation, which does not damage the pre-
viously deposited organic layers.

Accordingly, we applied the Al (1 nm)/MoOj; (15 nm) intermediate layer in
polymer/polymer tandem cells (both double-tandem and triple-tandem). This
intermediate layer overcomes the challenges of stacking solution-processed
polymer layers repeatedly by preventing the existing polymer layers from dis-
solving and reducing the light loss induced by the added intermediate layer. We
used an identical polymer blend (P3HT:PCBM) as the active layers of the double-
and triple-tandem cells, aiming to increase the light absorption depth and shorten
the charge transport length. The thicknesses of the active layer and MoO; layers
need to be carefully adjusted to optimize the optical field distributed in each cell,
resulting in maximum light absorption and matched J,. in each sub-cell. The
resulting structure of the solution-processed triple-tandem OSC is shown in
Fig. 36.

Figure 37a compares the I-V characteristics of all cells covered in the
solution-processed triple-tandem cell under 100 mW/cm? irradiation. The PCEs of
the first (70 nm), second (85 nm), and third (50 nm) single cells are 1.94%, 2.64%,
and 1.76%, respectively. The double-tandem cell has a PCE of 2.19% with V. of
1.19 V and J. of 3.71 mA/cm?. The triple-tandem cell achieves a V. of 1.73 V
with J. = 2.41 mA/cmz, FF = 48.4%, and PCE = 2.03%. The V. almost triples
that of a single cell (0.62 V), suggesting a relatively good Ohmic contact between
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Fig. 36 The structure of the polymer—polymer triple-tandem OSC [20]

the Al and MoOj layers [129]. The transmittance spectra of the first (70 nm),
double-tandem (70 nm/85 nm), and triple-tandem (70 nm/85 nm/50 nm) cells are
shown in Fig. 37b. Obviously, the triple-tandem cell fully absorbs the solar light in
the main range of PAHT/PCBM blend, indicating there is appropriate light incident
on each cell. As a result, the J,. (2.41 mA/cm?) of the triple-tandem cell is rea-
sonable. It is worth mentioning that the FF shrinks as the number of the cells rises
due to an increase in the series resistance in the multi-tandem cell; however, the FF
is still high here compared to that of another reported triple-tandem cell [129]. The
resulting PCE of triple-tandem cell (2.03%) is comparable to those of the single
cells and the double-tandem cell. Additionally, this high V. can drive a red light-
emitting diode (LED) easily with only 0.1 cm? of active area. Since the V. of the
triple-tandem cell can increase from 1.73 V (under 100 mW/cm?) to 1.87 V (under
300 mW/cm?), the LED grows brighter.

Additionally, Sakai et al. [131] reported a similar intermediate layer consisting
of a LiF (0.5 nm), ITO (20 nm), and MoO; (10 nm), which connects the
P3HT:PC¢,BM layer of the bottom cell and P3HT:PC;oBM layer of the top cell,
enhancing the light absorption due to the different absorption ranges of the two
types of PCBMs. This intermediate layer also prevents the solutions used to
fabricate the top cell from leaking into the previously deposited bottom active
layer. In addition, the theoretical and experimental results have been compared and
are in good agreement. The tandem cell obtains a PCE of 5.16% with a
Jo = 6.14 mA/cm?, FF = 73.7%, and V,.= 1.14 V. It is worth noting two
points: one is the extremely high FF, the highest value achieved by a tandem cell,
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Fig. 37 a The [-V characteristics of first, second, third single, double- and triple-tandem
cells under 100 mW/cm?® irradiation. b The transmittance spectra of the first single film,
double-tandem film, and triple-tandem film [20]

likely due to good charge transport and efficient charge-carrier recombination at
the intermediate layer, as explained by the authors; the other is the somewhat low
Vo, less than the sum of the individual cells’ V,,.’s, which might be caused by V.
loss in the bottom cell.

As reviewed above, it was found out that most of intermediate layers
involve PEDOT. Since PEDOT needs to be dried and treated outside a glove
box and at high temperature, this process damages previously deposited layers,
causing the degradation of the tandem cell. Therefore, a superior intermediate
layer, which can be processed in a nitrogen environment without high tem-
perature treatment, is necessary for the efficiency improvement of tandem
OSCs. Moreover, good lifetime and stability are also required for commercial
applications.

3.3.4 Lifetime and Stability of Tandem Organic Solar Cells

Quite few researches have focused on lifetime or stability of tandem cells. As
mentioned above, increasing the thickness of each layer can stabilize the devices
and reduce the probability of a short-circuit [110]. Moreover, the lifetime and
stability of OSCs are influenced by chemical, physical, and mechanical degrada-
tions [22].

Franke [132] discussed the long-term stability measurements of tandem OSCs
consisting of mixed ZnPc and Cg, as the active layer with a PCE of 4%. The
results indicate that these cells are stable upon exposure to a halogen light since
their PCE only decreases by 3% or less under continuous 185 mW/cm? illumi-
nation at 50°C for more than 1,400 h, as shown in Fig. 38. Subsequently, the cell
degrades fast, which can be attributed to the effect of halogen light exposure on the
encapsulation adhesive. The authors also compared the degradation of those
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tandem cells stored in the dark environment at 85°C, showing a much faster
degradation likely due to the stability variation of hole-transporting layer with a
low glass transition temperature.

Moreover, Kim [30] presented tandem OSCs with promising stability as well.
The fact that the PCE decreases from 6.5 to 5.5% after 3,500 h storage in N,
confirms that such a tandem structure exhibits robustness and reasonable stability.
Even though exposed continuously to 100 mW/cm? illumination, the tandem cell
keeps 70% of its original efficiency after 40 h and over 60% after 100 h.

4 Conclusion

In order to further improve the efficiency of OSCs, materials with low band gaps,
which can absorb a larger percentage of the solar spectrum, are required. Addi-
tionally, adopting an effective structure of a solar cell is crucial to maximize the
device performance based on specially designed donor and acceptor materials.
A tandem structure consisting of two or more cells with complementary absorption
spectra is able to enhance the light harvesting by overcoming the intrinsic limits of
organic semiconductors, such as low charge-carrier mobility and short exciton
diffusion length. On the other hand, the inverted structure, in which the charge
collection is opposite to that in conventional structure, provides stable and robust
device.

Many efforts have been made to understand the charge-carrier extraction
behavior in inverted structures and to improve efficiency by employing various
interfacial layers between the organic active layer and electrodes. The polarity of
the charge collection is controlled by the interfacial layers, which are also
responsible for efficient charge collection at electrode. For further efficiency
improvement, matching of work functions of both electrodes with the energy levels
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of respective acceptor and donor should be stressed to minimize Ohmic losses
during charge transfer. Work function can be tuned by doping a buffer layer or
utilizing a SAM with dipole moments. Manipulating the orientation of segregation
in the BHJ blend is another promising approach to improve the performance of
inverted devices. Moreover, incorporating nanostructure metal oxides as the
interfacial layer can further increase efficiency owing to additional heterojunctions
between nanostructure and donor. However, the device must overcome charge-
carrier recombination at the surface of metal oxides via charge trapping sites
created by hydroxyl groups, leading to low contribution to the final photocurrent.
Therefore, the passivation of trap states on the surface of nanostructure by SAM or
other methods will enhance the performance of double-heterojunction cells.
Through tuning the work function of electrodes, manipulating the segregation in
BHIJ blends, and incorporating passivated nanostructure metal oxide, inverted
OSCs with higher efficiency can be achieved.

The intermediate layer, which connects sub-cells optically and electrically,
plays a significant role in the realization and efficiency improvement of tandem
cells. It should provide high transparency, high conductivity, Ohmic contact, and
protection of the lower layers. Many types of tandem OSCs have been applied and
developed using a variety of fabrication techniques. The choice of intermediate
layer is not merely material exploration; it accounts for efficiency improvement of
tandem cell, where the intermediate layer serves as an efficient recombination
center for charge carriers extracted from the sub-cells. It is the reason that the
photocurrent in a tandem cell is somewhat low, primarily resulting from the large
overlapping of absorption spectra of the materials used for both sub-cells. This
issue must be solved by chemical structure design and material synthesis, aiming
to synthesize excellent organic materials with broad absorption range and high
carrier mobility. Therefore, through carefully tuning the band gaps of donors used
in sub-cells and the thickness of each cell, a balanced photocurrent can be
implemented. Moreover, an optical spacer with a high transparency and high
conductivity inserted between two sub-cells can also adjust the optical field dis-
tribution across the entire tandem cell, for efficient light absorption in each sub-
cell. Hence, combining these considerations will improve the performance of
tandem OSCs.

In summary, inverted and tandem structures implemented in OSCs are aiming
to fulfill the commercial requirements. They have advanced much in the past few
years and have achieved an exciting and potential level. Such devices will drive
the realization of flexible and large-area OSCs with low costs.
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Appendix

Most common abbreviations used throughout the chapter.

Abbreviations Full expressions

OSCs Organic solar cells

OLEDs Organic light-emitting diodes
OTFTs Organic thin film transistors

OLEDs Organic light-emitting diodes

BHJ Bulk heterojunction

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
Vi Built-in voltage

E, Energy band gap

PEDOT:PSS  Poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
ITO Indium tin oxide

NiO Nickel(II) oxide

MoO; Molybdenum oxide

V,0s5 Vanadium oxide

WO, Tungsten trioxide

LiF Lithium fluoride

TiO, Titanium oxide

ZnO Zinc oxide

Cs,CO3 Cesium carbonate

Jse Short-circuit current density
Voe Open-circuit voltage

FF Fill factor

PCE Power conversion efficiency
AM 1.5G Air Mass 1.5 Global

8% Current-Voltage

IPCE Incident photon-to-electron conversion efficiency
LWF Low work function

HWF High work function

MDMO-PPV  Poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene)

MEH-PPV Poly(2-methoxy-5-(2’-ethylhexyloxy)-1, 4-phenylenevinylene)

P3HT Poly(3-hexylthiophene)

PPV Polyphenylenevinylene

PCPDTBT Poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-b'|dithiophene)-alt-
4,7-(2,1,3-benzothiadiazole)]

PFDTBT Poly((2,7-(9,9-dioctyl)-fluorene)-alt-5,5-(4,7-di-2-thienyl-2,1,3-
benzothiadiazole)

PFDTBT Poly((2,7-(9,9-dioctyl)-fluorene)-alt-5,5-(4,7-di-2-thienyl-2,1,3-
benzothiadiazole)

PTBEHT Poly{5,7-di-2-thienyl-2,3-bis(3,5-di(2-ethylhexyloxy)phenyl)-thieno[3,4-
b]pyrazine}

(continued)
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(continued)

Abbreviations Full expressions

PSBTBT Poly[(4,40-bis(2-ethylhexyl) dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(2,1,3

benzothiadiazole)-4,7-diyl]

PDMS Polydimethylsiloxane

PTE Polyoxyethylene tridecyl ether

PCsoBM 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)Cg¢;
PC;0BM 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C7,
CuPc Copper phthalocyanine

ZnPc Zinc phthalocyanine

SnCl,Pc Tin phthalocyanine dichloride

F¢CuPc Copper hexadecafluorophthalocyanine

PTCBI 3,4,9,10 perylenetetracarboxylic bisbenzimidazole

MTDATA 4,4’ 4" -tris(N-3-methylphenyl-N-phenyl-amino)triphenylamine
F,-TCNQ (2,5-cyclohexadine-1,4-diylidene)-dimalononitrile

TIPD Titanium (diisopropoxide)bis(2,4-pentanedionate)
Ceo Fullerene

BPhen Bathophenanthroline

SEM Scanning electron microscope

FE-SEM Field emission scanning electron microscope
XPS X-ray photoelectron spectroscopy

SAM Self-assembled monolayer
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Organic Solar Cells and Their
Nanostructural Improvement

Serap Giines

Abstract Organic solar cells comprised of organic semiconductors have attracted
considerable attention in the areas of photonics and electronics during the last
decade. Organic semiconductors are a less expensive alternative to inorganic
semiconductors. Organic molecules and conjugated polymers as organic semi-
conductors can be processed by simple techniques that are not available to crys-
talline inorganic semiconductors. The flexibility in the synthesis of organic
molecules allows for the alteration of molecular weight, band gap, energy levels,
and structural order, which makes organic semiconductors unique. The conversion
of sunlight to electricity by organic solar cells is very interesting and promising
since organic solar cells offer the possibility of fabricating large area, light-weight,
cost-effective, flexible devices using simple and environmental friendly tech-
niques. Also, organic solar cells can be integrated into wide variety of structures
and products in ways not possible for conventional solar cells. As a clean
renewable energy source organic solar cells are rapidly developing. A power
conversion efficiency over 7-8% was reported recently. However, this value must
be improved to compete with conventional solar cells. On the other hand, there is a
considerable progress in the evolution of organic solar cells from pure scientific
research to a possible industrial application. Recent efforts are devoted to the
investigation of operating mechanisms, new synthesis routes, new device archi-
tectures, stability of the organic materials, lifetime, encapsulation, etc. If compa-
rable or even slightly lower efficiencies than those of conventional technologies
can be achieved, the cost-effectiveness and versatility of organic compounds will
make organic solar cells more favorable. In this chapter, an overview on principles
of operation, critical parameters, nanomorphology, charge transport and mobility,
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stability, possible routes for improvement, and the recent status and future aspects
of organic solar cells will be discussed.

1 Introduction

A solar cell converts sunlight into electricity. Harvesting energy directly from
sunlight using photovoltaic (PV) technologies is a viable way to eliminate the
disadvantages of decreased availability of fossil fuel sources and the long-term
effects of CO, emission. The recognition of the potential of PV technology led to
the rapid growth of production of terrestrial solar cell modules [1]. Current pro-
duction is highly dominated by crystalline silicon (Si) modules, which represent
94% of the market. A maximum theoretical power conversion efficiency (PCE) of
almost 31% under direct air mass (AM) 1.5 sunlight is expected for silicon-based
devices [1, 2]. Although the industry is currently based on Si, significant material
challenges and high manufacturing costs might not allow Si-based devices to meet
the long-term goals of PV technology. Thus, new high efficiency or low-cost
technologies such as multi-junction and organic-based devices are rapidly growing
[1]. Organic photovoltaics (OPV) have the potential for low-cost device
production.

An organic solar cell consists of an organic layer which realizes the basic steps
in PV conversion such as light absorption, charge carrier generation, charge carrier
transport and extraction or injection of charge carriers through the contacts [3]. PV
cells based on organic compounds have potential cost-effectiveness, flexibility,
and easy processing [4]. Two main approaches have been considered in the
research of OPVs: bulk heterojunction (BHJ), which is represented in an ideal case
as a bicontinuous composite of donor and acceptor phases [5, 6], and donor—
acceptor bilayers achieved by vacuum deposition of organic molecules [7, 8].

BHIJ type devices employ conjugated polymers which can be solution pro-
cessed. This is seen as an advantage over the vacuum deposition since processing
in solution gives the ability to process the active layer from solution in a single
step using various techniques such as ink jet printing, spin coating, and
roller casting [9]. In polymer-based BHJ solar cells, which are achieved by
blending a polymer donor and acceptor, the most common donor polymers are
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene  vinylene] (MDMO-
PPV] [10, 11], regioregular poly(3-hexylthiophene) (RR-P3HT) [12—16], and poly
[2-methoxy-5-(2’-ethylhexyoxy)-1,4-phenylene vinylene] (MEH-PPV) [17-19].
The most widely used acceptor material of choice has been [6,6]-phenyl
Cg1-butyric acid methyl ester (PCBM) [20]. Several small organic materials, such
as zinc pthalocyanine (ZnPc) [21, 22] and copper pthalocyanine, [23] have also
been used as donors in bilayer heterojunction solar cells.

Optimized organic devices have PCE of 5-8% [24-26]. Although there has
been significant improvement in organic solar cell PCEs, they still have not
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reached that of conventional solar cells [27]. In order to compete with the con-
ventional inorganic cells, a PCE of more than 10% is desirable [4, 28-31]. Various
approaches to organic solar cell designs have been employed such as using novel
organic materials [16, 32] or a combination of organic and inorganic (hybrids)
[33, 34] as active layer materials, tandem cells [35] and also, various techniques
have been employed to improve the performance of organic solar cells such as low
band gap polymers [36, 37] polymer—polymer blends [38, 39], new device
structures [40], etc. Improving the PCE is the primary interest of the current
research on organic solar cells. The efficiencies can be further improved by tai-
loring the materials and also engineering of the device structures. However, one
should note that stability and life times are also important issues [41, 42].

In this chapter, an overview of basic operation principles, organic solar cell
materials, and possible routes for performance improvement of organic solar cells
will be overviewed.

2 Basics of Organic Photovoltaics
2.1 Organic Photovoltaic Materials

Research on organic solar cells focuses on two types of materials: one is solution
processed, such as semiconducting polymers/molecules, and the other is vacuum
processed, such as small organic molecules. Polymers decompose under excessive
heat and have too large molar mass for evaporation. Therefore, most polymer-
based PV elements are solution processed at low temperatures [43].

The discovery of conducting polymers opened up a way of achieving a new
generation of polymers: materials that exhibit the electrical and optical properties
of metals or semiconductors and retain the attractive mechanical properties and
processing advantages of polymers [44]. Saturated polymers in which all of the
four valence electrons are used up in covalent bonds are not very interesting as
electronic materials since they are insulators. However, in conjugated polymers the
electronic configuration is fundamentally different. The chemical bonding in
conjugated polymers leads to one unpaired electron (the 7 electron) per carbon
atom and 7 bonding leads to electron delocalization along the back bone of the
polymer which provides the “high way” for charge mobility along the backbone of
the polymer chain. The chain symmetry such as the number and kind of atoms
within the repeat unit determines the electronic structure in conducting polymers.
As a result, such polymers can exhibit semiconducting or even metallic properties
[44]. Materials that have an extended delocalized © electron system can absorb
sunlight and create photogenerated charge carriers and also transport these charge
carriers, which makes them interesting as optoelectronic materials [43]. Conju-
gated polymers have become the materials of choice not only for solar cells but
also for various optoelectronic applications, such as light emitting diodes (OLEDs)
[45-47] and field-effect transistors (OFETs) [48, 49].
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Organic materials for use in PV devices require a good chemical stability and
high optical absorption in the visible range with respect to the AM1.5G spectrum
[50]. Efficiencies of the first hole conducting polymers based on conjugated poly-
mers were less than satisfactory [51]. Previously, higher efficiencies were achieved
by switching to different classes of donor type conjugated polymers and by mixing
them with suitable electron acceptors like fullerenes [52-56]. High performance
organic solar cells employ polymer-fullerene blends in which the polymer acts as a
donor whereas the fullerene acts as an acceptor. The Buckminsterfullerene, Cgy, is a
strong acceptor. A soluble derivative of Cgp, namely PCBM (1-(3-methoxycar-
bonyl) propyl-1-phenyl [6,6] Cg;), which has been widely used in polymer/fuller-
ene solar cells due to its solution processability owing to their side-chain
substitution was synthesized by Wudl et al. [57]. Currently, a PVC of 7.4% is
reported. The main reason for the increase in the performance is the much greater
absorption of C in the visible region relative to that of Cgo. The high symmetry of
Cgo renders low-energy transitions formally dipole forbidden which results in a
weak absorption of light in the visible region [9]. C;o has an asymmetric structure
with significantly stronger absorption across the visible range [11].

Most semiconducting polymers are hole conductors (electron donors). Impor-
tant reprensentatives of hole conducting donor-type semiconducting polymers are
derivatives of phenylene vinylene backbones such as poly[2-methoxy-5-(3,7-
dimethyloctyloxy)]-1,4-phenylenevinylene) (MDMO-PPV), thiophene chains such
as poly(3-hexylthiophene) (P3HT) and fluorene backbones such as (poly(9,9’-
dioctylfluorene-co-bis-N,N'-(4-butylphenyl-1,4 phenylenediamine) (PFB) and
PCDTBT. Light harvesting by PCDTBT is better than that of P3HT due to its
smaller band gap.

Phthalocyanine and perylene have commonly found applications in thin-film
organic solar cells [58]. Phthalocyanine is a reprensentative of the p-type, hole
conducting materials that work as electron donors, whereas perylene and its
derivatives show n-type, electron conducting behavior, and serve as the electron
acceptor materials. Small organic molecule semiconductors are generally suitable
for evaporation/sublimation techniques since their solubility in common organic
solvents is limited. Fig. 1.

2.2 Operation Principles

There are four important steps for the conversion of solar illumination into pho-
tocurrent in organic solar cells: (i) absorption of a photon to create an exciton, (ii)
diffusion of the exciton to a donor—acceptor interface, (iii) charge transfer of an
exciton into an electron in the acceptor and a hole in the donor, and (iv) collection
of the charges at the electrodes [59].

The absorption spectrum of the organic material defines the spectral range over
which the cell will respond to light. This depends on the chemical structure of the
polymer or molecule. Most organic dyes or molecules are strongly absorbing and a
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Fig. 1 Some examples of the representative donors and acceptors used in organic solar cells

film only a few 100 nm thick is sufficient to absorb significant proportion of light if
it falls within the absorption band of the material [60]. The first process in
photoconversion is related to the absorption. The absorption efficiency is governed
by the absorption spectra of the organic semiconductors, their thickness and also,
the device architecture.

In organic semiconductors, optical excitations lead to electron—hole pairs
(excitons) that are bound at the room temperature [61]. The efficiency of exciton
diffusion in organic solar cells is determined by the exciton diffusion length and



176 S. Giines

Fig. 2 Metal-insulator— \ —
metal (MIM) models of an Al
organic diode: a short Circuit,  s— —
b open circuit, ¢ reversed ITO Al —
bias, and d forward bias -.-"""'--- ITO

o0 ° L

+ -
(@ Ve

ITO

ITO

the morphology of the donor—acceptor interface [59]. Once excitons are created
they can diffuse over a length of approximately 5-15 nm [62-64]. Then they decay
either radiatively or non-radiatively. Excitons must be separated into free charge
carriers within their lifetime for PV purposes. For efficient dissociation of excitons,
strong electric fields are utilized, via externally applied fields or via interfaces. At
an interface where abrupt changes of the potential occur, there are strong local
electrical fields possible (E = —grad U) [65]. Here, excitons can dissociate into an
electron in one phase and a hole in the other. Exciton dissociation can also occur at
bulk trap sites, leading to one trapped carrier and one potentially free carrier
[66, 67]. Conversion of the excess photon energy above singlet exciton into the
vibrational heat bath of a polymer segment is also considered a main source of the
energy required for charges to escape from a potential well formed by a super-
position of the Coulomb and external electric fields [68].

Once, the electrons and holes are separated, and the free charge carriers are
created, these free charge carriers are transported to the electrodes [69]. To under-
stand the rectifying behavior of a semiconductor device, the metal-insulator-metal
(MIM) model is used. In Fig. 2, a single layer cell with ITO and Al electrodes is
shown. Figure 2a shows the short-circuit conditions. The current delivered by a solar
cell under zero bias is called the short-circuit current (/). In the MIM picture, the
built-in potential is equal to the difference in the work functions of the metal elec-
trodes. Exciton dissociation and charge transport are driven by the built-in potential.
Figure 2b shows the open-circuit case. The voltage where the current equals to zero is
called open-circuit voltage (V). V.. is equal to the difference between the metals’
work functions and balances the built-in potential. Thus, the current is zero since
there is no net driving force acting on the charge carriers. Figure 2c shows the
negative bias case. The diode works as a photodetector. Under illumination, the
charge carriers drift to the appropriate electrodes. Figure 2d shows the forward bias
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case. In the case of an applied forward bias larger than the V. the contacts start
injecting charges into the semiconductor. If these charges recombine radiatively, the
diode works as a LED.

2.3 Device Architecture

As substrates, transparent and conducting electrodes (for example, glass or plastic
covered with indium-tin-oxide (ITO)) are used. As a transparent conductive
electrode ITO allows light to pass through the cell. However, ITO is not the ideal
conductive material due to the following problems: release of oxygen and tin into
the organic layer, poor transparency in the blue region and complete crystallization
of ITO films, which requires high-temperature processing [70, 71]. Also, the
increasing cost of indium prevents large-scale use of ITO in low-cost PV devices
[70]. Therefore, alternatives for ITO electrode such as carbon nanotube network
electrodes are being investigated [72].

The substrate electrode can be structured by etching. On the transparent con-
ducting substrate, PEDOT:PSS, poly(ethylene-dioxythiophene) doped with poly-
styrene-sulphonic acid is commonly coated from an aqueous solution. This
PEDOT:PSS layer improves the surface quality of the ITO electrode (reducing the
probability of shorts) and facilitates hole injection/extraction. Furthermore, the
work function of this electrode can be changed by chemical/electrochemical
manipulation of the PEDOT layer [73]. PEDOT:PSS is the most promising
organic-based electrode material (see Fig. 3) and currently, various modifications
of PEDOT:PSS with even greater conductivities are being investigated as elec-
trodes for organic devices [70, 74-76].

As already mentioned, there are two major classes of organic semiconductors:
low molecular weight materials and polymers. They have in common a conjugated
7 electron system formed by the p, orbitals of sp? hybridized C atoms in the
molecules. Compared to the ¢ bonds that form the backbone of the molecules, the
7 bonding is significantly weaker. Therefore, the lowest electronic excitations of
conjugated molecules are the 7-7" transitions with an energy gap leading to light
absorption or emission in the visible spectral range [77]. An important difference
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between two classes of materials lies in the way they are processed to form thin
films. Small organic molecules are usually deposited by sublimation or evapora-
tion whereas conjugated polymers can only be processed from solution by using
spin coating or printing techniques [77]. Side chain functionalization is principally
used for processing of semiconducting polymers from solution in organic solvents
or from water [44]. The active layers are then coated depending on the class of the
semiconductor employed in the device. Spin coating, doctor blading, screen
printing, and ink jet printing are the most common wet processing techniques.
Evaporation of two or more organic molecules at once is called coevaporation and
it can be applied to small molecules to create interpenetrating donor—acceptor
networks or to achieve molecular doping [78, 79].

The top electrode is, in general, a metal with an underlayer of ultrathin lithi-
umfluoride. The exact nature of this LiF underlayer is unknown, but certainly such
thicknesses (ca 0.6 nm) cannot form a closed layer. The exact role of the LiF
underlayer is under controversial debate in the literature [80-82]. Photoelectron
spectroscopy studies showed that the metal workfunction can be considerably
reduced by evaporation of such LiF layers [83].

The most widely used device configurations in organic solar cells are sum-
marized below.

2.3.1 Single Layer Organic Solar Cells

The first organic solar cells were based on single layers sandwiched between two
metal electrodes of different work functions. One of the electrodes must be (semi-)
transparent, generally ITO, but a thin metal layer can also be used. The other
electrode is generally aluminium (calcium, magnesium, gold and others are also
used).

Photoexcitations in an organic semiconductor lead to formation of bound
electron—hole pairs (excitons). Excitons created in an organic semiconductor must
dissociate into free charge carriers according to the PV requirements. The only
way to break apart the excitons in the devices consisting of pristine polymers is to
use an electric field [84]. If the organic semiconductor is doped, band bending can
occur, leading to a Shottky contact at the metal-electrode interface. As a result of
the limited exciton diffusion length, only photoexcitations generated close to the
depletion region of the Schottky contact can lead to separated charge carriers.
Therefore, only a small region contributes to photocurrent generation in pristine
polymer-based devices.

The early efforts to realize organic solar cells using conjugated polymers
focused on polyacetylene [85] and polythiophene [86]. Previously, visible light
emission was observed at Shottky diodes made from semiconducting polymers
[45, 87]. The observation of a dual-function device, both as a light emitting diode
and a photodiode under reverse bias, using poly[2-methoxy-5-(2'-ethyl-hexyloxy)-
1,4-phenylene vinylene] (MEH-PPV) made PPV a material of interest in single-
layer organic optoelectronics [88]. However, the PCE of ITO/PPV/Al based
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devices were reported as 0.07 for light intensities of 1 mW/cm? [89]. The intrinsic
field created by the asymmetry of the work function of electrodes was not large
enough to generate significant power. Single-layer conjugated polymer-based
devices lacked a significant PV effect.

The device architecture plays an important role in the overall efficiency of
organic solar cells. In a single-layer device, since only a small region contributes
to the photocurrent generation, the efficiency of such devices is rather low [90].

2.3.2 Bilayer Heterojunction Organic Solar Cells

The major problem in single-layer organic solar cells is inefficient charge gener-
ation in conjugated polymers. To overcome this limitation, the donor/acceptor
approach has been suggested [91]. A bilayer device is prepared by stacking a
donor and an acceptor material (see Fig. 4). The effective interaction between the
donor and the acceptor takes place at the geometric interface in the bilayer het-
erojunction organic solar cells. Many conjugated polymers in their undoped,
semiconducting states are electron donors upon photoexcitation [91]. The photo-
physics studies on conjugated polymers and fullerenes reveal that there is ultrafast,
reversible and metastable electron transfer from conjugated polymers to Buck-
minster fullerenes in solid films [18, 52-54].

Several devices have been constructed using this effect [18, 58]. Tang et al.
demonstrated PV activity in small molecular bilayers that were vacuum deposited
[58]. They fabricated bilayer organic solar cells by vacuum depositing copper
phthalocyanine and a perylene tetracarboxylic derivative. A PVC of about 1% was
achieved under simulated AM?2 illumination. A novel feature of this device was
that the charge-generation efficiency was relatively independent of the bias volt-
age, resulting in cells with fill factor values as high as 0.65. The interface between
the two organic materials, rather than the electrode/organic contacts, was found to
be crucial in determining the PV properties of the cell [58]. In a study by
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Yamashita et al. the characteristics of a bilayer heterojunction diode consisting of
Ceo/tetratiafulvalene (TTF) were reported. The device under dark conditions was
almost insulative, however, upon light illumination, remarkable rectification was
observed [92]. Halls et al. measured the PV properties of heterojunctions con-
sisting of a layer of the molecular pigment bis(phenethylimido)perylene, sublimed
onto a film of the conjugated polymer poly(p-phenylenevinylene) [PPV], and
sandwiched between electrodes of ITO and aluminum. Quantum yields (electrons
collected per incident photon) of up to 6%, fill factors of 0.6 and open-circuit
voltages approaching 1 V were obtained, representing significant improvements
over single-layer PPV devices [93]. Efficiencies of 3.6% were reported for vac-
uum-deposited copper phthalocyanine/Cgo thin-film double-heterostructure PV
cells incorporating an exciton-blocking layer (EBL) [94].

Although significant improvement compared to single-layer devices was
achieved in bilayer heterojunction solar cells, the PVC of bilayer heterojunction
solar cells is limited due to the following reasons: (i) Efficient charge separation
occurs only close to the donor/acceptor interface whereas the photoexcitations far
from the donor/acceptor heterojunction will recombine and (ii) PV conversion
efficiency is limited by the amounts of photons absorbed in the region where
charge separation takes place [91].

2.3.3 Bulk Heterojunction Organic Solar Cells

In a bulk heterojunction organic solar cell, donor and acceptor components are
mixed to form an interpenetrating network at the nanometer scale (see Fig. 5). The
bulk heterojunction concept maximizes the donor—acceptor contact area. If the
phase separation between the donor and the acceptor can be controlled to form an
interpenetrating network through the control of morphology a high interfacial area
within a bulk material can be achieved [91].
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Fig. 6 Current—voltage (/-V) curves of an organic solar cell (dark, dashed; illuminated, full line)

Early studies focus on polymer-fullerene bulk heterojunction solar cells. The
bulk heterojunction is presently the most widely used photoactive layer. One of the
most promising combinations of materials is a blend of a semiconducting polymer
and a fullerene derivative as the acceptor.

The study by Shaheen et al. was a breakthrough on bulk heterojunction solar
cells with efficiencies reaching 2.5% under simulated AM1.5G illumination using
MDMO-PPV as a donor and PCBM as an acceptor. In these cells, the photoactive
layer was sandwiched between two electrodes with different work functions. Since
then several studies on the morphology, electronic structure, and charge transport
of MDMO-PPV/PCBM-based devices were performed [95-100].

P3HT has been another choice of material as a donor in bulk heterojunction
cells. The high charge carrier mobility and lower band gap compared to MDMO-
PPV make this material advantageous over MDMO-PPV. P3HT/PCBM blends
provided an increased PV performance as compared to MDMO-PPV/PCBM solar
cells [14, 101]. Recently, 5% efficiency has been achieved using P3HT as the
donor and PCBM as the acceptor. By introducing a TiO, layer as the optical spacer
they were able to achieve polymer solar cells with PCE approximately 50% higher
than similar devices fabricated without an optical spacer [102].

2.4 Current-Voltage Characteristics of an Organic Solar Cell

The characteristic parameters of an organic solar cell can be deduced from cur-
rent—voltage (/-V) curves. The I-V characteristics of a solar cell in the dark and
under illumination are shown in Fig. 6.

In the dark there is almost no current flow until the start to inject at forward
bias. When a cell is illuminated, the -V curve is shifted down by the short-circuit
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current, I;.. The maximum current that can run through the cell is determined by
the I, [102]. V. is related to the energetic relation between the donor and the
acceptor. The energy difference between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the
acceptor is closely correlated with the V. value. The solar cell operates in the
fourth quandrant. At the maximum power point (MPP), the product of current and
voltage is the largest. The largest power output (Pp,.x) is determined by the point
where the product of voltage and current is maximized. Division of P, by the
product of I and V,, yields the fill factor, FF.

The photovoltaic PCE of a solar cell is determined by the following formula:

Voo * I * FF
ne=—p —— 1
P (1)
FF — Tipp * Vinpp )
ISC * VOC

where V. is the open-circuit voltage, I, is the short-circuit current, FF is the fill
factor and Py, is the incident light intensity.

The light intensity at 1,000 W/m> with a spectral intensity distribution
matching that of the sun on the earth‘s surface at an incident angle of 48.2°, which
is called the AM1.5G spectrum is accepted as standard for solar cell testing [104].

An experimentally accessible value is the external quantum efficiency or
incident photon to current efficiency (IPCE). IPCE is defined as the number of
photogenerated charge carriers contributing to the photocurrent per incident
photon [102]. IPCE is calculated using the following formula:

1240 * I

IPCE = ——
C }v*Pin (3)

where 4 (nm) is the incident photon wavelength, I, (nA/cm?) is the photocurrent
of the device and P;, (W/m?) is the incident power.

2.4.1 Power Conversion Efficiency Reports on Organic Solar Cells

Organic solar cell research has grown rapidly during the last decades and now it is
close to the level of the commercial applications. It became crucial [103] to
accurately determine the efficiency values to enable a fair comparison of the
results from several groups for the healthy development of this technology. Since
the PCE is the representative parameter to evaluate the performance of a PV cell,
the measurement of this value should be accurately determined and reported and
also should be reproducible to be able to compare different devices [105].

The performance of PV cells is commonly described in terms of their effi-
ciencies with respect to the standart reporting conditions (SRC) defined by the
temperature, spectral irradiance, and total irradiance [105, 106]. The SRC for the
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performance of the PV cells are as follows: 1,000 W/m? irradiance, AM 1.5 global
reference spectrum, and 25°C cell temperature.

Shrotriya et al. have already described what must be done for accurate mea-
surement and characterization of organic solar cells [105]. They performed
experiments on polymer/fullerene bulk heterojunction solar cells and small
organic molecule-based bilayer cells. They considered the effects of the spectral-
responsivity, light source calibration and spectral mismatch factor and also the
device area. They first investigated the effect of the light bias intensity on the
spectral responsivity. They observed that the responsivities of all the cells show a
slight dependence on the light bias intensity, although the behavior was different
for different material systems. However, they showed that the light bias depen-
dence of the responsivity for all test cells was constant with respect to
the wavelength, which suggested that the mismatch factor calculation would be
independent of light bias intensity. They also observed relatively weak dependence
of the external quantum efficiency on light bias intensity. They counted
the response of the cell to the chopped light as an important factor that has to be
considered when measuring the spectral response of the PV device.

A solar simulator replicates the solar spectrum and is used for testing PV
devices. Reference cells are used to set the intensity of a light source to a particular
test condition (e.g., one sun) for /-V measurements. The relative spectral re-
sponsivities of the test and reference cells are an important factor in the solar
simulator calibration procedure. For crystalline solar cells, the reference cell is
made of the same materials and technology as the test device. The primary interest
in a reference cell is the stability in the reference cell’s calibration value. For this
reason most thin-film organic and inorganic devices use a Si reference cell that
may have a filter to improve the spectral match. However, for polymer and small
organic molecule organic solar cells, it is extremely difficult to fabricate reference
cell from the same materials. The reasons for this are the lack of the consistent
reproducibility and the poor life times of these devices. Therefore, for the purpose
of light source calibration for organic solar cell testing, it is important to select a
reference cell whose spectral response matches that of the actual test cells as
closely as possible to minimize the spectral error [105].

Another parameter to consider is the lamp’s age, which affects the actual
irradiance. As a result, the spectral mismatch changes with the age of the solar
simulator’s lamp. The spectral mismatch factor accounts for deviations in the
spectral output of the solar simulator with respect to the standard AM1.5G spec-
trum and deviations in the spectral response with respect to that of the reference
cell [10, 107].

It is also essential to correctly measure the device area in order to accurately
determine the current density through the device. Usually, device area is chosen as
the area defined by the shadow mask used for evaporating the top contact. An
important factor that can result in significant errors in the estimation of the area is
the shadow effect arising from evaporating successive layers from multiple sources
[105].
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Fig. 7 Two common layouts for OPV devices with unpatterned PEDOT:PSS (Baytron) and
photoactive layers: a In devices with the crosses layout, the Al electrode overlaps with the
photoactive and PEDOT:PSS layers outside the patterned ITO region, b in this layout, outside the
nominal area, the photoactive layer is in contact with unpatterned PEDOT:PSS/ITO only.
Reproduced with permission from Cravino et al. [108], Copyright Wiley-VCH Verlag
GmbH&Co. KGaA

Besides device area, device design can also affect the determination of the
efficiency of organic solar cells. Cravino et al. demonstrated that the shape and size
of a cell, which is referred to as the cell layout, might be very important in organic
solar cells (see Fig. 7) [108]. They investigated the two common layouts for
organic solar cells with patterned PEDOT:PSS layers and photoactive layers, as
shown in the Fig. 7. They considered the results of the geometrically resolved
photocurrent measurements and concluded that the most critical region in the
crossed layout is the region where the Al electrode overlaps with the both pho-
toactive and PEDOT:PSS layers.

The relationship between the performance and the electrode geometry of
organic solar cells was also investigated by Kim et al. [109]. They used the two
most commonly used electrode geometries: (i) island-type and (ii) crossbar-type,
as shown in the figure. They found that the commonly used PV cells can produce a
significant error in PCE measurement if the beam diameter of the illuminated light
is larger than the area of electrodes. They concluded that the larger PCE observed
using such a configuration is due to the excess photocurrent generated from a
parasitic organic solar cell structure, where the conductive PEDOT:PSS layer acts
as an effective anode. This can also explain why the excess photocurrent is pro-
portional to the conductivity of the PEDOT:PSS layer and increases with the
illuminated area. Kim et al. suggested two solutions to prevent the error in char-
acterization: (i) making the area of light illumination equal to that of the active
electrode of the PV cells and (ii) island-type cathode design. Considering the
technical difficulty of the former method they suggested that the latter approach
would be more convenient and practical (see Figs. 8 and 9) [109].

There are also other challenges in PCE measurements since there are many
other parameters such as processing conditions [14, 16, 110, 111], solvent selec-
tion [10], and the presence of oxygen and moisture [50, 112], which will be
discussed later.
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Fig. 8 -V curves of OPV cells having (a) island-type electrode geometry and (b) crossbar-type
electrode geometry _illumination diameter: 20 mm, intensity: AM1.5G 100 mW/cm?. For the
device characterization having the island-type electrode, the anode contact was made using a
probe and the cathode contact was made using a gold wire. Reprinted with permission from Kim
et al. [109] Copyright (2008), American Institute of Physics
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Fig. 9 Left Characterization scheme of OPV cells having crossbar-type electrode geometry
under illumination larger than the overlapped area of the crossbar-type electrodes. Right Excess
current generation in PEDOT:PSS/Al device where there is no ITO. Reprinted with permission
from Kim et al. [109]. Copyright (2008), American Institute of Physics

2.5 Characteristic Parameters of an Organic Solar Cell

2.5.1 Open-Circuit Voltage

One of the key parameters of PV devices is the open-circuit voltage (V,,.), which is
the voltage for which the current in the external circuit equals to zero [113]. Since
the efficiency of an organic solar cell is directly proportional to the V.,
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improvement of the V. is crucial to achieve higher efficiencies. However, there is
a controversial debate in the literature on the nature of the V..

A generally accepted estimate for the built-in potential is given by the V.,
which underestimates the built-in potential at room temperature and converges to
the correct value at low temperatures [98, 106]. In a MIM device the V. is
determined by the difference in the work functions of two metal contacts [84].

The PV effect in diode structures formed with thin films of PPV sandwiched
between ITO and either aluminium (Al), magnesium (Mg) or calcium (Ca) was
studied by Marks et al. [107]. Under illumination incident through the ITO contact,
they measured large open-circuit voltages. They compared the difference in the work
function between ITO and the metal in question by taking a value for the ITO work
function of 4.8 eV. They found that the measured photovoltages for Mg and Ca
devices approximately scaled with the metal work function, whereas the photo-
voltage measured in Al devices was larger than expected from the work function
difference of the contact materials. Although the situation was unclear, they com-
mented that the surface layer of the Al reacts with PPV to form covalent bonds across
the vinylene linkages and introduces a non-conjugated barrier layer [107].

The magnitude of V. can be attributed to the electrode work function differ-
ence [108]. However, other research studies showed that there are other parameters
that contribute to the V., such as dark currents [114], Fermi level pinning [91] and
chemical potential gradients [115, 116].

A scaling of the open-circuit voltage with electrode work function difference
has also been observed in bilayer devices by Ramsdale et al. [116]. However, they
observed an additional intensity-dependent contribution from the active layer
within the device. This additional contribution was attributed to photoinduced
generation of carriers.

Built-in potential is an essential parameter of PV devices and influences charge
dissociation, charge transport, and charge collection [98]. Compared to devices
made from pristine conjugated polymers, the nature of the thin-film devices made
by mixing fullerenes and conjugated polymers is completely modified and, thus, the
Voc of the corresponding cells differ. Therefore, the MIM model or the Shottky
junctions [117, 118] that successfully explain the situation in pristine polymer-
based devices cannot satisfactorily explain the nature of V,,. in BHJ solar cells [98].

Brabec et al. investigated the critical parameters influencing the built-in
potential in conjugated polymer/fullerene based devices. They analyzed the open-
circuit voltage of the corresponding devices as a function of the acceptor strength
[98]. They observed that the V. of the corresponding devices correlated directly
with the acceptor strength of the fullerenes, whereas it was rather insensitive to
variations of the work function of the negative electrode. They discussed their
observations within the concept of Fermi level pinning between fullerenes and
metals via surface charges.

Gadisa et al. measured and compared V.. of solar cells based on series of
conjugated polythiophene polymers. In every cell, they blended donor polymer
with an electron acceptor fullerene molecule. They constructed devices in a
sandwich structure with ITO/metallic polymer (PEDOT:PSS) acting as the anode
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and Al or LiF/Al acting as a cathode. Comparing the V. of all the cells they
showed that this important PV parameter systematically varied with the polymer.
The variation of photovoltage was attributed to the variation of the oxidation
potential of the donor conjugated polymers after due consideration of the different
injection conditions in the varying polymers [119].

The influence of an altered doping level of the hole collecting electrode was
investigated by Frohne et al. [73] and they observed that the V,,. can be influenced
by the electrochemical potential of the PEDOT:PSS.

The morphology of the active layer in BHJ solar cells also affect the V.. Liu
et al. introduced a new term, which is the product of cross-sectional area physi-
cally occupied by Cgq (c) that is related to the concentration of Cgq in the com-
posite and the product of f, which is the morphology induced interfacial factor and
they concluded that the observed V,.’s can be used to estimate cf for PV devices
fabricated with different solvent [120].

The Voc’s of BHIJ solar cells based on PCBM as the electron acceptor and
poly[2-methoxy-5(3',7'-dimethyloctyloxy)-p-phenylene vinylene] (OC,C;y-PPV)
as the electron donor were investigated by Mihailetchi et al. [97]. They demon-
strated that for non-ohmic contacts, the experimental Vo was determined by the
work function difference of the electrodes. A total variation of more than 0.5 V of
the Voc was observed by variation of the negative electrode (cathode) work
function. They added that for ohmic contacts the Ve was governed by the LUMO
and HOMO levels of the acceptor and donor, respectively, which pin the Fermi
levels of the cathode and anode. According to this work, the band bending created
by accumulated charges at the ohmic contact produced considerable loss in V¢ of
0.2 V at room temperature. They concluded that the experimentally observed
voltage loss in Vo of 0.38 V due to the presence of ohmic contacts at both
interfaces strongly limited the maximum open-circuit voltage of OC,C,y-PPV/
PCBM solar cells [97].

In another study, by Mihailetchi et al., they observed that an increase in the
workfunction of the metal top electrode led to a reduction of the open-circuit
voltage, short-circuit current, and PVC of organic bulk-heterojunction solar cells.
They demonstrated that the photocurrent obtained from an active layer comprised
of a blend of OC,C;y-PPV and PCBM, with lithium fluoride-topped aluminum,
silver, gold, or palladium electrodes, showed a universal behavior when scaled
against the effective voltage across the device. Model calculations confirmed that
the dependence of the photocurrent on the effective voltage was responsible for the
observed variation in performance of each different electrode. Consequently, for
any given metal, only the device’s open-circuit voltage was required in order to be
able to predict the remaining solar cell parameters [99].

Koster et al. investigated the V. of polymer:fullerene BHJ solar cells as a
function of light intensity at different temperatures [113]. The devices consisted of
PPV derivative as the hole conductor and PCBM as the electron conductor. The
observed photogenerated current and V,,. varied with classical p—n junction based
models. They showed that the V,., when plotted as a function of light intensity,
had a slope equal to kT/q. They explained the influence of light intensity and
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recombination strength on V. by a model based on the notion that the quasi-Fermi
levels were constant throughout the device, including both drift and diffusion of
charge carriers.

Scharber et al. investigated the relation between the energy levels of the donor—
acceptor blend and the V. of 26 different BHJ devices [30]. They derived a simple
relation between the energy level of the HOMO of the polymer and the V,,., which
was used to estimate the maximum efficiency of BHJ solar cells. Based on the
model, they determined the ideal material parameters for a conjugated polymer-
PCBM device. They demonstrated that for a total of 26 different BHJ solar cells,
there was a linear relation between V. and the conjugated polymer oxidation
potential. They estimated the V. of a conjugated polymer-PCBM solar cell using
the following formula [30]:

Voe = (1/€)(| E>"HOMO| — |[E"“*MLUMO|) — 0.3V (4)

where e is the elementary charge and using —4.3 eV for the PCBM LUMO energy.
The value of 0.3 V in Eq. 4 is an empirical factor. They found that the MIM model
is not applicable to BHJ devices. The observed deviation of V. from Vg (HOMO
donor minus LUMO of the acceptor), which they related to the working principle
of the BHJ and they suggested that it could be minimized by optimizing materials,
the active layer thickness, and the charge carrier mobility [30].

2.5.2 Short Circuit Current

Since I, also directly affects the efficiencys, it is an essential parameter of the solar
cells. Theoretical calculations predict that the development of novel donor mate-
rials is required to reach efficiencies of 10% or more [30]. New materials should
also be considered to overcome the limitations of MDMO-PPV/PCBM or P3HT/
PCBM-based devices. One important problem is limited absorption. It was cal-
culated that 240 nm-thick P3HT is only capable of absorbing 21% of the sun’s
photons [121] and only in the wavelength range between 350 and 650 nm. Con-
jugated polymers have absorption coefficients in the order of 10° cm™' [122]. The
limitation in the absorption is due to the mismatch of the absorption of the organic
semiconductor and the solar spectrum (see Fig. 10).

A polymer having a 1.1 eV band gap can absorb 77% of all the solar irradiation.
However, majority of semiconducting polymers have band gaps higher than 2 eV,
which limits the possible absorption [122]. This limitation led researchers to
investigate low band gap polymers, which are achieved by shifting the polymer
absorption spectrum into the near-infrared region.

The synthesis and application of low band gap polymers that absorb light above
600 nm in organic solar cells have been reported by several groups [124—130]. The
band gap is defined as the difference between the HOMO and LUMO energy levels
in polymers, neglecting Coulombic interactions. Low band gap polymers are
defined as those having band gaps below approximately 2 eV [131]. One of the
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limiting parameters in plastic solar cells is the mismatch of the absorption of
organic materials and the terrestrial solar spectrum [130]. The optical band gap of
the generally used CPs in organic solar cells have values around 2.0-2.2 eV [130].
The use of low band gap polymers expands the spectral region of bulk hetero-
junction solar cells and is a viable route to enhance the number of photons
absorbed [130]. An ideal band gap of 1.3—1.6 eV for a bulk heterojunction device
is described in a study by Scharber et al. [30].

Another way to overcome the barrier to absorbing more photons is increasing
the layer thicknesses. However, one should note that an increase in the layer
thickness may be limited by the charge carrier mobility and lifetime. At present,
bulk heterojunction polymer solar cells are typically fabricated with an active layer
thickness of between 80 and 100 nm. This active layer thickness has traditionally
been chosen based on convenience and empirical results. However, it was studied
by Moule et al. that active layer thickness has an effect on the short-circuit current
and efficiency of BHJ polymer solar cells [132]. They demonstrated that the
performance of these devices was highly dependent on the active layer thickness
and, using a model for optical interference, they showed that such effects were
responsible for the variations in performance as a function of active layer thick-
ness. They also showed that the ideal composition ratio of the donor and acceptor
materials was not constant, but depended on the active layer thickness in a pre-
dictable manner. Also, they confirmed that their results are not material specific
and that high efficiency solar cells can be fabricated with active layer thickness
greater than 100 nm [132].

The optical properties of BHJ solar cells were modelled by Hoppe et al. [133].
They showed that upon illumination of BHJ solar cells using MDMO:PPV/PCBM
with the standard AM1.5G solar spectrum, the short-circuit current can be deter-
mined for any given internal quantum efficiency as a function of the active layer
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thickness. Also, the depth profile of photoinduced charge-generation rates were
calculated.

Peumans et al. demonstrated a method for efficient photon harvesting in organic
thin films, thereby increasing the efficiency of organic PV cells [134]. By incor-
porating an EBL between the photoactive organic layers and the metal cathode,
they achieved an external PVC of 2.4%=0.3% from vacuum-deposited ultrathin
organic bilayer PV cells employed in a simple light trapping geometry.

As mentioned above, the optical absorptions of conjugated polymers are strong,
but even at maximum absorption, the penetration depth of light into these materials
is in the range of 10—100 nm [135]. Therefore, the generation of excited states over
10-100 nm deep and harvesting, which occurs over a much shorter distance, must
be combined. Making thicker films to collect more light by absorption decreases
the field and reduces the collection efficiency. One way of bringing these
requirements together is to trap light in the polymer layers by diffraction into
guided modes in the thin polymer films [135]. This approach has been used to
enhance light trapping and absorption in silicon solar cells in the energy range
where optical absorption range in silicon is low [136]. Since optical absorption in
conjugated polymers is high, Roman et al. used a similar approach to trap light in
thinner polymer films [135]. They used an elastomeric mold to transfer a submi-
cron grating pattern from a commercially available grating template to the active
polymer layer in a PV device. They concluded that the grating function improved
the optoelectronic properties of photodiodes [135].

Niggemann et al. also investigated two novel cell concepts: light trapping with
diffraction gratings and buried nano electrodes [137]. In the buried electrode
approach, they used one planar electrode and the other electrode was oriented per-
pendicular to the substrate surface, forming a lamellar structure. In this case low
mobility charge carriers could be collected at the lamellar electrodes and high
mobility charge carriers could be collected at the planar electrode. In their study, they
discussed the potential of this approach and the initial experimental results [137].

2.5.3 Fill Factor

The fill factor of a device depends on charge dissociation, charge carrier transport,
and recombination [138]. Effective cell design variables have large impact on the
FF of an OPV device. The characteristic properties of an organic layer such as
morphology and thickness, the regioregularity of the conjugated polymer, and the
two interfaces between the electrodes and the blend layer have a large impact on
the FF by affecting the series resistance (R;), and the shunt resistance (Rg,). The R;
can be calculated from the inverse slope of the I-V curve in the first quadrant and
is closely correlated with the intrinsic resistance, morphology, and thickness of the
semiconductor layer whereas the Ry, is correlated with the amount and character of
the impurities and defects in the active organic semiconductor layer since impu-
rities and defects cause charge recombination and leakage current, as described by
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Fig. 11 a Definition of FF. Jy,, is the current density at the maximum of JV in the fourth
quadrant and V,,,, is the bias at the maximum of JV in the fourth quadrant. b Circuit model of a
photovoltaic device. Ry is the series resistance and Ry, is the shunt resistance. ¢ Impact of the
variation of the series resistance (Rs) on the FF. The indicated inverse slope represents Rs.
d Impact of the variation of the shunt resistance (Ry,) on the FF. The indicated inverse slope
represents Rgy,. Reprinted with permission from Kim et al. [139]. Copyright (2009), American
Chemical Society

Kim et al. [139] (see Fig. 11). Ry, determines the inverse slope of the I-V curve in
the fourth quadrant.

The FF is determined using Eq. 2, which is basically the ratio of the product of
maximum voltage and maximum current defined by the MPP and the product of
the V. and /..

Gupta et al. studied the fill factor in organic solar cells and observed that the
shape of the I-V characteristics in the power generating fourth quadrant strongly
depends on the quality of polymer-cathode interface and does not always reflect
the bulk characteristics [138]. They pointed out that a partial metal coverage or a
chemically modified layer can reduce the FF drastically. They concluded that
defects at the polymer-metal interface give rise to charge carrier accumulation due
to inefficient collection. They suggested that a conformal coating of metal that
follows the polymer surface undulations is a preferable way to improve the
FF [138].

Effective variables to control the FF of organic solar cells were studied by Kim
et al. [139]. They reported relationships between the FF and various design
parameters. Their device structure was ITO/PEDOT:PSS/P3HT+PCBM/LiF/Al.
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Fig. 12 Effect of 4 .
regioregularity of conjugated '
polymers on the fill factor.
Reprinted with permission
from Kim et al. [139],
Copyright (2009), American
Chemical Society
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They used the island-type electrode geometry to prevent additional charge col-
lection observed in the crossbar-type device configuration, as described in Ref.
[109]. They investigated the effects of characteristic properties of the organic layer
to the FF, including morphology, thickness, the regioregularity of the conjugated
polymer, and the two interfaces between the electrodes and the blend layer [139].
Their results showed that when the crystallinity of the blend layer was increased by
thermal annealing, R decreased. When the regioregular P3HT was investigated,
they observed that Ry was also reduced by one order of magnitude. They pointed
out that the higher crystallinity induced by thermal annealing and regioregularity
enhance the efficiency of the inter-and intramolecular charge transport [139]
(see Fig. 12).

They observed that as the thickness of the blend layer was increased, Rj
increased and Ry, decreased, which they attributed to the increased distance the
charges must travel until they reach the electrodes, possibly increasing the resis-
tivity and charge recombination (see Fig. 13).

They also studied the quality of two interfaces between the blend layer and the
electrodes. They found that when a less conducting cathode was used, the FF
decreased because of more charge recombination and leakage current, which was
confirmed by the decrease in Ry, [139] (see Fig. 14).

They also proved that Ry, and the resulting FF were largely affected by the
efficiency of charge extraction through the cathode, which they investigated by
controlling the amount of the photoinduced charges in the blend layer through
various illumination conditions. They observed that as the illumination intensity
increased, Ry, and FF gradually decreased, indicating that there is more charge
recombination in the blend layer. Finally, they showed that the nature of the
interface between the Al anode and the blend layer also impacts the FF [139].
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3 Nanomorphology and Charge Transport in Organic Solar
Cells

3.1 Nanomorphology

The BHIJ concept requires blending two organic materials, one of which is a donor
(generally a conjugated polymer) and the other is an acceptor (generally a ful-
lerene derivative). Even if these donors and acceptors have an ideal electronic
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Fig. 15 AFM images
showing the surface
morphology of MDMO-
PPV:PCBM (1:4 by wt) blend
films with a thickness of
approximately 100 nm and
the corresponding cross-
sections. a Film spin coated
from a toluene solution.

b Film spin coated from a
chlorobenzene solution. (a)
Reprinted with permission
from Shaheen et al. [10].
Copyright (2001), American
Institute of Physics
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relationship, the performances of BHJ solar cells depend on the physical inter-
action of the donor and acceptor components, which is evidenced by the composite
morphology. The ideal bulk heterojunction solar cell is defined as a bicontinous
network of donor and acceptor materials with a maximum interfacial area for
exciton dissociation and a domain size proportional to the exciton diffusion length
[9]. The morphology of the active layer depends on the properties of the polymer
and the fullerene, such as interaction between two components (miscibility), and
on influences associated with the device fabrication, such as the choice of the
solvent, concentration of the polymer-fullerene components, deposition technique,
and thermal annealing [140].

The PCE of OPV devices based on conjugated polymer/methanofullerene
blends are dramatically affected by the molecular morphology [10] (see Fig. 15).
Shaheen et al. reported one of the earliest studies [10]. They fabricated a device
with a PVC of 2.5% under AM1.5G illumination by structuring the blend to be a
more intimate mixture that contains less phase segragation of methanofullerenes,
simultaneously increasing the degree of interactions between conjugated polymer
chains. They showed that the choice of the proper casting solvent may lead to high
PCEs. Shaheen et al. fabricated devices using MDMO:PPV and PCBM. Figure 15
shows the atomic force microscopy (AFM) images of the surfaces of MDMO-
PPV:PCBM blend films spin coated using either toluene or chlorobenzene.

Measurement of the mechanical stiffness and adhesion properties of the surface
indicated that the vertical features on the AFM images have a chemical compo-
sition different than the surrounding valleys. Since these features were not
observed in pristine films of MDMO-PPV, they assigned them to be phase-
segregated regions that contain a different fullerene concentration. In the case of
chlorobenzene as the solvent they observed much more uniform mixing of the
constituents. Their results indicated that spin coating the active layer blend from
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chlorobenzene has the effect of simultaneously enhancing the morphological
microstructures of both components that form the interpenetrating networks [10].

The conformation of the polymer chains can be controlled by the selection of
the organic solvents, by the concentration of the polymer solution, and by the
rotational speed of the spin-casting process. The resulting morphology in the thin
film plays an important role in controlling both the material and the device
characteristics [120]. Liu et al. fabricated OPV devices by blending the conjugated
polymer, poly (2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene) (M3EH-
PPV) with the buckminsterfullerene, Cgq [120]. They showed that the photocurrent
and V,. show a strong dependence on the polymer processing conditions. They
found that the PV devices fabricated with tetrahydrafuran (THF) or chloroform
(non-aromatic solvents) have smaller photocurrents under the same reverse bias as
well as higher open-circuit voltages than the devices fabricated with xylene,
dichlorobenzene, or chlorobenzene (aromatic solvents). The device performance
dependence on the processing solvent was attributed to the different solvation
induced polymer morphology [120].

The combination of AFM, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM) were applied to MDMO-PPV/PCBM blends
to investigate the nanomorphology of chlorobenzene and toluene cast blends
[95, 96, 100].

Van Duren et al. used a technique to resolve the morphology of spin cast films
of MDMO-PPV:PCBM blends in three dimensions on a nanometer scale and
related the results to the performance of the corresponding solar cells [95]. They
employed AFM, TEM, and depth profiling using dynamic time of flight secondary
ion mass spectrometry (TOF-SIMS) techniques. They showed that phase sepa-
ration is not observed up to 50 wt% PCBM and nanoscale phase separation sets in
for concentrations of more than 67 wt% PCBM. They observed that the perfor-
mance of the corresponding PV devices features a strong increase in PCE when the
phase separated network develops, with sharp increases in photocurrent and fill
factor between 50 and 67 wt% PCBM. They concluded that as the phase sepa-
ration sets in, enhanced electron transport and a reduction of bimolecular charge
recombination provide the conditions for improved performance [95].

Martens et al. also observed phase separation in MDMO-PPV:PCBM based
organic solar cells using both TEM and AFM. They observed a two-phase system
that consists of PCBM-rich domains embedded in a matrix consisting of MDMO-
PPV and PCBM. They showed that changing the solvent influences the size of the
phase-separated PCBM-rich domains. They also showed that the composition of
the matrix is determined by the choice of the solvent. They studied this effect by
changing the ratio of PCBM relative to MDMO-PPV [96].

The relation between nanoscale morphology and the associated device prop-
erties in conjugated polymer/fullerene bulk heterojunction solar cells was also
investigated by Hoppe et al. [100]. They performed measurements on devices
based on blends of MDMO-PPV and PCBM, spin cast either from toluene or
chlorobenzene solutions. They applied SEM and AFM techniques to characterize
the nanoscale morphology. In addition, they manipulated the morphology via
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Fig. 16 AFM topography scans of MDMO-PPV/PCBM 1:4 (by weight) blended films spin cast
from (a) chlorobenzene, and (b) toluene solution. The toluene cast films shows a ten-fold greater
height variation compared to the chlorobenzene cast one. Features of a few hundred nanometers
in width are visible in (b), while features in (a) are around 50 nm. Reproduced with permission
from Hoppe et al. [100]. Copyright Wiley-VCH Verlag GmbH&Co. KGaA.

annealing, to increase the extent of phase separation in the thin film blends and to
identify the distribution of materials. They confirmed the demixing of the materials
under thermal treatment using photoluminescence (PL) measurements. They
observed PL luminescence of PCBM clusters with sizes up to a few 100 nm which
indicated a photocurrent loss in films of the coarser phase-separated blends cast
from toluene. They concluded that the scale of phase separation in the toluene cast
films depends strongly on the ratio of MDMO-PPV to PCBM, as well as on the
total concentration of the casting solution. They also observed small beads of
20-30 nm diameter, attributed to MDMO-PPV, in blend films cast from both
toluene and chlorobenzene (see Figs. 16, 17 and 18) [96].

The degree and length scale of phase separation between the donor and the
acceptor phases has also an influence on the efficiency of BHJ solar cells [141]. As
previously described, the common operation principle of a BHJ solar cell requires
a photogenerated exciton in the donor or acceptor phase to diffuse to the phase
boundary, where charge transfer takes place. These freely or bound carriers are
subsequently separated and the free charges are then transported to the contacts
through the percolating paths in different phases [141]. The critical length scale for
the phase separation is the exciton diffusion length, which in disordered organic
materials is on the order of 5 nm [141, 142].

Recently, Maturova et al. presented a model for the device performance of BHJ
solar cells that takes into account the phase separated morphology [141]. It was
applied to devices with MDMO-PPV:PCBM as the active material. They found
that the characteristic features of the /-V characteristics and their evolution with
morphology can be reproduced without taking into account exciton diffusion
or field dependent dissociation of electrostatically bound charge transfer states.
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Fig. 17 SEM side views (cross-sections) of MDMO-PPV/PCBM blend films cast from toluene
with various weight ratios of MDMO-PPV and PCBM. For the ratios 1:4, 1:3 and 1:2 (b—d), the
nanoclusters, in the form of discs, are surrounded by another phase, called the skin, that contains
smaller spheres of about 20-30 nm diameter. For the 1:1 film, only these smaller spheres are
found. Reproduced with permission from Hoppe et al. [100]. Copyright Wiley-VCH Verlag
GmbH&Co. KGaA.

Fig. 18 SEM side views of MDMO-PPV:PCBM blend films spin-cast from chlorobenzene
solutions with various ratios (by weight) of MDMO-PPV to PCBM on top of PEDOT:PSS coated
ITO glass. In all samples nanospheres of about the same size (20 nm) are found. Reproduced with
permission from Hoppe et al. [100]. Copyright Wiley-VCH Verlag GmbH&Co. KGaA.

They showed that the lateral transport of free photogenerated electrons from the
donor-rich to the acceptor-rich phase is the critical process. They fabricated
devices by blending MDMO-PPV with PCBM and tuned the length scale of phase
separation from ca 40 nm to over 500 nm by changing the solvent and varying the
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Fig. 19 Calculated recombination rates R under short circuit conditions inside devices spin-cast
from (left) chlorobenzene at 1,500 rpm and (middle) toluene at 800 rpm versus normalized
vertical and lateral position. The dotted white line indicates the phase boundary. The color scale is
the same for both devices. The right panel shows the averaged recombination rate for each
device. Reprinted with permission from Maturova et al. [141]. Copyright (2009), American
Chemical Society

spin speed. They showed that the device characteristics of polymer:PCBM BHIJ
solar cells are largely determined by the lateral transport of the free photogener-
ated electrons from the polymer-rich donor phase to the PCBM-rich acceptor
phase. They pointed out that under low fields, the nanometer length scale of phase
separation strongly influences the probability of escaping bimolecular recombi-
nation, leading to an increased short circuit current for finer phase separation
whereas under high fields, the lateral transport is suppressed, and a transition to a
vertical electron extraction pathway occurs [141] (see Fig. 19).

Regioregular P3HT (RR-P3HT) is a promising candidate for OPV research due
to its stability and absorption in the red region. Currently, one of the most
promising organic solar cells, both in terms of efficiency and long-term stability is
the system based on regioregular P3HT as the electron donor and PCBM as the
acceptor, with efficiencies of 4-5% [16, 110]. An essential step to achieve high
efficiency is to subject PAHT/PCBM solar cells to an annealing treatment, either at
elevated temperature or during slow solvent evaporation [143]. As a result of
heating, the morphological structure of the organic active layer can be improved
by reducing the free volume and the density of defects at the interface during
evaporation of the solvent [15, 144] and by enhancing interchain interactions [15,
145]. It is commonly expected that morphology development in a P3HT/PCBM
system depending on the film preparation method, annealing treatment should
create and stabilize a nanoscale interpenetrating network with high crystalline
order and favorable concentration gradients of both components through the
thickness of a photoactive layer [143].

The method of thermal annealing varies in the literature. Structural, optical, and
electrical properties of poly(3-dodecylthiophene) (P3DT) have been studied after
heat treatment at various temperatures by Nakazono et al. [146]. They showed the
crystallinity and crystallite size of P3DT increased after heat treatment. They also
found that the electrical conductivity decreased with increasing the heating
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Fig. 20 IPCE of P3HT- T T T T T
PCBM solar cells: as-
produced solar cell (open
triangles), annealed solar cell
(open squares), and cell
simultaneously treated by
annealing and applying an
external voltage (filled
circles). Reproduced with
permission from Padinger

et al. [14]. Copyright Wiley-
VCH Verlag GmbH&Co.
KGaA.

IPCE [%)

Wavelength [nm])

temperature. According to the results obtained they suggested that the interchain
hopping of charge carrier between neighboring 7 conjugation planes is the dom-
inant process in conductivity and carrier mobility in P3DT [146].

Studies on thermal annealing under chloroform vapor on polythiophene
copolymers indicate a strong increase in the external quantum efficiency of
photogenerated charge carriers [147].

Using a tempering cycle at elevated temperatures in which an external voltage
is simultaneously applied, an increase in short-circuit current density and external
quantum efficiency was demonstrated [14] (see Fig. 20). Padinger et al. presumed
that the enhancement in the V.. and the FF of post-production treated devices
compared to untreated devices results partly from the burning of the shunts, while
they presumed that the increase in /. results from an increase of the charge carrier
mobility [14] (see Fig. 21).

The results of the studies on the electrical and physical modifications to P3HT
upon thermal annealing showed that at temperatures higher than 100°C, the
content of O, could no longer be detected due to a dedoping process, and the
organic absorber became protected against deterioration [148].

The influence of nanomorphology on the PV action of polymer-fullerene
composites was studied by Chirvaze et al. [15]. They analyzed the consequences of
thermal annealing on ITO/PEDOT:PSS/P3HT:PCBM/AI PV devices. They real-
ized that inspite of a considerable increase in the short-circuit current density due
to heat treatment, a large amount of PCBM in the P3HT:PCBM-based devices do
not automatically imply a high-energy conversion efficiency. In their experimental
study, the PCBM concentration in the BHJ P3HT:PCBM composites was opti-
mized to approximately 50%, the critical value which stems from the mutual
interplay between an efficient generation of mobile charge carriers via photoin-
duced charge transfer and an efficient carrier transport, less affected by the
recombination processes [15] (see Fig. 22).
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Fig. 21 Influence of the
duration of the post-
production treatment on

the white light efficiency
(800 W/m?) for different
post-production treatment
methods: annealing (dotted
line) and annealing plus
external voltage (solid line).
Reproduced with permission
from Padinger et al. [14]
Copyright Wiley-VCH
Verlag GmbH&Co. KGaA.
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Fig. 22 AFM images in tapping mode (phase) of the P3HT:PCBM absorber surface (a, ¢) as
well as of the aluminium electrode (b, d) for a PCBM concentration of 5 and 75%, respectively.
Scan area 50 x 50 um2. Reprinted with permission from Chirvaze et al. [15]. Copyright (2004),

American Institute of Physics
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Fig. 23 AFM height images of the surface of the active layer consisting of P3HT:PCBM with a
1:1 weight ratio a before annealing, and after annealing at b 70°C, ¢ 110°C, and d 150°C. The
annealing time for all the films was 10 min. The P3HT:PCBM films were spin-coated on top of
PEDOT:PSS-coated ITO glass. Reprinted with permission from Li et al. [149]. Copyright (2005),
American Institute of Physics
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The effects of annealing temperature and time on the device performance for
devices annealed before and after cathode deposition were studied by Li et al.
[149] (see Fig. 23). They showed that thermal annealing shows significant
improvement in the performance of both types of annealing conditions, with post
production annealing being slightly better. They found that the best annealing
condition for the device is post-production treatment at 110°C for 10 min. By
keeping the optimized thermal annealing condition and varying the active layer
thickness, they fabricated devices with PCEs up to 4% [149] (see Figs. 24 and 25).

The effects of solvent and annealing on the performance of P3BHT:PCBM-based
organic solar cells were studied by Al Ibrahim et al. [150]. They fabricated
P3HT:PCBM devices using two different solvents. They showed that the
P3HT:PCBM films cast from chlorobenzene solution absorbed more red light than
the films cast from chloroform solution. After thermal annealing, the films cast
from chloroform showed higher absorption than the films cast from chlorobenzene.
They observed that solar cells made from P3HT:PCBM chlorobenzene solution
showed no change in the white light PVC after annealing. They concluded that the
solar cells processed from P3HT:PCBM chloroform solution showed higher PCEs
after annealing [150].
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Fig. 24 IV characteristics under an illumination of 100 mW/cm? AM1.5G for devices that have
undergone annealing a pretreatment and b post-production treatment. The different curves
represent different annealing temperatures ranging from room temperture to 180°C. Reprinted
with permission from Li et al. [149]. Copyright (2005), American Institute of Physics
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Fig. 25 al-V characteristics under illumination for photovoltaic device based on P3HT:PCBM
with a 1:1 weight ratio and varying active layer thickness, and b short-circuit current density and
PVC as a function of active layer thickness. All the devices here were annealed at 110°C for 10
min post-production. Reprinted with permission from Li et al. [149]. Copyright (2005), American
Institute of Physics

Erb et al. studied the correlation between structural and optical properties of
composite PSHT/PCBM films [151]. They investigated the structural properties of
P3HT:PCBM films using grazing-incidence X-ray diffraction (XRD) and deter-
mined the size and orientation of crystalline P3HT nanodomains. They did not
detect PCBM crystallites in thin films by XRD. Upon annealing, they observed
that the P3HT crystallinity increases, leading to an increase in the optical
absorption and spectral photocurrent in the low photon energy region. They
demonstrated a direct relation between efficiency and P3HT crystallinity [151].

Savenije et al. investigated the influence of various thermal treatment steps in
the morphology and photoconductive properties of a non-contacted, 50 nm thick
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blend of P3HT and PCBM [152]. They characterized the films using TEM and
electrodeless time resolved microwave conductivity (TRMC) techniques. They
observed that after annealing the film for 5 min at 80°C, the TEM images showed
the formation of crystalline fibrils of P3HT due to a more ordered packing of the
polymer chains. They found that the thermal treatment results in a large increase of
photoconductivity due to an enhancement of hole mobility in these crystalline
P3HT domains from 0.0056 cm?/Vs for the non-annealed sample to 0.044 cm?*/Vs
for the annealed sample. They demonstrated that further annealing of the sample at
130°C results in the formation of three different substructures within the hetero-
junction: a PCBM:P3HT blend with PCBM-rich clusters, a region depleted of
PCBM and large PCBM single crystals. A tenfold rise in decay time of the
photoconductivity was explained by the authors by the formation of PCBM-rich
clusters and large PCBM single crystals, resulting in an increased diffusional
escape probability for mobile charge carriers and hence reduced recombination
[152].

Yang et al. used TEM and electron diffraction to study the changes in mor-
phology of P3HT:PCBM-based devices (see Fig. 26) [153]. They showed that
thermal annealing produces and stabilizes a nanoscale interpenetrating network
with crystalline order for both components. They demonstrated that P3HT forms
long, thin conducting nanowires in a rather homogeneous, nanocrystalline PCBM
film. They explained the increase in the PCE observed in these devices as a result
of both the improved crystalline nature of films and increased but controlled
demixing between the two constituents after annealing [153].

Van Bavel et al. performed an analysis of the three dimensional (3D) nanoscale
organization of P3HT/PCBM photoactive layers before and after annealing
treatments with nanometer resolution in all three dimensions by applying the
technique of electron tomography (ET), with the aim to identify the critical
morphology parameters contributing to the improved performance of annealed
devices;they identified the critical morphology parameters contributing to the
improved performance of P3HT/PCBM solar cells after thermal or solvent assisted
annealing [143]. They explained that after spin-coating from solution, few
aggregates of P3HT are present in the film and the overall crystallinity of P3HT is
quite low. However, they showed that after annealing, reorganization of the P3HT/
PCBM morphology takes place: many highly crystalline and long (up to several
microns) P3HT nanorods form over the volume of the films. These nanorods form
a genuine 3D network, which was proved by ET, and serve as physical barriers to
PCBM diffusion by suppressing a large-scale phase separation at any point in the
film preparation process. The authors concluded that all of the morphological
changes in the P3BHT/PCBM system after thermal or solvent assisted annealing
result in improved photon absorption, better exciton dissociation, and more effi-
cient and balanced transport of free charges to the electrodes, and are reflected in
higher values of FF and J,., and hence better overall efficiency of corresponding
solar cell devices (see Figs. 27 and 28) [143].

Another ET study on imaging the 3D nanostructure of a polymer cell was
performed by Andersson et al. [154]. In ET, three-dimensional reconstructions are
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Fig. 26 BF TEM images show the overview (a), the zoom-in (b) and the corresponding
schematic representation (c) of the thermal annealed photoactive layer. The inset in (a) is the
corresponding SAED pattern. The arrow is to indicate the increased intensity of (020) Debye-
Scherer ring from P3HT crystals compared to the SAED pattern. For Fig. 3c the dash line
bordered regions represent the extension of existing P3HT crystals in the pristine film or newly
developed PCBM-rich domain during the annealing step. Reprinted with permission from Yang
et al. [153]. Copyright (2005), American Chemical Society

made from micrographs obtained from transmission electron microscopy. The
authors investigated the blends of poly [2,7-(0,9-dioctyl-fluorene)-alt-5,5-(4',7'-di-
2-thienyl-2’,1'3’-benzothia-diazole)] (APFO-3) and PCBM. They used this method
to supply a 3D representation of the morphology of the film, where domains with
different scattering properties can be distinguished [154].

Marsh et al. employed sub-picosecond transient absorption (TA) spectroscopy
on operating P3HT:PCBM devices to probe the effect of annealing on charge
transfer dynamics and nanoscale morphology [155]. They removed the effect of
high excitation densities which could otherwise dominate using their measurement
configuration. The authors demonstrated that the charge transfer in pristine
P3HT:PCBM devices proceeds on a sub-picosecond time scale. According to the
authors, in annealed devices, annealing results in diffusion limited charge
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Fig. 27 Morphology development in P3HT/PCBM photoactive layers depending on film
preparation method. Reprinted with permission from Van Bavel et al. [143]. Copyright (2009),
American Chemical Society

generation with a half time of ca. 3 ps, complete only after 30 ps. The authors
address this as a result of exclusion of PCBM molecules and ordering of P3HT
domains and correlated this with the improved PV efficiency [155].

Keawprajak et al. investigated the effect of a crystallizable solvent on the
morphology and performance of BHJ solar cells based on a 1:1 weight-ratio RR-
P3HT/PCBM blend, using chlorobenzene with different concentrations of 1,3,5-
trichlorobenzene (TCB) as crystallizable aromatic solvents [156]. The authors
demonstrated that the decelerated release of the residual solvent during the
solidification of the blend film improves the self organization, and the surface of
the film becomes smoother with the addition of TCB, which in turn improves
organic/cathode contact. The authors concluded that the polymer blend film
formed with a TCB crystallizable solvent exhibited better crystallinity, optical
absorption, and polymer morphology than the polymer blend film formed without
the TCB crystallizable solvent [156].

Polyfluorene copolymers are well known for their high charge carrier mobility,
good processability, and high absorption coefficients. Among this class of polymers,
poly[9,9’-dioctyl-fluorene-co-bithiophene] (F8T2) has excellent properties in both
hole transport and thermotropic liquid crystallinity to allow better packing of the
polymer via self assembly. The nanomorphological changes on the PV performance
based on a F§T2:PCBM BH]J system were demonstrated by Huang et al. [157].

In summary, obtaining a desired morphology in polymer-fullerene composite
solar cells is critical for device performance. Optimizing the electronic structure is
not alone sufficient and there is not a direct recipe to apply to new material systems;
therefore, morphology optimization should be performed for any combination of
materials, where solvent selection is just one parameter among many [11].



206 S. Giines

As spin-ocoated

.Jmidde... —tlose tolop

e DT e

:
i

Fig. 28 Results of EM applied to P3HT/PCBM photoactive layers: as spin-coated, thermally
annealed at 130°C for 20 min (TA) and solvent assisted annealed for 3 h (SAA). The first three
rows contain slices taken out of a reconstructed volume of the corresponding film. All slices are
lying in the horizontal (X,Y) plane of the film at different depths (Z location): one slice close to
the top of the film (i.e., close to the electron collecting LiF/Al electrode), another one in the
middle of a film, and the third one close to the bottom of the film (near the hole collecting
PEDOT:PSS/ITO electrode). The dimensions of the slices are around 1,700 nm x 1,700 nm. The
images in the fourth row are snapshots of the corresponding film’s reconstructed volume, i.e., a
stack of all of the slices through the whole thickness of a film, with dimensions of around 1,700
nm x 1,700 nm x 100 nm. Reprinted with permission from Van Bavel et al. [143].Copyright
(2009), American Chemical Society

3.2 Charge Transport and Mobility

Charge carrier transport and mobility in organic semiconductors are of critical
importance for the device performance of organic solar cells. There have been
several studies on modeling the charge transport through organic solar cells.
Depending on the degree of order, the charge carrier transport mechanism in
organic solar cells falls between two extreme cases: band or hopping transport [77,
158]. For many systems, such as organic semiconductors it is not easy to determine
which type of transport exists. Band transport is typically observed in highly
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Fig. 29 a Schematic (a) (b)
description of polymer chains
and b an illustration of how a

long chain breaks into small L

conjugation units (or sites). //é’/
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purified molecular crystals at temperatures that are not too high [77]. For organic
crystals, for example, it has been demonstrated that band transport dominates in
the low T regime, while at room temperature hopping is the prevailing transport
mechanism [158]. A characteristic feature of band transport, the temperature
dependence follows power law behavior at lower temperatures. However, in the
presence of traps, significant deviations from such behavior are observed [77]. In
the other extreme case of an amorphous organic solid, hopping transport prevails,
which leads to much lower mobility values. Instead of a power law temperature
dependence, an activated behavior appears and the mobility also depends on the
applied electric field. Furthermore, space charge and trapping effects as well as
details of charge carrier injection mechanism have to be considered for describing
electrical transport in organic solids [77]. Many studies based on the charge
transport and mobility of organic semiconducting materials agree that most OPV
materials investigated so far are disordered in nature. Introducing disorder into the
lattice and breaking the crystal symmetry results in the wave functions becoming
localized and the formation of energy states in the forbidden band gap. Therefore,
former models describing the conductivity phenomenon in metals or other types of
materials can no longer explain the transport under such circumstances. Since
OPYV materials are disordered in nature, the physical theories relating to the charge
carriers through disordered media should be taken into account [159].

Tessler et al. suggested that a conjugated polymer cannot be considered a single
electronic wire but rather as a wire broken into subunits by chemical or physical
defects that are called conjugation units and the number of monomers making this
unit is called the conjugation length (see Fig. 29) [159]. In this case, there are now
many small electronic units that can also be thought of as small molecules dis-
tributed across the film. The only role that was played by the polymer chain was to
determine the distribution of the units (“molecules”) in the film. With this simple
picture, one can consider that there is a distribution of sites that can host charge and
enable it to move across a film. Thus, one needs to analyze the charge transport
across sites that are distributed in real space as well as in energy space according to
their studies [159].

The key quantity that characterizes charge transport is the carrier mobility
[160]. In the absence of any external potential, transport is purely diffusive and is
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generally described by a simple diffusion equation. The application of an external
electric field induces a drift of the charge carriers; the mobility can then be
alternatively defined as the ratio between the velocity and the amplitude of
the applied electric field. Diffusion should be seen as a local displacement of the
charge around an average position, while drift induces a displacement of the
average position. Drift is the effect that dominates the migration of the charges
across an organic layer [160].

Even in the best cases, the charge mobilities of organic semiconductors are
several orders of magnitude lower than those of inorganic PV materials. The low
mobilities arise from the localization of electronic states on individual molecules
or segments of molecules. Relatively weak intermolecular interactions mean that
charge transport is best described by hopping transport rather than band transport
[161]. There is extensive evidence from temperature and field dependent con-
ductivity measurements that charge transport in both conjugated polymers and
small molecules occurs by a hopping mechanism [77].

The requirement of balanced hole and electron mobilities is of critical impor-
tance for the device performance of organic solar cells. Low mobilities limit the
performance of organic solar cells by enhancing the probability of charge
recombination, limiting the charge separation yield, and increasing resistive losses
[161]. Nelson et al. demonstrated that packing disorder can reduce mobility by
several orders of magnitude for a disordered molecular semiconductor relative to
the crystal. They mentioned that the effect of disorder on mobility is amplified by
anisotropy in the orbitals involved in the charge transfer; side chains strongly
influence mobility and transport in conjugated polymers is a function of both the
extension of polymer chains and order in chain packing [161].

Charge carrier mobilities can be determined experimentally by using various
techniques such as time of flight (TOF), field effect transistor (FET) configuration,
charge extraction under linearly increasing voltage (CELIV), steady state current
density—voltage response, admittance spectroscopy, and TRMC [160, 162].
Results from methods that measure mobilities under macroscopic distances
(~1 mm) are often dependent on the purity and order in the material. Methods
that measure mobilities over microscopic distances are less dependent on these
characteristics [160].

As previously described, after photoinduced electron transfer at the donor/
acceptor interface and dissociation, the electrons are localized in the PCBM phase
whereas the holes remain in the PPV polymer chains. Then, the free electrons and
holes must be transported via percolated PCBM and PPV pathways toward elec-
trodes [163]. For pure PCBM, the electron mobility was reported as 2 x 1077 m?/
Vs [164], which is 4,000 times higher than the hole mobility in pristine MDMO-
PPV, reported as 5x 10~'" m?/Vs [165]. The hole mobility of pristine MDMO-
PPV was rather low. Also, the results showed that usually the electron mobility
and the hole mobility are unbalanced.

One of the ways to improve the charge carrier mobility in conjugated polymers
is increasing the regioregularity of the conjugated backbone, as reported by Lutsen
et al. [166]. However, fully regioregular MDMO-PPV lacked solubility, which is
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quite important for OPV cells. Later, a soluble regiospecific (RS) MDMO-PPV
was synthesized and the room temperature TOF mobility of this 70:30 RS-
MDMO-PPV was found to be higher than the commercially available regiorandom
RRa-MDMO-PPV [167].

Mozer et al. investigated the hole mobility of P3HT by the TOF technique and
observed a negative electric field dependence of mobility for the first time in
conjugated semiconducting polymers [168].

The question of interest was whether or not the mobility values of pristine
materials changed upon blending. Melzer et al. demonstrated that the hole mobility
in a 20:80 weight ratio MDMO-PPV:PCBM blend was enhanced by more than two
orders of magnitude compared to the pure polymer value using space charge
limited current (SCLC) measurements [169]. The difference between the electron
and hole mobility was reduced by only a factor of 10, resulting in a more balanced
transport [163].

The 2.5% efficient MDMO-PPV:PCBM-based solar cells make use of 80 wt%
PCBM in the blend, a material which barely contributes to the absorption. Mih-
ailetchi et al. demonstrated that one of the main reasons for the relatively large
amount of PCBM being required is the enhancement of the hole transport in
MDMO-PPV, which is the slower carrier, when blended with PCBM [170]. An
insufficient hole mobility will also lead to a build up of space-charge in the solar
cell, which affects the fill factor and efficiency [171]. Therefore, an intrinsically
higher hole mobility in the blend permits one to reduce the amount of PCBM and
inhibits the occurrence of space charge, which will further increase the magnitude
of the photogenerated current and enhance the PCE [170].

Among the factors that may influence charge transport in polymer-molecule or
polymer—polymer blends are the different morphologies adopted by the two
components, especially in the case where one is a high molecular weight polymer
and the other is a small conjugated molecule [172]. Frost et al. studied the
influence of polymer blend morphology on charge transport and photocurrent
generation in polymer blends using Monte Carlo simulations. They reported that
different morphologies, such as well dispersed, loosely coiled polymer chains
(heterophilic) or aggregated, tightly coiled chains (homophilic) can be produced
by varying the interaction energies between the chains with different types of
process treatments, such as solvent or annealing. Frost et al. pointed out that the
morphology strongly influences charge transport characteristics; that is, homo-
philic blends show a lower threshold for charge percolation and more dispersive
transport than heterophilic blends, consistent with a higher probability of charge
trapping in configurational traps. They explained the experimental observations,
such as the effect of annealing on charge transients in some conjugated polymers,
by their model in terms of process-induced changes in polymer morphology,
whereas monomer-based transport models cannot explain the data [172]. They
concluded that the morphology influences both transport and charge recombination
such that the optimum composition and morphology is a sensitive function of
charge recombination and separation rates and faster transport, achieved through
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optimizing the blend morphology does not necessarily lead to higher photocurrent
generation [172].

Pivrikas et al. reviewed the charge transport and recombination in polymer/
fullerene organic solar cells [173]. They studied the transport and recombination in
two polymer/fullerene mixtures: RR-P3HT/PCBM and MDMO-PPV/PCBM. They
showed that the carrier mobility is strongly dependent on the film morphology and
disorder. Therefore, charge carrier mobility can change orders of magnitude
depending on film preperation techniques, solvents used for film deposition, time
and temperature of the thermal treatment, etc. [173].

Shah et al. used a model to address the interplay between anisotropic charge
transport and the orientational and/or crystalline ordering of donor molecules
[174]. They presented the influence of the degree of ordering, the impact of
ordering parallel or perpendicular to the electrodes, and the role of device
thickness. They used a drift—diffusion model, which accounted for the effects of
the anisotropic nature of charge transport in conjugated polymers and the donor—
acceptor density inhomogeneties, to determine the PV performance. They tried
to find answers for the following questions: “Is there an optimal degree of
alignment influencing the efficiency of the solar cells?”, “Which among the
parallel or perpendicular orientations (relative to the electrodes) of the molecules
are more favorable for optimizing the efficiencies?”, and “What is the influence
of anisotropic transport characteristics upon the optimal domain widths of the
donor and acceptors?”. They considered “simulated morphologies” where
alternating lamellae of donor and acceptor are aligned perpendicular to the two
electrodes, forming an ordered heterojunction structure. They assumed that the
donor molecules are aligned only either paralel or perpendicular to the interface
to specifically elucidate the role of anisotropic charge transport. They charac-
terized the degree of alignment by a scalar order parameter. According to their
model, for perpendicularly aligned donors there exists an optimal degree of
alignment to extract the best device efficiencies. In contrast, for the case of
parallely oriented donor molecules, they observed an opposite effect where
stronger alignment is always beter due to accompanying enhancement in
transport to the electrodes. They observed that the magnitudes of short-circuit
current density (Jy.) are much smaller in the parallel orientation, reflecting the
fact that the transport of excitons to the interface and subsequent dissociation is
greatly diminished in this arrangement. For the interplay of the D-A size with
the anisotropic charge transport characteristics, Shah et al. commented that for
the perpendicularly oriented donors, increasing the anisotropy enhances the
exciton transport. In contrast, parallel-oriented donors are less affected by such
anisotropies [174].

Ballantyne et al. used the TOF method to study the effect of P3HT molecular
weight (MW) (M,, = 13-121 kDa) on the charge mobility in pristine and PCBM
blend films using highly RR P3HT [175]. They observed a constant 10~ cm?/Vs
mobility value as the molecular weight increased from 13-18 kDa, but the
mobility value decreased by one order of magnitude as molecular weight further
increased from 34-121 kDa. They showed that the decrease in charge mobility
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observed in the blend films is accompanied by a change in surface morphology,
and leads to a decrease in the performance of PV devices made from these blends.
They attributed the decrease in mobility to the change in packing of the polymer
chains. They mentioned that it is possible that high molecular weight chains
become tangled, causing twisting of the polymer backbone, decreased intra-chain
transport by creating more traps, and/or reduction of inter-chain charge hopping by
allowing less overlap of conjugated segments. Combining their results, they pro-
posed that there is an optimal P3HT molecular weight for charge transport and
device performance between 13 and 34 kDa. Their modeling of the device
behavior indicated that the effect of MW on device performance could not be
explained solely in terms of differences in charge mobility. They mentioned that
other factors, such as the effect of blend morphology on interface resistance, the
effect of film thickness on transport, or the non-linear effect of transport on the net
charge-generation rate, could be partly responsible for the variations in the effi-
ciency [175].

In organic solar cells, the mobility simultaneously controls both the carrier
extraction and the losses via carrier recombination [176]. Mandoc et al. demon-
strated that the balance between carrier losses by extraction and by recombination
leads to a distinct optimal carrier mobility with regard to the efficiency of organic
solar cells [176]. They stated that for low mobilities, recombination losses limit the
performance, whereas efficient extraction at high mobilities leads to a reduction in
open-circuit voltage. The authors concluded that the maximal performance of the
BHI solar cells is governed by balancing transport and recombination and that both
extremes of too low or too high mobility contribute to the loss of efficiency
through different mechanisms. Therefore, an optimized carrier mobility is an
important condition that must be fulfilled to obtain highly efficient organic solar
cells [176].

In summary, low mobilities limit the performance of organic solar cells since
the probability of charge recombination increases [161]. It should also be noted
that using different methods to characterize the mobility may lead to very different
mobility results. For example, when the hole mobility results of pristine P3HT are
examined, the measured hole mobility ranges from 10~® m?*Vs in TOF and SCLC
up to 107> m%Vs in FETs [177]. RR-P3HT self-organizes into a crystalline
structure and, owing to the n—n stacking direction, the charge (hole) transport is
extremely efficient. Since in FET measurements the current travels in the plane of
the film (parallel to the substrate), the anisotropy in the polymer-chain orientation
contributes strongly to the difference in the measured mobility [177]. A different
molecular weight of P3HT, the presence of PCBM, and/or the application of a
thermal treatment will also affect the measured electron and hole mobilities
[1, 178, 179]. Therefore, relevant values for charge carrier mobilities can only be
obtained when measured in the same configuration and experimental conditions as
used in an operational solar cell device [177].
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4 Current Status of Solution Processed Conjugated
Polymer-Based Organic Solar Cells

The first attempts to create organic solar cells were made by sandwiching a single
layer of organic material between two electrodes of different work functions [180].
In these cells, the performance strongly depends on the nature of the electrodes.

In 1986, Tang realized a breakthrough by fabricating a bilayer organic PV cell
using copper phthalocyanine and a perylene tetracarboxylic derivative [58]. A PVC
of about 1% has been achieved under simulated AM2G illumination. A novel feature
of the device was that the charge-generation efficiency was relatively independent of
the bias voltage, resulting in cells with fill factor values as high as 0.65. The interface
between the two organic materials, rather than the electrode/organic contacts, was
found to be crucial in determining the PV properties of the cell [58]. Although this
efficiency was a breakthrough at that time, the performance of this PV device was still
limited since the only light absorption within a very thin layer close to the interface
contributes to the photocurrent generation.

The carrier collection efficiency and PVC of polymer PV cells were improved
by blending of the semiconducting polymer with Cgq or its functionalized deriv-
atives by Yu et al. [17]. Composite films of MEH-PPV and fullerenes exhibited
efficiencies better than those that have been achieved with devices made with pure
MEH-PPV by over two orders of magnitude. The efficient charge separation
results from photoinduced electron transfer from the MEH-PPV (donor) to the Cgg
(acceptor); the high collection efficiency results from a bicontinuous network of
internal donor—acceptor heterojunctions [17].

Halls et al. also showed that the interpenetrating network formed from a phase-
segregated mixture of two semiconducting polymers provides both the spatially
distributed interfaces necessary for efficient charge photo-generation, and the
means for separately collecting the electrons and holes [5].

Various combinations of donor and acceptor materials have been used to fab-
ricate BHJ solar cells. The most promising and successful combination of mate-
rials is a blend of a semiconducting polymer and a fullerene derivative as the
acceptor. It was demonstrated that sub-picosecond charge transfer takes place at
the interface of these materials, which ensures efficient charge generation [52].

A breakthrough on solution processed organic solar cells employing MDMO-
PPV as the donor and PCBM as the acceptor was realized by Shaheen et al. [10].
They showed that the PCE of OPV devices based on a conjugated polymer/
methanofullerene blend is dramatically affected by molecular morphology. By
structuring the blend to be a more intimate mixture that contains less phase seg-
regation of the methanofullerenes and simultaneously increasing the degree of
interactions between conjugated polymer chains, they fabricated a device with a
PVC of 2.5% under AMI1.5G illumination. This was a nearly three-fold
enhancement over previously reported values. The crucial step that improved the
device performance was the use of a special solvent that improves the nanoscale
morphology for charge generation and transport [10].
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Although the efficiency of single-layer devices was improved by simple mixing
the p- and n-type materials, this solution bears a new challenge. In the BHJ
approach, the donor and acceptor components are mixed in a bulk volume so that
each donor—acceptor interface is within a distance smaller than the exciton dif-
fusion length of each absorbing site [43]. The donor and acceptor phases must
form a bicontinuous and interpenetrating network. Therefore, bulk heterojunction
devices are much more sensitive to the nanoscale morphology in the blend [43]. As
previously discussed, to organize the donor and acceptor in a nanometer scale is a
big challenge.

Further improvement in OPV efficiency was achived when the PPV was
replaced with P3HT. P3HT gave a further increase in the hole mobility and the
PVC was improved to 3.5% [14].

Recently, polymer PV cells with PCEs approaching 5% were fabricated using
titanium oxide (TiO,) as an optical spacer by Kim et al. [102]. In this study, solar
cells with a TiO, layer (deposited via a sol—gel process) between the active layer
and the electron-collecting aluminum electrode exhibited approximately a 50%
enhancement in short-circuit current compared to similar devices without the
optical spacer, as a result of modification of the spatial distribution of the light
intensity inside the device [102].

Konarka Technologies demonstrated a 5.21% power conversion efficient plastic
solar cell with an active area of 1.024 c¢m? (NREL certificate for Konarka solar cell
from 11-20-2006) [181].

Park et al. demonstrated 6.1% efficient bulk heterojunction solar cells with
internal quantum efficiency reaching 100% [25]. They fabricated devices using
alternating copolymer, poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2/,1’,3’-benzothiadiazole) (PCDTBT), in bulk heterojunction composites
with the fullerene derivative [6,6]-phenyl C7o-butyric acid methyl ester (PC;oBM).
The PCDTBT/PC,oBM solar cells exhibited a Jsc of 10.6 mA cm ™2, an Voc of
0.88 V, a FF of 0.66 and a PCE of 6.1% under AM1.5G. The nearly 100% internal
quantum efficiency implies that essentially every absorbed photon results in a
separated pair of charge carriers and all photogenerated carriers are collected by
the electrodes [25]. PCBM, which amounts to 80% of the photoactive layer, has a
very low absorption coefficient in the visible region of the spectrum due to its
symmetrically forbidden HOMO-LUMO transition. When the Cgy moiety of
[60]PCBM is replaced by a less symmetric fullerene, these transitions become
slightly allowed and an increase in light absorption/harvesting is expected [11,
182].

Chen et al. showed that the open-circuit voltage of polymer solar cells con-
structed based on a low-bandgap polymer, PBDTTT, can be tuned, step by step
using different functional groups to achieve values as high as 0.76 V [183]. This
increased open-circuit voltage combined with a high short-circuit current density
results in a polymer solar cell with a PVC as high as 6.77%, as certified by the
National Renewable Energy Laboratory [183].

The demonstration of PCEs close to 8% under calibrated AM1.5G conditions
demonstrates the potential of this technology. The fabrication using suitable
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printing methods for the production of such organic solar cells is regarded as the
next important milestone [181].

In terms of research trends, the main direction has been toward the achievement
of high PCEs under simulated sunlight [184]. However, other important aspects
include stability, cost and processing [184]. Long operational lifetimes of solar
cells are required in real-life application. Polymer solar cells degrade under illu-
mination and in the dark. Therefore, methods for enhancing the stability through
the choice of better active materials, encapsulation, etc., are important [184].

5 Stability

Organic solar cells degrade under illumination and in the dark. Long operation
lifetimes of solar cell devices are required in real-life applications and under-
standing the degradation mechanisms is of great importance for successful
implementation of this promising technology [184]. For the technological devel-
opment of organic solar cells, the important aspects aside from PCE are the sta-
bility, cost and processing [185, 186].

Organic materials are, by nature, more sensitive to chemical degradation, e.g.,
from oxygen and water, than inorganic materials. Diffusion of oxygen and water
into the OPV device, photochemistry and photooxidation of polymers, degradation
of a function of polymer preparation, and chemical degradation of the ITO elec-
trode are seen as chemical degradation mechanisms whereas morphological sta-
bility can be seen as a physical degradation mechanism for OPV cells [184]. In a
recent review by Jorgensen et al. these mechanisms are discussed [184]. The
following points cause problems for the stability of devices [184]:

e Oxygen from the atmosphere will oxidize the organic layer, especially when the
device is illuminated.

e Materials such as P3HT are less sensitive to this degradation. Annealing can
lead to further structural changes when the devices are heated.

e Aluminium, which is the most commonly used metal electrode, reacts with
oxygen and water and perhaps with the organic material due to its low work
function.

e The transparent electrode, which is commonly ITO, is also not stable. Indium
atoms pass to the organic layer and distribute themselves into the polymer layer.

e PEDOT:PSS layer is hygroscopic in nature and may bind to water.

These possible factors for degradation have various degrees of influence on the
device lifetime.

Due to the degradation mechanisms mentioned above, polymer solar cells
cannot operate in air for more than few hours. Therefore, appropriate encapsula-
tion may help increase the lifetimes of these devices [112]. Dennler et al. reported
a shelf lifetime study of MDMO-PPV:PCBM solar cells encapsulated in a new
flexible and transparent poly(ethylene naphthalate) (PEN)-based ultra-high barrier
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material fabricated entirely by plasma enhanced chemical vapor deposition
(PECVD) [112]. They demonstrated that encapsulation raises the shelf lifetime
(defined as the time performace degrades to 50% of the initial efficiency) of
30-57 mm? solar cells from a few hours to over 3,000 h, or more than 4 months
[112].

Figure 30 shows the evolution of the normalized Vo and FF of a typical solar
cell versus storage time. In the case of PET encapsulation, both Voc and FF
decreased by 50% within less than 200 h. They observed that aging of the cells
results in the development of a back diode that tends to drastically reduce FF.
However, in the case of the flexible barrier encapsulation, Voc remains at about
90% of its initial value after 3,000 h, as does FF (see Fig. 30) [112].

However, 3,000 h of device stability is not sufficient for this type of device in
the market. MDMO-PPV is known to be particularly unstable and sensitive to
aging. However, new materials, such as polythiophenes, that are much less sen-
sitive to moisture and oxygen and allow even better PV conversion are becoming
available [187]. The combination of such materials with this flexible gas barrier
encapsulation might constitute a very promising advance in this field [112].

6 Technological Aspects of Organic Solar Cells

The technologically important features of organic solar cells can be summarized as
following [185]:

flexibility and transparency.

potential to be manufactured in a continuous printing process.
large area coating.

easy integration in a wide variety of devices.
cost-effectiveness.
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e ecological and economic advantages.

These features are very important for commercialization. However, as in
inorganic PV cells, OPV cells should also fullfill the basic requirements for
renewable energy production [185].

The production aspects of OPV cells were reviewed by Brabec et al. [185].
They pointed out that there are three essential parameters for every solar tech-
nology to take its competitive position in the market: efficiency, lifetime, and cost
per watt peak [185]. From efficiency point of view, a device efficiency of ~10%
and a module efficiency of ~5% are regarded as critical market entry values.
Higher efficiencies for OPV devices will demand novel materials, either low band
gap materials or material combinations with better matched electronic levels, to
improve Iy and V. respectively. From lifetime point of view, for low-cost
devices, a life time of 3-5 years (operational life time of 3,000-5,000 h) is
regarded as the market entry point. These values were derived from typical usage
lifetimes of electronic goods that could potentially be powered by solar cells.
According to Brabec et al., printing techniques are the necessary tool for signifi-
cant cost reduction for PVs. Under the assumption that the material costs
(including packaging and substrates) will further decrease with scale up, organic
solar cells with a cost structure significantly below 1 USD/Wp can be realized
[185]. Brabec et al. foresee that the first applications will most likely be in con-
sumer electronics: calculators, watches, sensors and innovative applications such
as mobile phone chargers.

Compared to the efficiencies over 20% achieved by Si-PVs, the efficiency of
OPV cells seem poor. However, other advantages, particularly the low cost,
flexibility and easy integration into a wide variety of systems make them com-
petitive for a range of applications such as packaging, smart fabrics, and signal-
ization. Organic PVs utilize cheap and easy processing techniques, such as inkjet
printing or spin coating, on large, flexible plastic substrates. The flexibility of the
final product offers low weight and easy installation.

One company has already announced that plastic solar panels will be available
for portable electronics, smart fabrics and building integrated PVs in the first
quarter of 2011; they also added that customers interested in protypes of plastic
solar panels for portable electronics testing can obtain samples by mid-2010.

7 Conclusions

Recent milestones and improved efficiencies achieved by organic solar cells
opened up a possibility for OPV devices to take their place in the market. The
biggest advantages of organic-plastic solar cells are their low cost, flexibility and
ability to be wrapped around structures or even applied like paint. As predicted by
Scharber et al., PCEs of 10% are within the achievable range [30] and 15% can be
achieved using the tandem solar cell concept [29]. Both of these efficiencies
designate the development of novel donor materials.
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Three key parameters will determine the success of organic solar cells: price,
efficiency and lifetime. Since they are manufactured using rather simple tech-
niques, their cost can be less than Si-based PV devices. The efficiencies achieved
recently are considerable and encouraging, and the research continues for further
improvement. Lifetime is a critical issue since organic materials are rather sen-
sitive to oxygen and humidity. Since, full commertialization will take time, it is
not easy to determine the product’s lifetime of plastic solar cells.

The first commercial applications seem to be portable electronics and smart
fabrics. It seems that the initial goal is not to replace the existing technology, such
as solar panels used on rooftops.

From the scientific point of view, new donor and acceptor materials and pos-
sibly device concepts are needed for further efficiency improvement of organic
solar cells. Several strategies can be summarized as the synthesis and development
of low band gap materials for improved matching with the solar spectrum, syn-
thesis and development of new electron accepting materials, tandem solar cells,
improvement of hybrid solar cell and dye-sensitized solar cell concepts.

The ideal structure of BHJ solar cells requires that the two phases of donors and
acceptors within the bulk heterojunction be spaced with an average separation of
around 10-20 nm, equal or less than the exciton diffusion length. The two phases
must be separated in percolated (ideally straight) pathways to ensure high mobility
charge carrier transport with reduced recombination. Such a well organized
nanostructure is not easy to obtain in classical polymer mixtures due to disorder.
However, self organization of the organic semiconducting polymers (molecules)
can be introduced using an amphiphilic structure di-block copolymer, which
results in a self-organized phase [188], using supramolecular fullerene architec-
tures by quadruple hydrogen bonding [189] and using uniaxially aligned, thin films
of discotic columnar liquid crystalline materials [190].

Research on organic solar cells is highly interdisciplinary, promising, and
challenging. The interdisciplinarity has already led to scientific and technological
advancement since the organic solar cells are close to commercialization and is
expected to lead to further achievements in this field.
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On the Importance of Morphology
Control for Printable Solar Cells

Svetlana S. van Bavel and Joachim Loos

Abstract Polymer and hybrid solar cells have the potential to become the leading
technology of the twenty-first century to convert sunlight to electrical energy
because they can be easily processed from solution printing devices in a roll-to-roll
fashion with high speed and low-cost. The performance of such devices critically
depends on the nanoscale organization of the photoactive layer, which is com-
posed of at least two functional materials, the electron donor and the electron
acceptor forming a bulk-heterojunction; however, control of its volume mor-
phology still is a challenge. The main requirements for the morphology of efficient
photoactive layers are nanoscale phase separation for a large donor/acceptor
interface area and hence efficient exciton dissociation, short and continuous per-
colation pathways of both components leading through the layer thickness to the
corresponding electrodes for efficient charge transport and collection, and high
crystallinity of both donor and acceptor materials for high charge mobility. In this
chapter we review recent progress of our understanding on how the efficiency of a
bulk-heterojunction printable solar cell largely depends on the local nanoscale
volume organization of the photoactive layer.
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1 Introduction

Besides conventional silicon-based solar cells, in recent years, an alternative type
of solar cells has been intensively studied, viz. thin-film devices printable from
purely organic or hybrid solutions using semiconducting polymers, such as poly
phenylene-vinylene, polythiopene, or polyfluorine, for light absorption and charge
transport [1, 2]. Despite comparatively low efficiencies of about 7-8% [3]
achieved so far with modelling studies that predict 10-11% efficiencies are
attainable [4] and rather low stabilities, presently 1 or 2 years at most [5], such
printable solar cells (PSCs) have a distinct advantage over inorganic counterparts,
viz. their fast and low-cost manufacturing process: they can be fabricated by
processing polymers, eventually together with other organic and/or inorganic
materials, in solution and depositing them by printing or coating in a roll-to-roll
fashion like newspapers. Thanks to the speed and ease of this manufacturing
process, the energy payback time of PSCs may, according to some estimates, be
reduced to months to about a year [6, 7]. Additional advantages include the low
weight and flexibility of organic materials, enabling fast and easy applications on
curved surfaces and thus freedom of design.

PSCs are still in the research and development phase; however, the first com-
mercial products were recently introduced to the market. To bring them closer to
the stage of practical and efficient devices, several issues still must be addressed,
including further improvement to efficiency and stability. These, in turn, are
determined to a large extent by the morphological organization of the photoactive
layer, i.e., the layer where light is absorbed and converted into electrical charges.
Thus, the general scope of this chapter is to examine how the morphology for-
mation of ultra-thin (100-200 nm) photoactive layers prepared via solvent-based
techniques can be controlled and manipulated and to establish relationships
between the three-dimensional morphological organization of photoactive layers
and the performance of corresponding PSCs.

2 Morphology Requirements of Photoactive Layers in PSCs

There is a principal difference in operation of solar cells based on inorganic
semiconductors and organic (polymer) semiconductors, governed by a differing
magnitude of exciton binding energy (an exciton is a bound electron-hole pair) in
these materials. In many inorganic semiconductors, the exciton binding energy is
small compared to the thermal energy (kT) at room temperature and therefore free
charges are directly created under ambient conditions upon absorption of a photon
of light [8]. An organic semiconductor, on the other hand, typically possesses an
exciton binding energy that exceeds kT by roughly more than an order of mag-
nitude [9]. As a consequence, excitons do not directly split into free charges in
organic semiconductors and an additional mechanism is required to achieve this.



On the Importance of Morphology Control for Printable Solar Cells 229

Metlal electrode Metal electrode

Fig. 1 a Schematic representations of a Tang double layer cell and b a bulk-heterojunction
structure; ¢ schematic three-dimensional representation of a bulk-heterojunction structure
(electron donor and acceptor constituents in different colors). The common device structure is
depicted here, with a photoactive layer sandwiched between an electron collecting electrode
(typically metal, such as Al) and a hole collecting transparent electrode of indium-doped tin oxide
(ITO) (c Reprinted with permission from [26]. Copyright 2007 American Chemical Society)

A successful way to dissociate excitons formed in organic semiconductors into
free charges is to use a combination of two materials: an electron donor (the
material with low ionization potential) and electron acceptor (with large electron
affinity). At the donor/acceptor interface, an exciton can dissociate into free
charges by rapid electron transfer from the donor to acceptor [10, 11]. Afterward,
both charge carriers move to their respective electrodes when electrode materials
are chosen with the proper work functions [1]. Significant photovoltaic effects of
organic semiconductors applying the heterojunction approach were first demon-
strated by Tang in the 1980s (Fig. 1a) [12]. A thin-film, two-layer organic pho-
tovoltaic cell was fabricated that showed a power conversion efficiency of about
1% and a large fill factor (FF) of 0.65 under simulated AM 2 illumination.

The external quantum efficiency, ngqg, of a photovoltaic cell based on exciton
dissociation at the donor/acceptor interface is #gor = A X fEp X Ncc, Where 74
is the light absorption efficiency, y#gp is the exciton dissociation efficiency, which
is the fraction of photogenerated excitons that dissociate into free charge carriers at
a donor/acceptor interface, and #cc is the carrier collection efficiency, which is the
probability that a free carrier generated at a donor/acceptor interface by dissoci-
ation of an exciton reaches its corresponding electrode [13]. Donor/acceptor
interfaces can be very efficient in separating excitons; in some systems, it has been
shown that the forward reaction, the charge generation process takes place on the
femtosecond time scale, while the reverse reaction, the charge recombination step,
occurs in the microsecond range [14]. The typical exciton diffusion length in most
organic semiconductors is, however, limited to 5-20 nm [15-18]. Consequently,
acceptor/donor interfaces have to be within this diffusion range for efficient
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exciton dissociation into free charges; however, efficient light absorption only can
be guaranteed for photoactive layers with thickness larger than 200 nm.

Independently, Yu et al. and Halls et al. addressed the problem of limited
exciton diffusion length by intermixing two conjugated polymers with different
electron affinities [19, 20] or a conjugated polymer with Cqg molecules or their
methanofullerene derivatives [21]. Since phase separation occurs between the two
constituents, a large internal interface is created so that most excitons are formed
near the interface and are thus able to dissociate at the interface. In case of the
polymer/polymer intermixed film, evidence for the success of the approach has
been found in the observation that the photoluminescence from each of the
polymers was quenched. This implies that the excitons generated in one polymer
within the intermixed film reach the interface with the other polymer and disso-
ciate before decaying. This device structure, a bulk-heterojunction (Fig. 1b),
provides a route through which nearly all photogenerated excitons in the film can
split into free charge carriers. At present, bulk-heterojunction structures are the
main candidates for high-efficiency polymeric solar cells.

Nanoscale phase separation between the donor and acceptor components is not
the only requirement for the morphology of photoactive layers of bulk-
heterojunction PSCs. Once free charges are formed upon exciton dissociation, they
should be transported through the donor and acceptor phases toward the corre-
sponding electrodes: holes through the donor phase to the hole collecting (positive,
usually indium-doped tin oxide, ITO) electrode and electrons through the acceptor
phase to the electron collecting (negative, e.g., aluminium) electrode. Thus, the
nanoscale phases of donor and acceptor must form continuous, and preferably
short (to minimize charge recombination), percolation pathways leading to the
electrodes.

Additionally, the transport of charge carriers can be enhanced if donor and/or
acceptor (ideally both) are characterized by high mesoscopic order and crystallinity
[22, 23]. Also, the transport and collection of charges should be facilitated in the
case where there is enrichment of the acceptor material at the site of a photoactive
layer close to a negative (metal) electrode and enrichment of the donor material
close to a positive electrode [24, 25]. Such favorable concentration gradients of
donor and acceptor materials through the thickness of the active layer should ensure
that the percolation pathways leading to electrodes are short and limit possibilities of
charge recombination.

The efficiency of a bulk-heterojunction PSC is thus largely dependent on the
local nanoscale organization of the photoactive layer in all three dimensions
[26-28]. The key requirements for efficient PSCs, including those dealing with
photoactive layer morphology, are listed in Fig. 2, together with the parameters of
device performance (Jsc, FF, Voc, and 7).

The short circuit current, Jsc, generated by a solar cell is found at the end of the
whole chain: it is determined by the external quantum efficiency, i.e., efficiency of
all basic processes of the PSC operation as discussed above, viz. light absorption,
exciton dissociation at the donor/acceptor interface, and transport and collection of
free charges at the electrodes. The meaning of the FF is more specific: a higher FF
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Fig. 2 The key factors determining the power conversion efficiency (1) of bulk-heterojunction
PSCs, together with parameters of solar cell device performance are: short circuit current density
Jsc, open circuit voltage Voc, and FF. All three basic processes: light absorption (characterized
by efficiency #4), exciton dissociation (1gp), and transport and collection of charges (1cc) should
be efficient in order to get efficient PSCs. The efficiency determining factors are listed under each
step; those dealing with photoactive layer morphology are shown in bold (Reprinted with
permission from [27]. Copyright 2010 Wiley—VCH)

implies an improved balance of electron and hole transport, low traps, and neg-
ligible space-charge effects [4, 29].

The open circuit voltage, Vo, scales with the energy difference between the
lowest unoccupied molecular orbital of the acceptor material and the highest
occupied molecular orbital (HOMO) of the donor [30, 31]. Lower values of V¢
obtained experimentally are attributed to band bending created by accumulated
charges at each electrode, with associated losses of ~0.2 eV per electrode
[30, 32]. Recent studies indicated, however, that Voc may be determined by the
single occupied molecular orbital of the donor (i.e., the low-energy polaronic level)
rather than its HOMO level [33]. It has also been reported that V¢ is dependent on
the probability of exciton dissociation into free charges [34], presence of electron
traps [35], and mobility of free charges [36], i.e., parameters that may be influenced
by morphology. However, the impact of these parameters on V¢ can usually be
neglected [37, 38] and, for the present discussion, Vgc is considered as a purely
material property, independent of the photoactive layer morphology [39].

Looking to the morphology requirements mentioned above, the following
parameters have been identified as the most significant for their influence on the
nanoscale volume organization in the photoactive layers of bulk-heterojunction
PSCs: the chemical structure of donor and acceptor materials, the solvent(s) used
for processing, concentration in solution, the ratio between donor and acceptor,
and post-production treatments such as thermal annealing or exposure to solvent
vapor [26, 40]. Some examples of how these parameters affect photoactive layer
morphology formation and device performance are considered below.
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Since the photoactive layer is deposited from solution, for research studies,
mostly via spin-coating or drop-casting, the volume morphology-determining
parameters can be classified into two groups: thermodynamic aspects and kinetic
effects that play a role during thin-film formation process. Thermodynamic aspects
are reflected in the chemical structure of the donor and acceptor compounds
determining to a large extent their solubility in different solvents and the inter-
action (miscibility) between these compounds taken in a certain ratio. The kinetic
aspects are related to the duration of film formation, influenced by the solvent’s
boiling point, by solution viscosity, etc., with the rate of ordering or crystallization
in the case of crystallizing materials and thus accompanied reorganization, and
with post film formation treatments such as annealing that enable the diffusion and
crystallization of one or both compounds, leading to enhanced phase separation.

Both thermodynamic and kinetic parameters show comparable significance in
determining the morphology of the photoactive layer. Thermodynamics will,
however, drive (and kinetics may limit) eventual morphological reorganization
after the films have formed, and thus determine the long-term stability of the
photoactive layer morphology and corresponding solar cell devices.

3 Analyzing the Volume Organization
of the Bulk-Heterojunction Photoactive Layer

The thin-film nature of the photoactive layers with typical thicknesses of
100-200 nm and the need for local morphology information makes high-resolution
microscopy techniques essential tools for morphology characterization. Transmis-
sion electron microscopy (TEM), including conventional imaging and electron
diffraction operation modes [26, 41-44], scanning electron microscopy (SEM)
[40, 45] and scanning probe microscopy (SPM), atomic force microscopy (AFM) in
particular [43, 45-50], have proven their utility for characterization of the mor-
phology of photoactive layers.

The main difference between TEM, and SPM and SEM is that TEM provides
mostly morphological information on the lateral organization of thin-film samples
by acquisition of two-dimensional (2D) projections through the whole volume of
the photoactive layer, whereas SPM and SEM are probing the topography or
mainly phase demixing at the sample surface.

As discussed above, the performance of a PSC strongly depends on the three-
dimensional organization of the compounds within the photoactive layer. Donor
and acceptor materials should form co-continuous networks with nanoscale phase
separation to be able to effectively dissociate excitons into free electrons and holes,
and to guarantee fast charge carrier transport from any place within the active layer
to the electrodes.

Attempts to gain more information on the three-dimensional organization of
polymer solar cells have been described by applying techniques for cross-sectional
preparation of TEM and SEM samples. Besides use of a focused ion beam (FIB) to
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Fig. 3 SEM side views (cross-sections) of MDMO-PPV/PCBM blend films cast from toluene
with various weight ratios of MDMO-PPV and PCBM. For ratios 1:4, 1:3, and 1:2 (b—d) the
nanoclusters, in the form of discs are surrounded by another phase, called the skin, that contains
smaller spheres of about 20-30 nm diameter. For the 1:1 film (a), only these smaller spheres are
found (Reprinted with permission from [45]. Copyright 2004 Wiley—VCH)

section whole devices prepared on glass substrates [51, 52], conventional cross-
sectional ultra-microtoming of the photoactive layer is used [43, 45]. Looking from
the side perpendicular to the photoactive layer lateral plane, the organization of
segregated phases of the bulk-heterojunction can be analyzed in the thickness
direction of the film. Similar to the top view, the cross-sectional side view provides
information on the sizes and shapes of phases. For instance, Sariciftci et al. demon-
strated by cross-sectional SEM investigations that in case of the system with poly
[2-methoxy-5-(3/, 7'-dimethyloctyloxy)-1, 4-phenylene-vinylene] (MDMO-PPV) as
adonor and the fullerene derivative [6]-phenyl-Cg;-butyric acid methyl ester (PCBM)
as acceptor, the PCBM-rich phases always are imbedded in the MDMO-PPV matrix
independent of their size (Fig. 3) [45]. Most likely, this feature reduces the electron
injection capability from the PCBM to the electrode.

In principle, 3D morphology information can be obtained by cutting the sample
into thin sections and subsequently imaging the remaining sample or the sections
one by one with AFM or SEM. Using a FIB/SEM combination for FIB slicing and
SEM viewing is referred to as “slice-and-view”. For photoactive layers of PSCs
these approaches are, however, of limited use due to the high risk of complete
sample destruction as a result of local heating by FIB, and due to the relatively low
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lateral resolution of SEM, and depth resolution as determined by the thickness of
removed slices in the range of 10-100 nm at most.

The technique that circumvents these limitations and does provide 3D mor-
phology information with nanometer resolution in all three dimensions is electron
tomography (ET), also referred to as transmission electron microtomography and
3D TEM [53-58]. Besides conventional morphology characterization, in this
chapter, we focus on advanced ET analysis to reveal volume information on the
local nanoscale organization of the photoactive layer of PSCs.

4 On the Volume Organization of Bulk-Heterojunction
Photoactive Layers

So far, we have discussed the importance of morphology control in the bulk-
heterojunction photoactive layer of high performance PSCs. In this part, we discuss
the important morphology issues reported in the literature. Further, we introduce
recent morphology studies we have performed with the help of ET on three bulk-
heterojunction systems: MDMO-PPYV as a donor and the fullerene derivative PCBM
as acceptor for the first bulk-heterojunction system for which the influence of
nanoscale volume organization on the performance of corresponding devices was
investigated in great detail, poly(3-hexylthiophene) (P3HT)/PCBM as the currently
most successful electron donor/acceptor combination in terms of efficiency and long-
term stability, and finally P3HT as electron donor and ZnO as acceptor in a hybrid
system, which we have performed in-depth quantification of the nanoscale volume
organization and related it to the performance of corresponding devices.

4.1 MDMO-PPV/PCBM

Intensive morphology studies have been performed on polymer/fullerene systems, in
which PCBM is applied [37, 59]. PCBM is by far the most widely used electron
acceptor, and the most successful PSCs have been obtained by mixing it with the
donor polymers like MDMO-PPV and other PPV derivatives [38, 46], with poly
(3-alkylthiophene)s such as regioregular poly(3-hexylthiophene) (P3HT) [23, 60-63]
or a less studied combination with polyfluorenes [64-67] and other amorphous
semiconducting polymers such as poly[2, 6-(4, 4-bis-(2-ethylhexyl)-4H-cyclopenta
[2, 1-b; 3, 4-b']dithiophene)-alt-4, 7-(2,1,3-benzothiadiazole)] (PCPDTBT) [68-71].

The influence of the solvent used for processing was first observed in MDMO-
PPV/PCBM system when a strong increase in power conversion efficiency was
obtained by changing the solvent from toluene (0.9% efficiency) to chlorobenzene
(2.5% efficiency) [46]. The improved performance of MDMO-PPV/PCBM cells in
case of using chlorobenzene (or o-dichlorobenzene) as a solvent rather than
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Fig. 4 AFM images showing the surface morphology of MDMO-PPV/PCBM (1:4 by wt) blend
films with a thickness of approximately 100 nm and the corresponding cross-sections. a Film spin
coated from a toluene solution. b Film spin coated from a chlorobenzene solution. The images
show the first derivative of the actual surface heights. The cross-sections of the true surface
heights for the films were taken horizontally from the points indicated by the arrow (Reprinted
with permission from [46]. Copyright 2001 American Institute of Physics)

toluene was found to be due to a smaller (more favorable) scale of phase sepa-
ration (Fig. 4), viz. smaller PCBM-rich domains in the MDMO-PPV-rich matrix,
formed during spin-coating as a result of higher solubility of PCBM in chloro-
benzene [42, 45, 46, 72].

The evaporation rate of a solvent during film formation is also of importance.
Even when a good solvent (e.g., chlorobenzene) is used for MDMO-PPV/PCBM
but its evaporation is slowed by using lower spin speed during spin-coating or by
using drop-casting instead of spin-coating, coarse phase segregation is observed in
the resulting films similar to faster spin-coating from a less favorable solvent like
toluene [42]. Since a film has then a longer time to form and kinetic factors
become less limiting, thermodynamically driven re-organization, viz. large-scale
PCBM crystallization, takes place. Not surprisingly, thermal annealing of MDMO-
PPV/PCBM boosts PCBM crystallization even further leading to formation of
bulky PCBM crystals. Besides annealing conditions, the kinetics of their formation



236 S. S. van Bavel and J. Loos

was also found to depend on a type of spatial confinement, i.e., in a free-standing
film, PCBM clusters are formed much faster than in a film sandwiched between
two substrates [73].

Besides the solvent used and the evaporation rate applied, the overall compound
concentration and the ratio between two compounds in solution are important
parameters controlling morphology formation. High compound concentrations
induce large-scale phase segregation in MDMO-PPV/PCBM during formation of
the film [74]. The maximum solubility of PCBM was determined to be roughly
1 wt% in toluene and 4.2 wt% in chlorobenzene (at room temperature), so for
concentrations above these critical levels, aggregation of PCBM is anticipated in
the solvent and is enhanced further during film formation [26].

For the systems of MDMO-PPV/PCBM and MEH-PPV/PCBM, as for most
other amorphous polymer/PCBM bulk-heterojunctions, the optimal ratio of the
compounds was found to be 1:4 [21], despite a very low contribution of PCBM to
light absorption and despite the fact that photoluminescence of the polymer is
already quenched for much lower PCBM concentrations (less than 5%) [11]. A
rather abrupt improvement in the device properties was observed for PCBM
contents of around 67%, accompanied by the onset of phase separation [48]. Thus,
it was concluded that charge transportation rather than charge separation is the
limiting factor here and suggested that, only above this critical concentration,
PCBM forms a percolating network within the polymer matrix.

Most of the morphological studies carried out so far on the MDMO-PPV/PCBM
system were performed using AFM [43, 45-50], TEM [42—44], and SEM and TEM
imaging of cross-sections of the active layers [40, 43, 45]. They showed that at
compositions of >60 wt% PCBM, the phase separation sets in with domains of rather
pure PCBM distributed in a homogeneous MDMO-PPV/PCBM matrix. It was
speculated that MDMO-PPV/PCBM films are built by interpenetrating networks at
high PCBM loadings [48] but, up to now, there was no unambiguous experimental
evidence for existence of any networks or percolations in MDMO-PPV/PCBM
photoactive layers, owing largely to the lack of appropriate tools that allow a proper
visualization of the morphological organization in all three dimensions.

To visualize the 3D morphology of MDMO-PPV/PCBM films (prepared from
solutions in chlorobenzene), we applied ET. The tilt series were acquired via
bright field conventional TEM (BF-CTEM) and annular dark-field scanning TEM
(ADF-STEM) modes, so that (denser) PCBM-rich domains look dark (BF-CTEM)
or bright (ADF-STEM), respectively. After 3D reconstruction, detailed informa-
tion about form and size of PCBM-rich domains in three dimensions was obtained.
In case of MDMO-PPV/PCBM films with 80 wt% PCBM, ET showed that the
PCBM-rich domains are interlinked by thin PCBM-rich strands, all together
forming a percolating nanoscale network (see the snapshots of the resulted volume
reconstructions in Fig. 5).

The presence of a nanoscale percolating network formed by PCBM-rich strands as
revealed by ET in BF-CTEM and ADF-STEM imaging modes presents two
advantages for the performance of corresponding MDMO-PPV/PCBM solar cell
devices. First, these interlinking PCBM domains form additional interfaces where
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Fig. 5 a A BF-CTEM image of the MDMO-PPV/PCBM film (with 80 wt% PCBM), where dark
PCBM-rich domains are visible, next to snapshots of volume reconstructions as obtained by
b BF-CTEM, and ¢ ADF-STEM. In the volume reconstruction thin PCBM-rich strands
connecting PCBM-domains can be discerned (Reprinted with permission from [28]. Copyright
2010 Wiley—-VCH)

more excitons can dissociate into free charges and, second, such a 3D network of
PCBM, surrounded by a 3D network of polymer-rich material, creates efficient
percolation pathways for transport of both electrons and holes from any place within
the photoactive layer to the top and bottom electrodes. This optimum morphology
results in higher values of short circuit current density (J.) and FF and thus higher
efficiency of devices made of 80 wt% PCBM and 20 wt% MDMO-PPV [48]. No
such beneficial morphology was observed (neither with BF-CTEM nor with ADF-
STEM) in MDMO-PPV/PCBM layers with at most 60 wt% PCBM.

In general, thermal annealing is a useful way to probe the morphological sta-
bility of photoactive layers. Apart from accelerating thermodynamically favorable
changes in the layer’s morphology, mild annealing also mimics practical condi-
tions since solar cells can easily heat up during operation to temperatures of
around 60°C. Obviously, long-term stability of PSCs based on MDMO-PPV/
PCBM is rather poor, due to the tendency of PCBM to crystallize by forming
micron-sized clusters in amorphous MDMO-PPV. Such large-scale crystallization
implies that exciton dissociation becomes rather inefficient, and the quality of a
percolating network of PCBM deteriorates, too. The formation of large PCBM
crystals can, however, be largely suppressed by choosing a polymer having a
higher glass transition temperature, T, (e.g., 138°C) [75] than that of MDMO-PPV,
so that diffusion of PCBM molecules in the blends is hindered (another example of
interplay between thermodynamics and kinetics in these systems).

4.2 P3HT/PCBM

The P3HT/PCBM system, where both components can crystallize, differs in its
behavior and morphological organization from MDMO-PPV/PCBM blends. The type
of crystalline morphology formed by regioregular P3HT ranges from well-dispersed
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nanorods to well-developed spherulites, depending on solution processing conditions
[77]. Typically, P3HT crystallizes in thin-films by forming crystalline nanorods with
widths of around 15-25 nm, thicknesses of just a few nanometers, and lengths of
hundreds of nanometers or even a few microns [23, 26, 74, 76].

The best devices with power conversion efficiencies exceeding 5% and rather
stable morphologies, are obtained for P3BHT/PCBM ratios of around 1:1 after an
annealing treatment, either at elevated temperature or during slow solvent evap-
oration (solvent assisted annealing) [30, 51, 77, 78]. Similar results are also
attained by adding high boiling point additives like alkyl thiols into the solution of
P3HT/PCBM because this slows down the film formation during spin-coating due
to a longer solvent evaporation time, analogous to solvent annealing [48, 79].

Various reasons have been named to account for morphology changes causing
efficiency improvement in P3HT/PCBM films upon annealing, such as the
increased crystallinity of P3HT [80], favorable dimensions of (long and thin)
P3HT crystals [76], suppressed formation of bulky PCBM clusters due to presence
of P3HT crystals [23, 63], improved light absorption of the PAHT/PCBM films as a
result of morphological changes in P3HT [47], improved hole mobility and hence
more balanced hole and electron transport in P3HT/PCBM films [29, 81, 82]. This
list, however, long it may seem, is not complete as it does not include details on
morphological organization throughout the volume of the photoactive layer, such
as the quality of percolating networks of nanocrystalline P3HT and PCBM and the
exact scale of phase separation.

In our studies, we have applied ET (among other techniques) to analyze the 3D
nanoscale organization of the P3BHT/PCBM photoactive layers before and after
annealing treatments and found correlations between the observed morphology
and parameters of corresponding device performance [41, 83]. Electron tomog-
raphy was applied to P3BHT/PCBM in the BF-CTEM mode, with the resulting
contrast due to the density difference between the polymer and the PCBM.
Crystalline P3HT nanowires are actually very unstable and loose their crystallinity
fast because the polymer crystals are under exposure to the electron beam (as
shown by electron diffraction studies) but they remain morphologically stable for a
much longer time, certainly long enough to acquire a tilt series (Fig. 6). The
crystallinity of the nanowires and their morphological stability were confirmed by
conical dark-field TEM imaging combined with the BF-TEM imaging. In the dark-
field TEM images, the image formation is governed by the diffraction contrast as
opposed to the mass-thickness and/or phase contrast in BF-CTEM. For this
investigation we can conclude that even though the P3HT crystals are destroyed,
their morphological integrity is sustained during tilt-series acquisition; thus,
amorphous but contrast-rich structures remain in place of the original P3HT
crystals are visualized in the P3BHT/PCBM system by ET in BF-CTEM mode.
Dark-field TEM was also used to identify the size (width) of the P3HT crystals and
confirms similar sizes for ET data.

After reconstructing the morphology of as spin-coated and annealed samples,
only for the latter a genuine network is visible within the photoactive layer con-
necting any part of the P3HT nanowires with the respective hole collecting
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(a) (b)

Fig. 6 a Dark-field TEM images of the P3HT nanowires: those structures get visualized that
give rise to the shown part of the (020) P3HT-ring in the electron diffraction pattern (lef). b BF-
CTEM images of the same locations of the specimen after the crystals have been destroyed (i.e.,
no Debye-Scherer ring is any longer visible in the electron diffraction pattern). The scale bar is
200 nm (Reprinted with permission from [28]. Copyright 2010 Wiley—VCH)

electrode. By going slice by slice through the reconstructed volume of the annealed
P3HT/PCBM films, the amount of P3HT nanowires can be quantified in relation to
the actual z-position within the photoactive layer (Fig. 7, performed on a thermally
annealed P3HT/PCBM layer). As evident from Fig. 7, there is enrichment of P3HT
nanowires in the lower part of the photoactive layer close to the hole collecting
electrode. The same trend was observed for P3HT/PCBM layers obtained by
solvent assisted annealing for 3 h. In this gradient analysis, only initially crystalline
P3HT nanowires are accounted for, as explained above (see Fig. 6). Amorphous
P3HT should be located around the crystalline P3HT nanowires, which is generally
the case in folded chain or chain stacked (for low molecular weights) polymer
crystals. As this amorphous P3HT is in all probability mixed with PCBM, it has
insufficient contrast with the rest of PCBM to be visualized by BF-CTEM. Vertical
segregation of initially crystalline P3HT in the annealed films, as showed by ET,
should thus apply to all P3HT, including amorphous parts. Correspondingly, there
should be enrichment of PCBM close to the top (electron collecting) electrode. The
situation when more crystalline P3HT is located in the lower part of the film is
expected to be beneficial for collection of holes as it suggests better percolation
networks made of crystalline P3BHT and PCBM.

Further, when comparing the volume organization of photoactive layers with
different thicknesses, the basic conclusion is that an optimal morphological
organization of a photoactive layer in all three dimensions is more crucial for high
efficiency of solar cell devices than absorption alone. We have obtained the best
device performance using moderately thick (100 nm) P3HT/PCBM photoactive
layers characterized by high overall crystallinity of P3HT, namely more numerous
and more perfect crystalline P3HT nanowires forming a genuine 3D network, and
by enrichment of P3HT close to the hole collecting electrode. Thicker films
(200 nm) absorb more light but show less favorable morphological organization in
photoactive layers, i.e., lower crystallinity of P3HT, especially next to the hole
collecting electrode, and as a result produce poorly performing solar cell devices.
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Fig. 7 Results of electron tomography: quantification of the crystalline P3HT nanowires
distribution through the thickness of the thermally annealed P3HT/PCBM photoactive layer.
Images a and b are original slices taken out of the reconstructed volume of the film, with slice in
a located close to the bottom of the film and b close to the top of the film. Dimensions of the
slices are 1700 nm x 1700 nm. ¢ The relative area (volume) occupied by P3HT in each slice is
determined for all slices through the whole volume of the P3HT/PCBM film and plotted
depending on a slice position and thickness of the photoactive layer (Reprinted with permission
from [41] and [83]. Copyright 2009 American Chemical Society)

What exactly causes vertical segregation of crystalline P3HT is not clear at the
moment. Previous studies based on the modeling of data obtained by variable-angle
spectroscopic ellipsometry (VASE) [84] and X-ray photoelectron spectroscopy
(XPS) [85] suggested that PCBM, and not P3HT, was preferentially concentrated
on the bottom of the P3BHT/PCBM films due to the high surface energy of the
PEDOT:PSS layer. The experimental approach and conclusions drawn in these
studies do raise some questions though.

In general, however, we do not doubt that the unfavorable gradient (more of
PCBM below and more of P3HT on top of the film) is possible. We have observed
it with ET, too, e.g., in P3BHT/PCBM samples prepared from P3HT grades with
different molecular weight distributions, lower regioregularity, or different type
and amount of impurities, and by using different film preparation conditions.

It should be noted that there are also SIMS (secondary ion mass spectrometry)
studies of MDMO-PPV/PCBM [48] and polyfluorene/PCBM blends [86], which
show a homogeneous distribution of both polymer and PCBM throughout the film.
It may be interesting to apply SIMS to P3HT/PCBM blends to follow the vertical
distribution of the (total) P3HT and PCBM.

Compared to XPS and modeling VASE data, the technique of ET has a number
of advantages to study vertical organization in P3HT/PCBM films. First of all, this
technique does not require any assumptions on morphological organization (like in
modeling of VASE or ellipsometry data), nor is there a risk of introducing such
artefacts as carbon and oxygen contaminations in case of surface-sensitive tech-
niques like XPS. Next, ET does provides some numbers on how P3HT is distributed
in the film and it also allows direct observation of the initially crystalline P3HT
nanowires with high accuracy at any depth of the film. A minor disadvantage of this
technique is that a few nanometers of the top and bottom of the films are usually
difficult to interpret but, for this, AFM may provide relevant data.
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The fact that ET revealed different sorts of vertical gradients in P3BHT/PCBM
films of different thickness deposited on the same PEDOT:PSS substrate dismisses
the proposed role of the underlying substrate’s surface energy for the formation of
vertical gradients. On the basis of the findings of this study, we infer that the
existence and type of composition gradients through the thickness of the active
layer are largely determined by the kinetic aspects of film formation due to
different solution viscosities, different times for the solvent to evaporate and
eventual differences in local solvent concentration. These aspects have a direct
impact on how long the (macro)molecules are mobile in the given solution/dis-
persion, on the eventual precipitation of components depending on local variations
in solvent concentration, and thus on formation of nuclei and subsequent growth
and distribution of (nano)crystals throughout the active layer.

Besides composition gradients, ET data can also be used to quantify the overall
degree of crystallinity of P3HT in the P3BHT/PCBM films. Based on density values
of P3HT and PCBM and a 1:1 weight ratio of these components in the photoactive
layer, P3HT should occupy ca. 58% of the total volume of the thermally annealed
layer. From the plot presented in Fig. 7, it can be estimated that approximately
35% of the layer volume is actually made up of crystalline P3HT nanowires, which
indicates a high crystallinity of P3HT of about 60%. A comparable degree of
P3HT crystallinity was also obtained for P3BHT/PCBM after solvent assisted
annealing (data not shown). For spin-coated films, this information was not
directly accessible due to poor contrast in the corresponding 3D datasets but, based
on electron diffraction data (where the intensity of the peak attributed to (020)
reflections of P3HT crystals increased threefold upon annealing) the degree of
P3HT crystallinity after spin-coating is estimated at around 20%.

4.3 P3HT/ZnO

The examples considered above are polymer/fullerene PSCs but, in general, all the
parameters influencing morphology formation are also valid for polymer/polymer
systems [87-91] and hybrid systems, where semiconducting polymers such as
P3HT are combined with inorganic materials such as ZnO, TiO,, or CdSe [92-95].
A potential advantage of all-polymer systems is improved absorption compared to
systems using poorly absorbing fullerenes. Hybrid solar cells form an attractive
alternative because of their high dielectric constant (facilitating carrier generation),
high carrier mobility in the inorganic semiconductors, and the thermal morpho-
logical stability of the photoactive layers.

Ultimately, hybrid cells offer the prospect of direct control over the morphology
of the blend by first constructing an inorganic scaffold with the proper layout and
dimensions [96-98] and then filling the scaffold with the organic material. But
until now this approach failed and the best hybrid solar cells were made by
simultaneous deposition of the two components. This often involves tricky pro-
cessing, due to the differing natures of the materials involved. These drawbacks
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Fig. 8 a-c Reconstructed volumes of the P3HT/ZnO layers, obtained by electron tomography in
the BF-CTEM mode, and corresponding 2D slices taken from these volume datasets: with
thickness of 57 nm (a, d), 100 nm (b, e) and 167 nm (c, f). The lateral size of the datasets in
a—c and correspondingly the size of the slices in d—f is ca. 700 nm x 700 nm. In the volumes in
a—c, the threshold was applied to the raw data such that ZnO appears grey and P3HT transparent
(Reprinted with permission from [101]. Copyright 2009 Nature Publishing Group)

can largely be circumvented by the in situ generation of the inorganic semicon-
ductor inside the organic material [99, 100]. In this process a soluble organome-
tallic precursor is deposited from solution together with the semiconducting
polymer. During and after this deposition, the precursor is converted by reacting
with moisture from the surrounding atmosphere to an inorganic network inside the
polymer film.

Here we describe and analyze in situ prepared P3HT/ZnO solar cells [101].
Electron tomography was applied to characterize the three-dimensional mor-
phology of the P3HT/ZnO photoactive layers and the resulting 3D datasets were
segmented and quantified in great detail. The elaborate 3D morphology quantifi-
cation combined with photophysical characterization and device performance data
provide detailed insight to the role of the nanoscale 3D morphology in creating and
transporting charges in the bulk-heterojunction photoactive layers.

To examine the morphology of the ZnO/P3HT films, ET was applied to free-
standing films of different thicknesses (57, 100, and 167 nm) obtained by spin-
coating onto PEDOT:PSS. The snapshots of the reconstructed volume of these
films are shown in Fig. 8a—c. A threshold was applied to the raw data as obtained
by ET in such a way that ZnO appears grey in the volume and P3HT looks
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transparent. Obviously, there is a large difference between the three films obtained,
with finer phase separated domains observed in thicker films. The thinnest film
displays large domains both for the ZnO and the P3HT and these domains are
substantially larger than the exciton diffusion length of 5-20 nm. This is consistent
with the poor device performance of thinner films.

In order to quantify the relevant morphological parameters, an extensive sta-
tistical analysis of the 3D datasets provided by ET was performed. The original 3D
data of the bulk of the film were binarized to decide which voxels (“volume
pixels”) are ZnO and which are P3HT. The threshold for this binarization has a
major impact on the final outcome, and hence error margins were estimated by
applying the two extremes for this threshold.

First of all, the volume fraction of ZnO was determined from the 3D datasets
(see Column 1 in the Table 1). In the two thickest layers, the estimated ZnO
volume fraction (ca. 21 vol.%) is close to the expected value of 19 vol.%, based on
the ratio of diethylzinc and P3HT in the spin-coating solution. The ZnO content in
the thinnest layer is significantly lower at 13 vol.%. This is rationalized by a
comparatively large fraction of the diethylzinc evaporating during spin-coating
with the higher spin speed applied for this thin layer. The low ZnO content of the
thinnest film partially accounts for the relatively large observed P3HT domains.

Next, spherical contact distances, defined as the distance from a certain voxel of
one material to the nearest voxel of the other material, were determined for these
three films. Cyclic boundary conditions were applied for this quantification, i.e., the
datasets were extended by mirroring the bulk part of the film (i.e., about 60% of the
total thickness). Because excitons are mostly generated inside the P3HT, we focused
on the distance distribution from P3HT to ZnO. Figure 9 shows the probability to find
P3HT at a certain shortest distance to a ZnO domain. For the 100 and 167 nm thick
films, most P3HT lies well within the shortest distance of 10 nm from ZnO. On the
other hand, the 57 nm thick sample displays a large amount of polymer at shortest
distances as high as 25 nm from an interface with ZnO. This analysis substantiates
that coarser phase separation is present in thinner layers.

The efficiency of the charge carrier generation was then estimated by modeling
the exciton diffusion through the P3HT phase. For this, the three-dimensional
exciton diffusion equation was solved. As the result, an estimated fraction of
excitons formed within P3HT that reach the interface with ZnO was obtained
(Column 2 in Table 1). Assuming that excitons efficiently dissociate into free
charges at the interface with ZnO [97], the numbers obtained coincide with the
efficiency of charge generation.

Besides charge carrier generation, carrier collection is also essential for solar
cell operation. Efficient collection relies on continuous pathways for both carriers
(Fig. 9c, d). Viewing the large volume excess of polymer in the blend, we see that
connectivity of this material will not be a limiting factor. The fraction of ZnO
voxels that is interconnected via other ZnO voxels to the top of the investigated
slab is quite high, at values well over 90% for all three layers despite the low ZnO
content (see Column 4 in Table 1). The connectivity is smaller for thicker layers,
likely because larger distances have to be crossed.
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Fig. 9 Statistical analysis of the 3D morphology: a Distribution of the probability to find a P3HT
voxel at a certain distance from a ZnO domain for mixed P3HT/ZnO films of different thickness,
calculated from the 3D-datasets displayed in Fig. 8. b Cumulative probability to have P3HT
within a shortest distance to ZnO. The error margins indicated are obtained from the two most
extreme thresholds possible for the binarization of the 3D data; color code as in a. ¢ Reconstructed
volume of a cross-section of the P3HT/ZnO device with grey ZnO domains in transparent P3HT
matrix. d The part of this volume with the green arrow indicating an isolated ZnO domain and the
red arrow indicating a ZnO domain connected to the top, but not through a strictly rising path
(Reprinted with permission from [101]. Copyright 2009 Nature Publishing Group)

Mere continuity of ZnO-phase may not be enough to effectively collect the
charges. Within a continuous phase, pathways may exist that are discontinuous in
the direction of the collecting electrode. Due to the macroscopic electric field over
the active layer of the device, charges may be trapped inside those cul-de-sacs and
thus not collected (Fig. 9d). Therefore, we also determined the fraction of ZnO
connected to the top through a strictly rising path (Column 5 in Table 1). The
calculated unidirectionally connected fraction of ZnO is still very high (93%) for
the 57 nm thin layer but reduces for thicker layers, dropping to 80% for the
167 nm thick film.

The volume fraction of ZnO (with respect to the total volume of the photoactive
layer) connected to the top electrode is, however, still higher in the thicker layers
than in the thin 57 nm layer, where the total ZnO content is significantly lower
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Table 1 Calculated volume fraction, fraction of excitons reaching the interface with ZnO before
decaying, fraction of excitons quenched at the electrodes (and thus not contributing to the current
generation) and percolation connectivity of P3HT/ZnO layers, all inferred from the electron
tomography data

Film ZnO Without ~ With electrodes ZnO ZnO Volume

thickness volume electrodes connected monotonously fraction of ZnO

(nm) fraction Excitons Excitons Excitons to top (%) connected to  monotonously

(vol.%) reaching reaching quenched top (%) connected to

the the by top (vol.%)
interface interface electrodes
(%) (%) (%)

57 13+£4 40+3 32+1 32+1 96 £ 2 93 +£2 12+ 4

100 21£8 785 73£5 7£1 94 £5 85+ 10 18£8

167 21£8 835 79+6 4+1 92 +£5 80 + 12 17£9

Quantification “without electrodes” was performed on the homogeneous bulk (ca. 60% of the total
thickness) of the films extended by mirroring part of the morphology until the correct thickness was
obtained. Quantification “with electrodes” was obtained by using two perfectly quenching planes as
boundary conditions. The connectivity of ZnO was calculated for the bulk dataset and extrapolated to
the correct thickness

(Column 6 in Table 1, which is the product of values in Column 1 and Column 5).
This implies that electron transport through thin P3HT/ZnO layers may be less
efficient. However, as described above, there are also fewer charges to be trans-
ported in thin layers due to the unfavorably large phase separation. Since the FF
values (that reflects the balanced transport of free charges) are comparable in all
films, charge transport on the whole is unlikely to be less efficient in thin-films.

Looking at the combined effects of charge carrier generation and collection, we
can conclude that the relative poor performance of thin P3HT/ZnO solar cells is
related to inefficient charge generation as a result of low ZnO content, to the coarse
phase separation, and to the exciton losses impaired by the electrodes. For thicker
photoactive layers charge generation is much more efficient, owing to a much
more favorable phase separation.

Thicker devices show superior efficiencies, but still the internal quantum effi-
ciency (IQE) only reaches 50%. Since in thicker layers most excitons (around
80%) reach the P3HT/ZnO interface where they can dissociate into free charges,
the IQE is most probably limited by inefficient charge transport. Electron transport
may be limited by a low volume fraction of ZnO, whereas hole transport may be
inefficient due to low hole mobilities in P3HT.

5 Summary and Outlook

As evident from the above discussion, there is a complex interplay between
different aspects that determine photoactive layer morphology during film
formation, its eventual reorganization during post-production treatments and its
long-term stability. Due to this complexity and the fact that the desired structure
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should form spontaneously by deposition from solution (to retain low-cost man-
ufacturing), the optimal morphology is explored in practice by time-consuming
optimization. However, increasing the understanding of the underlying structure—
property relationships should make direct manipulations possible in the future.

What complicates the matter is that the ideal photoactive layer morphology is
characterized by different length-scales in the volume of the film (see Fig. 1c): for
efficient charge separation, it should have phases of donor and acceptor materials
on the order of 10-20 nm (in two dimensions) and, for charge collection, it should
have percolation pathways through the whole thickness of the film, i.e., a few
hundred nanometres in thickness direction of the photoactive layer. The require-
ment of donor and acceptor phases of different length-scales in three dimensions
makes the control of spontaneous morphology formation very challenging, espe-
cially in case of thicker photoactive layers. For optimal light absorption, the layer
should ideally be at least 200 nm thick, whereas it is often observed that thinner
films of 100-150 nm perform better in bulk-heterojunction PSCs even though they
effectively absorb less light. Poor performance of thicker layers is typically
attributed to enhanced recombination of free charges resulting from imperfect
percolation pathways.

Several attempts have been made to promote formation of such a well-
organized structure through the whole volume of the photoactive layer by using an
amphiphilic primary structure like diblock copolymers [102] or dyad structures
[103, 104], but performances of the resulting solar cells have been lower than with
conventional approaches thus far. Moreover, creation of nanostructures already in
the solvent prior to deposition might be a route to split structure formation from
the film deposition process, which probably allows for better morphology control
of the photoactive layer [105].

A key requisite to control and optimize the morphology is access to reliable
quantitative data sets reflecting the local nanoscale and the overall organization of
the photoactive layer in all three dimensions, allowing for straightforward corre-
lation of the volume morphology with device performance. In this respect, we have
introduced ET as a versatile tool to reveal volume data on the organization of bulk-
heterojunction photoactive layers of PSCs with nanometer resolution. Basically,
ET is able to provide information on size of separated phases, connectivity of the
phases in three dimensions, crystallinity, compositional gradients, and the overall
network organization in the whole volume of the photoactive layer. Ultimately, we
have demonstrated that correlation between device processing, device properties,
and volume morphology of the photoactive layer is possible.

The next step toward a better understanding of relations between the nanoscale
volume organization and the ultimate performance of PSCs is further controlled
over the complete device architecture. In this respect, sectioning of whole device
by FIB is a potential route allowing for straightforward preparation of complex
multilayered specimens for morphology investigations. Besides gaining additional
information on interfacial organization, investigation of whole devices is the only
accurate way to study lifetime dependent chemical and physical aging. Certainly
volume morphology information can be very helpful to understanding the aging
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mechanisms involved, and chemical volume mapping can tell us about the local
oxidation or diffusing electrode material, for example.

Moreover, it should be said that, besides better morphology control, device
performance can also be optimized through smart device architecture, e.g., by
applying hole blocking layers [106], optical spacers to enhance light absorption in
a layer of the same thickness [107, 108], and by using the tandem cell architecture
[109-111], where two photovoltaic cells are added in series. In a tandem cell, it is
possible to combine two, or more, thinner (more efficient) active layers using
semiconductors with different bandgaps for more efficient light harvesting.
Besides, since individual cells are added in series, the open circuit voltage of a
tandem cell is directly increased to the sum of the V¢ values of individual cells.
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Development of Low Band Gap Polymers
for Roll-to-Roll Coated Polymer Solar
Cell Modules

Eva Bundgaard and Frederik Krebs

Abstract Organic photovoltaics (OPV) have the potential for low production
cost. Additionally, there has been an increase in both efficiency and stability of
small-area OPV devices prepared in research laboratories worldwide and, conse-
quently, attention on OPVs has increased tremendously. In this chapter we
describe the challenges of OPVs and give suggestions on how these can be
overcome. Design and synthesis of a new group of materials and low band gap
polymers are described. Problems and possible solutions of OPV stability are
shortly discussed. Furthermore, the latest technology to manufacture large-area
OPV modules is described along with production of large-area modules by roll-
to-roll printing of a low band gap polymer.

1 Introduction
1.1 Organic Photovoltaics

In the past, there has been a tremendous focus on renewable energy sources, such
as wind, hydro, biomass, geothermal and solar. This is mainly to find alternative
energy sources that are CO, neutral since United Nations have decided that a 20%
reduction in the CO, emissions by 2020 is necessary [1, 2]. Furthermore, due to the
growth of human population on Earth and its increasing demand for energy, it is
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Fig. 1 Brabec triangle [4]: Cost
red represents inorganic PV
and blue represents OPV

Efficiency Lifetime
Ag
Al PEDOT:PSS
PEDOT:PSS Zn0
1TO 1TO
Substrate Substrate

Fig. 2 Illustration of OPV devices, normal structure (left) and inverted (right)

likely that fossil fuels (which are the primary energy sources we depend on today)
will be exhausted within the next 30-50 years.

The sun delivers more energy to the Earth’s surface than we can consume and
thus this renewable energy source is impossible to ignore. To harvest the energy
from the sun and turn it into electricity, photovoltaics (PV) are used. There are
three generations of photovoltaics. In the first generation, referred to as inorganic
PV, the active material is crystalline silicon. In the second generation, referred to
as thin film PV, the active layer is typically based on CdS or Culn(Ga)Se, type
materials. Finally the third generation, referred to as organic PV or OPV, the active
layer is based on polymers or other organic molecules. There are advantages and
disadvantages for all three generations. Inorganic PVs are relatively expensive to
produce, mostly due to high temperatures and the need for very clean conditions;
however, they have a very high efficiency and are very stable [3]. Thin film PVs
frequently involve toxic materials and, eventhough they have demonstrated very
high efficiencies and a potentially low cost of production, the controlled fabrica-
tion is still a challenge [3]. Polymer-based PVs currently have a low efficiency and
poor stability. However, they have a low production cost and can be printed or
coated using roll-to-roll (R2R) methods. Thus, a simple comparison shows that the
inorganic photovoltaics dominate the areas of efficiency and stability, whereas
organic photovoltaics can take the lead in production cost (Fig. 1) [4].

Within the last 5 years the stability and efficiency of small-area organic pho-
tovoltaic (OPV) prepared in research laboratories have increased and they now live
fully up to the role as a competitor to inorganic PV and thin film PV at the
laboratory level. In this chapter we will therefore focus on this type of PV. For
further information on OPV (see [4-11]).

llustrations of two typical OPVs are shown in Fig. 2. The structure is a bulk
heterojunction, where the polymer is mixed with a soluble fullerene,
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Fig. 3 Processes in OPV:
from sunlight to electricity

Vi

A4

e.g., [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM), sandwichied between a
transparent electrode, typically indium tin oxide (ITO) and poly(3,4-ethylenedi-
oxythiophene):poly(styrene sulfonate) (PEDOT:PSS), and a back electrode, Al
Recently, an inverted structure for the OPV device was developed, where the
transparent electrode is ITO and ZnO and the back electrode is Ag. The device
structure is referred to as inverted due to the inversion of the way the current flows in
the cell [12].

The typical processes in a bulk heterojuntion OPV is demonstrated in Fig. 3.
The polymer absorbs a photon and an exciton (electron—hole pair) is created. This
exciton diffuses to the donor/acceptor interface (i.e., the polymer/PCBM inter-
face), where an electron is transferred from the donor to the acceptor (i.e., from
polymer to PCBM). Dissociation of the exciton into free carriers, transport of the
free carriers to the electrodes and charge collection at the electrodes complete the
working cycle of the OPV. These processes determine how efficient the cell
operates, i.e., losses in these processes by charge recombination or non-absorbed
photons will result in a decrease in current and, hence, the efficiency will be lower.

1.2 Challenges of OPV

In the field of OPV, there are three focus areas within research groups worldwide.
Those are: efficiency, stability and production.

So far, power conversion efficiency (PCE) has received the most attention. The
literature shows a focus on device structure and device optimization to improve
efficiencies mostly for OPV devices based on poly(3-hexyl-thiophene) (P3HT) and
PCBM. Since the limit in efficiency for P3HT has been reached, the focus has
shifted during the past few years toward designing polymers with a lower band gap
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Fig. 4 Unification challenge
of organic photovoltaic [17]

A

for potential improvement of the PCE. Low band gap polymers are expected to
enable a significant increase in the efficiency of the solar cell due to increased
absorption in the visible spectrum [13-16]. These types of polymers will be
described in detail in the next section.

The focus on stability is increasing and more research groups are carrying out
lifetime studies either by long time studies or accelerated studies. The stability can
be increased by encapsulating the OPV with layers that protects the cell from
water/moisture and oxygen or by design of the polymer [17]. In the third part of
this chapter we briefly describe the problems and possible solutions for prolonging
the stability of flexible R2R coated OPV modules.

Processing is a rather new topic, since most research has been carried out on
small-area devices, e.g., <0.1 cm?. However, the OPVs have the advantage that
they can be printed on flexible substrates, making the processing of modules both
faster and lower in cost compared to inorganic photovoltaics. There are several
methods and techniques that need to be studied and in the last part of this chapter,
we describe in detail the methods and the preparation of modules based on a low
band gap polymer. The overall challenge for scientists working in the field of
organic solar cells is to unite their knowledge into a single material such that the
resulting device structure yields efficient and stable OPV modules that are easy to
produce at a low cost (Fig. 4).

In the following three parts of this chapter, we look upon the challenges sep-
arately. We discuss in detail (1) the low band gap materials, the type of polymer
that is believed to increase the efficiency of OPV, (2) stability issues, with a focus
on thermocleavable side chains and (3) the processing of large area OPV modules
and the different techniques that have been developed over the past years.

2 Low Band Gap Polymers

2.1 What and Why?

Within the past few years the focus within OPV research has been drifting more
and more toward low band gap polymers. But what are these polymers and why
are they so interesting?
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Low band gap polymers are loosely defined as polymers that absorb light with
wavelengths longer than 600 nm, i.e. they have a band gap below 2 eV. Low band
gap polymers are believed to have the ability to increase the efficiency of OPV
devices since they have the ability to harvest more photons from the sun than
the classes of polymers developed previously (e.g., MEHPPV, MDMOPPV and
P3HT) [13, 15, 16].

In Fig. 5, the solar spectrum (AM1.5G) is shown as number of photons together
with the integrated photon flux. This indicates that regular P3HT, which absorbs
light up to ~700 nm can absorb at most 27.6% of incident photons. If all photons
are harvested and converted into electrons this corresponds to a maximum current
of 17.6 mA cm 2. However, a low band gap polymer that absorbs light to 900 nm,
for example, the portion of photons that can be absorbed increases to 46.7%,
corresponding to a maximum current of 29.8 mA cm > [15]. These examples
highlight the importance of low band gap polymers; however, in practice it is far
more complicated than just lowering the band gap. When the band gap is lowered
several parameters may change.

In Fig. 6, one can see that if the band gap is decreased by shifting the position
of the lowest unoccupied molecular orbital (LUMO) of the polymer to lower
energies, it approaches the LUMO of the acceptor (PCBM) and, as a result, it may
not be energetically favored for the electron to transfer from the donor to the
acceptor, meaning that recombination of electron and hole is favored instead
(scenario B) [13, 15]. Furthermore, the open circuit voltage (Vo) is reduced if the
band gap is lowered by increasing the energy of the highest occupied molecular
orbital (HOMO) of the polymer, since the V¢ is determined by the difference
between the HOMO of the donor and LUMO of the acceptor in a simple
pn-junction (scenario C) [13, 15]. This shows the importance of both designing
the polymer and choosing an appropriate acceptor (e.g., PCBM or PC7,PM) so the
energy levels of HOMO and LUMO are aligned optimally.

The different acceptors that are often used in OPV devices are shown in Fig. 7,
along with an energy diagram showing their relative energy levels. The energy
level alignment can, in principle, also be optimized by addition of another polymer
instead of the fullerene based acceptor, i.e., combining a low band gap donor
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Donor Acceptor Donor Acceptor Donor Acceptor
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Fig. 6 Consequences of lowering the band gap of the donor. Gray lines denote the LUMO and
black lines represent the HOMO levels

polymer with an acceptor polymer in a polymer—polymer OPV device [18]. This
approach has not been pursued by many.

The band gap of a polymer is affected by several factors, such as donor—
acceptor units, intramolecular interactions and molecular weight. The band gap is
affected by the molecular weight (M) of the polymer, since an increase in My,
decreases the band gap due to a longer conjugation length [13].

Conjugated polymers with an alternating single double bond structure normally
have two resonance structures: the aromatic and the quinoid forms. The aromatic
form is normally lower in energy than the quinoid form and, hence, it is the
dominating form in the polymer backbone. The band gap of the polymer is low-
ered if the energy difference between the two is decreased, i.e., the difference
between double and single bond length is decreased [13]. An example of a
polymer where the quinoid form is more stable than the aromatic is poly(isot-
hianaphtalene) (PITN). Here the thiophene ring loses its aromaticity when going to
the quinoid form, however, the benzene ring gains aromaticity and stabilizes the
quinoid structure. Another way to lower the band gap of the polymer is to use
donor—acceptor alternation, which increases the double bond character between
the units, thereby stabilizing the quinoid form of the polymer back bone [13, 15].
The donor unit, often thiophene, is electron-rich and therefore increa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>