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  1.     Introduction 

 During the last decade, photovoltaic devices based on copper 
zinc tin sulfo-selenide Cu 2 ZnSn(S x Se 1–x ) 4  (CZTSSe) thin fi lms 
have experienced a signifi cant increase in effi ciency, [ 1 ]  evolving 
from about 5% in 2004 up to 12.6% in 2013. [ 2 ]  However, a kind 
of saturation has seemed to occur recently: As of today (end 

 Photovoltaic thin fi lm solar cells based on kesterite Cu 2 ZnSn(S x ,Se 1–x ) 4  com-
pounds (CZTSSe) have reached >12% sunlight-to-electricity conversion effi -
ciency. This is still far from the >20% record devices known in Cu(In 1–y ,Ga y )Se 2  
and CdTe parent technologies. A selection of >9% CZTSSe devices reported in 
the literature is examined to review the progress achieved over the past few 
years. These devices suffer from a low open-circuit voltage ( V  oc ) never better 
than 60% of the  V  oc max , which is expected from the Shockley-Queisser radiative 
limit (S-Q limit). The possible role of anionic (S/Se) distribution and of cationic 
(Cu/Zn) disorder on the  V  oc  defi cit and on the ultimate photovoltaic performance 
of kesterite devices, are clarifi ed here. While the S/Se anionic distribution is 
expected to be homogeneous for any ratio x, some grain-to-grain and other 
non-uniformity over larger area can be found, as quantifi ed on our CZTSSe fi lms. 
Nevertheless, these anionic distributions can be considered to have a negligible 
impact on the  V  oc  defi cit. On the Cu/Zn order side, even though signifi cant 
bandgap changes (>10%) can be observed, a similar conclusion is brought from 
experimental devices and from calculations, still within the radiative S-Q limit. 
The implications and future ways for improvement are discussed. 
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of 2015), the highest effi ciency publicly 
released is still the 12.7% reported jointly 
by the IBM and Solar Frontier teams in 
2014. [ 3 ]  In other words, no major pro-
gress has occurred during the last two 
years as far as the record effi ciency of 
CZTSSe devices is concerned. Looking 
carefully at the historical evolution of the 
best research-cell effi ciency on the now 
famous chart regularly updated by the US 
National Renewable Energy Laboratory 
(NREL), [ 4 ]  one would note that such a tem-
porary stagnation is not rare, especially 
during the four decade long development 
of the Cu(In 1–y ,Ga y )Se 2  (CIGSe) and CdTe 
parent thin-fi lm technologies. Inevitably, 
these periods are prone to legitimate ques-
tioning about the ultimate potential of a 
given material under scrutiny. 

 Various reasons have been proposed in 
the literature to explain the current dif-
ference in effi ciency observed between 
CZTSSe and CIGSe devices, considering 

that their respective optical bandgaps  E  g  are very close. All 
converge toward the low open-circuit voltage ( V  oc ), or large  V  oc  
defi cit (V oc-def ), observed unanimously, which is defi ned as: 

 
V V

E

q
Voc-def

g
ocΔ = = −

 
   ( 1)  
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 where  q  is the elemental charge. It has been proposed, and 
seemingly quite accepted, that the natural bulk properties of 
the CZTSSe crystal may explain a large part of this  V  oc  defi cit. [ 5 ]  
More precisely, strong band tailing originating from large densi-
ties of variably compensated point defects have been invoked. [ 6 ]  

 As a matter of fact, the Cu and Zn atoms comprised in the 
kesterite structure of CZTSSe can swap at fairly low enthalpic 
cost, thereby inducing the so called “Cu/Zn disorder” in the 
kesterite structure. [ 7 ]  Note that this issue does not exist in the 
chalcopyrite crystalline structure of CIGSe due to the larger 
chemical mismatch between Cu and In/Ga. Surprisingly, the 
potential implications of this structural instability upon the 
charge carrier transport and performance of CZTSSe photo-
voltaic devices have been somewhat neglected until a revers-
ible transition with temperature was evidenced in 2014. [ 8 ]  
Since then, a few groups have reported similar results on this 
order/disorder (O/D) transition which has been found to occur 
at quite low temperatures (≈200 °C, see Section 4). [ 8–10 ]  How-
ever, to the best of our knowledge, no clear experimental cor-
relations have been made yet between this O/D transition, the 
 V  oc  defi cit in kesterite devices, and the alleged limitations of 
CZTSSe regarding its overall photovoltaic potential. It remains 
an open question whether or not the O/D, which is known 
to cause reversible bandgap changes, [ 9 ]  is the culprit for the 
experimental observations of the  V  oc  defi cit and of the above-
mentioned band tailing. This report addresses this question by 
critically reviewing and underlining some recent progresses, 
adding some pertinent new experimental observations and the-
oretical understanding, towards the next major breakthroughs 
in the fi eld of kesterite solar cells. 

 In the fi rst part of this article, we review the best CZTSSe 
devices published in the literature (effi ciencies higher than 
9%) and underline the most effective technological fi ndings 
that have recently been proven to increase their performances. 
In the second part, we focus on the main loss mechanisms 
reported to hinder the performances of kesterite solar cells, 
especially compared to their CIGSe counterpart. The third part 
aims at summarizing the present knowledge of the O/D tran-
sition and its impact on CZTSSe properties, mostly structural 
and optical. Finally, the fourth part is dedicated to an in depth 
discussion, fueled by new data, answering partially some ques-
tions, yet raising some others. We then conclude all the major 
observations, and suggest the way forward to: i) better assess 
the overall photovoltaic potential of CZTSSe, and ii) increase 
the effi ciency of the CZTSSe solar cells in the short term.  

  2.     Review of Some Major Recent Progresses in 
CZTSSe Devices 

 Typical effi cient CZTSSe solar cells consist of a vertical stack of 
several layers having the general form glass/Mo/Mo(S y Se 1–y ) 2 /
Cu 2 ZnSn(S x Se 1–x ) 4 /CdS/i-ZnO/TCO/Ni/Al, where the trans-
parent conducting oxide (TCO) is Sn-doped indium oxide (ITO) 
or Al-doped zinc oxide (AZO); optionally a MgF 2  anti-refl ection 
coating (ARC) is added on top of the Ni/Al metal grid, espe-
cially in record devices. In most of the cases, the CZTSSe 
absorber layer is prepared by a two-step approach comprising: 
i) a deposition of an intermediate thin fi lm, followed by ii) a 
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high temperature (T > 500 °C) annealing in various gaseous 
environments. 

 An overview of the most effi cient kesterite solar cells 
reported to date in the literature is shown on  Table    1  . It covers a 
large composition range going from pure selenide Cu 2 ZnSnSe 4  
(CZTSe,  E  g  ≈ 1.0 eV) to pure sulfi de Cu 2 ZnSnS 4  (CZTS, with 
 E  g  ≈ 1.5 eV). We have purposely separated the vacuum-based and 
liquid-based processes, as they appear as two competing routes 
having their respective specifi cities. The current record is still 
the 12.7% [ 3 ]  fabricated from a hydrazine solution and including: 
i) an optimization of the light management within the whole 
devices, [ 11 ]  ii) an effective grain boundary passivation, [ 12 ]  and 
iii) the use of an In 2 S 3 /CdS dual buffer layer. [ 3 ]  All these major 
enhancements, plus some others, are discussed below.  

  2.1.     Light Management 

 Although light management is largely studied in various other 
types of solar cells, [ 29 ]  the optics in kesterite devices was not 
optimized until recently. In 2014, Winkler et al. performed a 
complete light management study that combined optical mode-
ling of idealized planar devices with a semi-empirical approach 
accounting for the surface roughness of the various layers. [ 11 ]  
This allowed them to: i) strongly decrease the parasitic absorp-
tion in the CdS layer by reducing its thickness from 50 to 
23 nm, and simultaneously ii) maximize the constructive inter-
ferences (and minimize the destructive interferences) within 
the CZTSSe photoactive fi lm by reducing the thickness of the 
TCO+i-ZnO layers from 240 nm down to 55 nm. It is worth 

noting that Winkler et al. had to redesign appropriately the 
Ni/Al grid in order to account for the higher sheet resistance 
of the thinner TCO window layer, without increasing the shad-
owing loss above 5%. A similar optical study has been conducted 
by ElAnzeery et al., yet in pure selenide CZTSe devices. [ 30 ]  In 
this latter work, the thicknesses of the various layers within the 
optimized CdS/i-ZnO+AZO/MgF 2  stack were 20/435/130 nm, 
respectively, what yielded a short circuit current density (J sc ) 
close to 40 mA cm −2 . The deposition of the “as thin as possible” 
CdS buffer layer (around 20 nm) without a shunting issue, 
was achieved by a so-called “cadmium treatment”, [ 31 ]  which 
also happened to decrease the series resistance of the device, 
thereby improving the Filling Factor ( FF ) and the overall photo-
voltaic performance.  

  2.2.     Grain Boundaries Passivation 

 Alike in any polycrystalline materials used in photovoltaic 
devices, [ 32 ]  grain boundaries in CZTSSe are the usual sus-
pects when it comes to the swift, non-radiative recombination 
of charge carriers. It has been shown recently by Sardashti et 
al. that grain boundaries in CZTSSe can be effi ciently passi-
vated by growing a thin (100–300 nm) layer of SnO x  around the 
grains. [ 12 ]  This critical process step was performed prior to the 
deposition of the CdS fi lm, by i) annealing the active layer in air 
(375 °C for 2 min) in order to oxidize the metal rich interfaces, 
and ii) applying a NH 4 OH-based wet etch (5 min dip in 7% 
aqueous NH 4 OH solution) to remove the newly created metal 
oxides (except SnO x ). In a similar way, a 30 min air annealing at 
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  Table 1.    Selection of CZTSSe solar cells with effi ciency above 9%.  

  Affi liation  Material 
[ E  g , eV] 

 Method  T 
[°C] 

  η  
[%] 

  J  sc  
[mA cm −2 ] 

  V  oc  
[mV] 

 FF   
[%] 

 Area 
[cm 2 ] 

 Year  Ref. 

 Non-Vacuum  IBM/Solar Frontier CZTSSe (1.07) Spin-on+ dual buffer >500 12.7 38.9 466 69.8 0.45 2014  [ 3 ] 

  IBM CZTSSe (1.13) Spin-on (x3+)+N 2 >500 12.6  c 35.2 513 69.8 0.42 2013  [ 2 ] 

  University of Washington CZTSSe (1.04) Spray+Se 540 11.8 38.8 449 68.1 0.10 2015  [ 13 ] 

  EMPA CZTSSe (1.05) Spin-on (x14)+Se 550 11.2 36.5 479 63.8 0.30 2015  [ 14 ] 

  IMRA Europe CZTSSe (1.17) Spray+Se+ dual buffer 570 10.9 32.2 520 65.0 0.25 2015  [ 15 ] 

  ZSW CZTSSe Spin-on (x6)+SnSe 2 540 10.3  c 31.6 471 69.6 0.25 2015  [ 16 ] 

  Purdue University CZTGSSe (1.18) Doctor blade+Se 500 9.4 31.9 460 63.8 0.47 2015  [ 17 ] 

  Nanyang Technol. Uni. CZCTS (1.38) Spin-on (x10)+S 580 *9.2 24.1 581 66 0.25 2015  [ 18 ] 

  Dupont De Nemours CZTSSe (1.07) Doctor blade+Se 550 9.02 32 445 63.3 – 2015  [ 19 ] 

  Purdue University CZTSSe (1.13) Doctor blade+Se 500 9.0 35.1 404 63.7 0.48 2015  [ 20 ] 

 Vacuum  Solar Frontier CZTSSe Sputttering+S+Se – 11.8 35.1 503 66.8 14 2015  [ 21 ] 

  IBM CZTSe (1.0) Co-evaporation+Se 590 11.6 40.6 423 67.3 0.43 2014  [ 22 ] 

  Solar Frontier and TIT CZTSSe Sputttering+S+H 2 Se? – *10.5 38.2 429 63.8 – 2015  [ 23 ] 

  IREC CZTSe (1.04) Sputtering+Ge+Se 550 *10.1 33.3 453 66.8 0.09 2015  [ 24 ] 

  NREL CZTSe (0.97) Co-evaporation 500 9.8  c 37.5 380 68.9 0.42 2014  [ 25 ] 

  IMEC CZTSe (0.97) Sputtering+H 2 Se 500 9.7 38.9 408 61.4 1 2013  [ 26 ] 

  Toyota Central Labs CZTS (1.47) Sputtering+H 2 S 580 9.1  c 20.6 0.70 62.5 0.24  da 2013  [ 27 ] 

  Solar Frontier CZTS (1.47 ?) Sputttering+H 2 S? – 9.2 21.6 708 60.1 14 2013  [ 28 ] 

   *without MgF 2  anti-refl ection coating; da: designated illumination area; c: certifi ed.   
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150 °C, followed by a wet aqueous chemical cleaning (thiourea 
and/or HCl dip), was found necessary for Furuta et al. [ 23 ]  to 
reach >10.5% effi cient devices (without ARC). This intentional 
oxidation appears quite similar to the one previously advocated 
by Repins et al. which allowed them to achieve 9.15% with co-
evaporated CZTSe absorbers fabricated with a very Zn-rich ter-
minated surface. [ 33 ]  

 Some previous reports claimed that exposure to air after the 
high temperature selenization step and prior to the buffer dep-
osition has to be avoided as much as possible. [ 34–36 ]  We would 
like to underline at this point that all these air annealing steps 
are performed at relatively low temperatures (150–375 °C), yet 
high enough to potentially modify the O/D nature of the kes-
terite crystals. This will be further discussed in Section 3 of this 
report.  

  2.3.     Dual Buffer Layer 

 The vast majority of the effi cient CZTSSe devices published in 
the literature employ a CdS buffer layer. However, it has been 
recently shown that a CdS/In 2 S 3  dual buffer (or hybrid buffer), 
in which a thin In 2 S 3  is deposited atop the CdS fi lm, can enable 
a reproducible and noticeable increase of about 70 mV in the 
 V  oc  of pure sulfi de [ 37 ]  and sulfo-selenide kesterite devices. [ 2 ]  It 
has been proposed by Kim et al. [ 3 ]  that the improvement in the 
 V  oc  stems from an enhanced free hole carrier density induced 
by the diffusion of p-doping In within the CZTSSe active layer.  

  2.4.     Hydrazine-Free Liquid Processes 

 The process leading to the most effi cient kesterite solar cells 
is still the one based upon hydrazine (NH 2 -NH 2 ) solutions. [ 2 ]  
However, the high toxicity of hydrazine (by simple contact or 
inhalation), its very low auto-ignition temperature (24 °C on 
iron rust surface) and fl ash point (38 °C in ambient air) sig-
nifi cantly jeopardizes the up-scaling and industrialization of 
this fabrication route. This major drawback has strongly moti-
vated the search for alternative liquid processes employing 
less, or even non-hazardous solvents. Agrawal et al. were fi rst 
to develop performing devices by coating colloidal inks based 
on well-crystallized CZTS nanoparticles of about 20 nm in 
dia meter dispersed in hexanethiol. [ 20,38 ]  Wu et al. developed a 
somewhat similar process, yet based upon binary and ternary 
metal chalcogenide nanoparticles coated from a tetrahydrofuran 
(THF) ink. [ 19,39 ]  Both approaches allowed to reach effi ciencies of 
9% or more, even if in the latter case a fi ne grained, carbon-rich 
fi lm appeared at the bottom of the CZTSSe layer. [ 19 ]  

 Another successful and largely deployed liquid approach 
consists of coating molecular inks formed by dissolving copper, 
zinc and tin precursors (mostly acetates or chlorides thereof) 
with thio urea in DMSO solvent and annealing them in an 
appropriate gaseous environment. [ 40 ]  This route is very dif-
ferent from the former one in that the printed ink does not 
contain nanoparticles of metal sulfi des, only the chemical pre-
cursors necessary to grow CZTS. As of today, several teams 
employing this approach have reached effi ciencies higher than 
10%. [ 13,14,16 ]  Here again, carbon residues from the solvent have 

been reported to remain in some instances, and appeared at the 
bottom of the CZTSSe absorber layer. Interestingly and contra-
rily to other semi-conductors, CZTSSe appears quite tolerant 
to carbon impurities. Indeed, ab initio calculations have indi-
cated the absence of carbon related point defects with ioniza-
tion energy levels within the bandgap of the photo absorber. [ 41 ]  
Some countermeasures were proposed recently to signifi cantly 
improve the morphology of such carbon-containing fi lms: For 
example, annealing under SnSe 2  rich (instead of Se rich) condi-
tions achieved large-grained-CZTSe single layers from DMSO-
based ink, which contributed in the recent 10.3% reported by 
Schnabel et al. [ 16 ]  Along the same lines, Haass et al. enhanced 
their precursor solution process by employing a three stage 
annealing sequence, leading them to effi ciencies as high as 
11.2%. [ 14 ]  

 It is worth noting that a third effective alternative liquid pro-
cess was reported recently by Larramona et al. [ 42 ]  This approach 
appears as an intermediate situation between the now standard 
colloidal dispersion mentioned above (containing well crystal-
lized, size controlled nanoparticles) and the fully liquid, molec-
ular ink. The procedure relies on an ink containing partially 
amorphous CZTS nanoparticles formed at room temperature 
by instantaneous precipitation reaction (to be compared with 
the several hour long synthesis necessary to generate the well 
crystallized, size-controlled nanoparticles). [ 42,43 ]  Furthermore, 
this process enjoys a major competitive advantage, paving 
the way to its potential industrialization, in that the ink used 
to spray coat the active layer is made of 90% water and 10% 
ethanol. Effi ciencies close to 11% were reported recently for 
devices fabricated this way. [ 15 ]  

 From Table  1 , the best device effi ciencies achieved from hydra-
zine-free solution routes can be considered in par with vacuum-
based devices; for instance, sequentially co-evaporated then sele-
nized CZTSe fi lms based devices by IBM included the above-
mentioned optical stack optimization and have reached 11.6%. [ 22 ]  

 Finally, we have to mention the growing interest in the elec-
trodeposition of kesterite solar cells [ 44,45 ]  even though the best 
devices prepared by this approach are still slightly lower in effi -
ciency [ 46 ]  and have not yet passed the 9% threshold.  

  2.5.     Additional Elements in the CZTSSe Active Layer 

 In order to enhance the photovoltaic performances of CZTSSe 
devices, many chemical elements have been added as traces, 
impurities, or sizable amounts. The most noticeable cases are 
listed below: 

    • Sodium, in concentrations of up to about 1% (atomic) has 
been found benefi cial to enhance the size of the kesterite 
grains in pure CZTS, [ 47 ]  pure CZTSe, [ 48 ]  and sulfo-selenide 
CZTSSe. [ 15 ]  Moreover, Na has been shown to infl uence sig-
nifi cantly the number of charge carriers present in the photo-
active layer in the dark. [ 49 ]  

   • Lithium impurity may act in a similar way as Na on kester-
ite grains properties, but was proposed to cause electric fi eld 
inversion recently evidenced at grain-boundaries. A record 
11.8% device was achieved by this approach, employing a 
molecular solution-based CZTSSe absorber. [ 13 ]  
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   • Antimony, like Na, was reported to promote the crystalliza-
tion of CZTSSe [ 50–52 ]  by acting as a fl uxing agent. It is even 
suspected to hinder the formation of the carbon-rich layer 
that appears in some solution processed kesterite layers. [ 50 ]  

   • Germanium, when used in a quantity large enough to cre-
ate an alloy with CZTSSe (thereby forming Cu 2 Zn(Sn 1–y Ge y )
(S x ,Se 1–x ) 4  with 0 ≤ y ≤ 1) has been used to tailor the bandgap 
of the kesterite photoactive materials by a factor 2, from about 
1.07 eV for CZTSe to 1.91 eV for CZGS. [ 53 ]  Following this 
path, a 9.4 % device was reported based on a Ge amount of 
Ge/(Sn+Ge) = 30%. [ 17 ]  Furthermore, by using traces of Ge, 
Giraldo et al. have recently been able to enhance the mor-
phology of vacuum-deposited CZTSe-based devices, and to 
improve the performance from 7 to 10.1%. [ 24 ]  

   • Cadmium, like Na, Sb or Ge, is known to be an effi cient fl ux-
ing agent. In parallel to grain size enlargement, a complete re-
duction of the ZnS secondary phase was achieved by alloying 
pure sulfi de CZTS with Cd. The device effi ciency increased 
from 5% to more than 9% at optimum Cu 2 (Zn 0.6 ,Cd 0.4 )SnS 4  
composition. Furthermore, sharper absorption edges indi-
cate a possible reduction in Cu-Zn disorder, due to Zn substi-
tution with Cd. [ 18 ]  

   • Silver alloying was recently shown to enhance the morphol-
ogy of (Cu 1–x Ag x ) 2 ZnSnSe 4  layers. Continuous fi lms with x 
up to 50% were characterized with a grain size 2 to 3 times 
larger than the thickness of the fi lm while no secondary phas-
es were detected. [ 54 ]  Increasing the Ag content also resulted 
in improved charge carrier lifetime and sharper absorption 
edges, again indicative of a possible reduction of Cu/Zn dis-
order via elemental substitution of Cu with Ag.    

  2.6.     Vertical Bandgap Gradient 

 One of the main breakthroughs that has allowed CIGSe devices 
to pass the 20% threshold [ 55 ]  was the completion of an opti-
mized vertical gradient of the photoactive bandgap. This was 
achieved by controlling carefully the In/Ga composition pro-
fi le. [ 56 ]  Naturally, the realization of the same kind of bandgap 
grading in kesterite devices is being pursued, although the 
main leverage investigated so far is the x = S/(S+Se) ratio pro-
fi le. For instance, Kato et al. reported 11% effi ciency CZTSSe 
devices achieved by having a back side enriched in sulfur and 
a front side enriched in Se. [ 57 ]  Moreover, attempts to make a 
sulfur rich surface were tried in order to form a double graded 
bandgap. [ 58 ]  However, this target appeared more diffi cult to 
achieve because of some intermixing between S and Se in the 
bulk of the materials, and some issues to incorporate sulfur at 
the surface without jeopardizing the integrity of the kesterite 
crystal. [ 21 ]  Alternatively, a bandgap gradient could be achieved 
through an inhomogeneous vertical concentration of Ge in the 
Cu 2 Zn(Sn,Ge)S 4  absorber. [ 59 ]    

  3.      V  oc  Defi cit as the Main Loss Parameter 

 In general, the principle cause of  V  oc  defi cit (difference between 
optical bandgap and  V  oc ) in photovoltaic devices is the recom-
bination of photogenerated charge carriers in the bulk material 

and at surfaces. Usually the voltage defi cit is dominated by one 
particular recombination process, for example, trap-assisted 
Shockley-Read-Hall recombination in CIGSe fi lms. 

  Figure    1   shows  V  oc  versus the optical bandgap of all the 
CZTSSe devices listed in Table  1 . The  E  g  values have been 
taken directly as reported in the respective publications. For the 
sake of comparison, we have added to the graph all the “best-
in-class" single-junction solar cells for most of the current 
photovoltaic technologies, as listed in the latest version (V.46, 
Table I and III, July 2015) of the solar cell effi ciency tables pub-
lished biannually by Green et al. [ 27 ]  Note that for all these latter 
devices, the optical bandgap has been estimated from the infl ec-
tion point of the external quantum effi ciency (EQE) curves, as 
proposed and detailed by Todorov et al. [ 60 ]  As a guide to the eye, 
various oblique lines of fi xed  V  oc  defi cit values from ΔV = 0 
to 0.8 V were added, as well as the maximum achievable  V  oc  
under 1-sun AM1.5G spectrum, using the calculation method 
detailed in  [ 61 ] .  

 Figure  1  illustrates unambiguously that kesterite solar cells 
generally suffer from a large  V  oc  defi cit, and thereby have low 
 V  oc  values compared to the potential offered by their optical 
bandgap. As a matter of fact, all  V  oc  values of best CZTSSe 
devices are found below a line corresponding to 60% of the 
maximum achievable  V  oc –max under one sun irradiation. 
The worst cases are observed for CZTS devices for which the 
 V  oc  defi cit reaches values as high as 800 mV, comparable to 
the values measured for a-Si. Besides, the lowest  V  oc  defi cits 
are achieved with CZTSSe kesterite having a small bandgap 
(1–1.2 eV) corresponding to low S/(S+Se) ratio. This confi rms 
the trends already reported by Xie et al. [ 62 ]  on vacuum processed 
devices and Gokmen et al. [ 6 ]  on solution processed devices. As 
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 Figure 1.     V  oc  versus bandgap of CZTSSe devices from Table  1  (circles). 
Best devices based on other photovoltaic materials, as derived from  [ 27 ]  
are added for comparison (diamond symbols): Methyl-ammonium lead 
iodide (MAPI), amorphous silicon (a-Si), organic photovoltaic fi lms 
(OPV), crystalline silicon (c-Si) and polycrystalline silicon (pc-Si). The cor-
responding  V  oc  defi cit values are mentioned in brackets. The oblique lines 
give a constant  V  oc  defi cit from 0.8 V to 0 V. The green points correspond 
to our partially disordered (PD) and partially ordered (PO) CZTSSe fi lms, 
as discussed in detail in Section 5.
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a general observation, the lower the concentration of sulfur, 
the lower the  V  oc  defi cit observed in CZTSSe devices, which 
appears correlated with the bulk properties of the absorber [ 63,64 ]  
and is even accentuated for devices using CdS buffer layers as 
discussed below. 

  3.1.     Potential Interfacial Losses 

 As mentioned above, the  V  oc  defi cit usually stems from either 
bulk or surface charge carrier transport limitation. Similar to 
the parent CIGSe technology, virtually all CZTSSe devices are 
based upon p-doped photoactive absorbers combined with the 
ubiquitous n-type CdS buffer. This p-n heterojunction evolves 
from a favorable spike-like interface at the conduction band 
edge in the case of pure CZTSe absorbers, to unfavorable cliff-
like interface for CZTS absorbers, as discussed elsewhere [ 7 ]  
and further supported by recent simulations of pure-sulfi de 
best devices. [ 65 ]  Therefore some of the  V  oc  defi cit observed in 
S-rich CZTSSe devices can be explained by a cliff-like conduc-
tion band offset (CBO) interface. In the Se-rich cases, the CBO 
at CdS/CZTSSe is not reported to signifi cantly contribute to the 
 V  oc  defi cit. 

 Regarding the back CZTSSe/Mo interface, the situation does 
not appear very problematic as far as  V  oc  defi cit is concerned. 
As underlined by Polizzoti et al., the level of series resistance 
achieved in the best kesterite devices matches the state-of-the-
art CIGSe solar cells, that is about 0.5 Ω cm 2 . [ 5 ]  Some concerns 
have been raised regarding the strong drop of  FF  and  J  sc  when 
the temperature of the solar cells is brought below 200 K, which 
has been tentatively attributed (among other hypothesis, see 
Section 3.2) to a potential barrier for carrier extraction located 
at the back contact of the photoactive layer. [ 66 ]  However, it has 
not been proven yet that this potential barrier has any negative 
impact upon the performances of kesterite solar cells operating 
at room temperature (or above). [ 5 ]   

  3.2.     Bulk Defects 

  3.2.1.     Bulk Point Defects and Clusters 

 Similar to other inorganic crystals, kesterite is prone to point 
defects of all kinds, namely vacancies, antisites, and interstitials. 
Their formation is driven thermodynamically by minimizing 
the Gibbs free energy of the crystal. The fact that the material 
is comprised of 4 elements dramatically increases the number 
of possible defect types and complicates their characterizations. 
The enthalpy of formation of the most probable defects can be 
estimated by density functional theory (DFT), depending on 
the atomic chemical potentials of the cations present in the 
crystals. The top of  Figure    2   shows these enthalpies for 7 dif-
ferent chemical potentials (noted A to G) assuming that the 
Fermi level is at the top of the valence band. [ 67 ]  One can see, for 
example, that the most likely point defect is the p-doping Cu Zn  
antisite, whatever the growth conditions of the material. The 
calculations provide insights into the ionization potential of the 
various donor and acceptor defects, as illustrated in the bottom 
of Figure  2 . The approximations involved in the computational 

procedure introduce a variability of +/– 50 meV in the defect 
levels. As pointed out by Han et al. [ 68 ]  even though the concen-
tration of Cu Zn  in CZTS is much higher than that of V Cu  the 
majority of the hole carriers could still be contributed by V Cu  
because of the shallower level of V Cu  (50 meV) compared with 
that of Cu Zn  (110 meV) in pure Se cases. Thus, experimental 
defect analysis, as probed by admittance spectroscopy, often cite 
Cu Zn  as a likely source for free carriers, but others report V Cu  
as the dominant acceptor defects (e.g., in the pure Se devices of 
Choudhury et al. [ 69 ] ).  

 The same computational study by Chen et al. highlighted 
the likely presence of neutral defect clusters, made of com-
pensating charged point defects. Such complexes may actu-
ally be more abundant than isolated defects due to the strong 
binding energy of the charged defects composing the cluster. 
The top of Figure  2  illustrates eloquently this effect: The 
cluster (Cu Zn  + Zn Cu ) turns out to be the most likely defect, 
independent of the atomic chemical potentials (except around 
the M point). 

 Another classifi cation of point defect clusters has been pro-
posed by Lafond et al. [ 71 ]  and further developed by Gurieva 
et al. [ 72 ]  This approach is considering off-stoichiometric com-
positions that result from charge-neutral substitution processes 
within the crystal grains, such as one Zn replacing two Cu ions, 
which writes 2Cu → Zn Cu +V Cu  (A-Type defect), or three added 
Zn in the place of two Cu sites and of one Sn site, 2Cu+Sn → 
2Zn Cu +Zn Sn  (B-type defect). Six different defect clusters have 
been labeled this way so far ( Figure    3  ). By comparing the top of 
Figure  2  and Figure  3 , this simple approach captures the very 
same clusters as the ab initio methods, excluding the very prob-
able defect cluster (Cu Zn +Zn Cu ), which is present in virtually all 
points of Figure  3 .  

 Most of the effi cient devices reported in the literature operate 
in the “Cu-poor / Zn rich” region [ 70,74 ]  in the middle, right-
hand side of Figure  3 . It has been thus concluded that A-type 
and B-type defects are not too detrimental to the device perfor-
mances, while all of the others may be. [ 67 ]   

  3.2.2.     Proven Effect of Bulk Defects upon CZTSSe Device 
Performances 

 As mentioned in the introduction, a direct comparison between 
kesterite and chalcopyrite solar cells should reveal important 
clues about the limitation of CZTSSe devices. Such an exercise 
was conducted by Mitzi et al., who studied simultaneously the 
transport properties of a 10.2% CZTSSe device and a 15.1% 
CIGSe device. [ 1 ]  The two solar cells were produced with the 
same hydrazine process, and their respective photoactive layers 
had both an optical bandgap of 1.15 eV. Beyond the obvious 
differences related to their respective  V  oc  (517 versus 623 mV) 
and  FF  (64% versus 75%), Mitzi et al. observed a 100× increase 
of the series resistance in the CZTSSe device at temperature 
below 200 K, while the series resistance of CIGSe increased by 
only a factor of 3×. The observation was attributed to a so called 
“freeze-out effect” of the free carriers in CZTSSe at low tem-
peratures, induced by the dominant presence of deep, partially 
compensated acceptor defects. Interestingly, this freeze-out 
has been effectively suppressed by adding indium traces in the 
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active layer (thermal induced diffusion from an In 2 S 3 /CdS dual 
buffer) which supposedly acts as a shallow acceptor dopant. [ 2 ]  

 Further comparison between CZTS, CZTSSe and CIGSe 
fi lms [ 63,78 ]  carried out by photo-capacitance evidenced the 
presence of bulk, deep acceptor defects in S-rich kesterites. A 
defect, noted OH1, was located at 1 eV above the top of the 
valence band in pure sulfi de CZTS (i.e., ≈0.5 eV below the con-
duction band), and found to be present at both low and room 
temperatures. [ 63 ]  Even though detected at low temperatures in 
Se-rich CZT(S 0.15 Se 0.85 ) fi lms (i.e., slightly below the conduc-
tion band), this OH1 defect was no longer detected at 300 K (by 
merging with the conduction band), which can also contribute 
to explaining the better photovoltaic performances achieved 
with Se-rich compounds. 

 Along the same lines, Larramona et al. have recently shown 
that fi ne tuning of the Sn content can be used to reduce both 
the number of deep traps (close to the middle of the band 
gap) and of the free carrier density within their CZTSSe active 
layer, resulting in a signifi cant increase in device effi ciencies, 

reaching values up to 10.8%. [ 15 ]  A detailed transport study 
allowed them to attribute the presence of these detrimental 
deep defects to the lack of Sn within the kesterite structure. 
They tentatively incriminated V Sn  and/or Cu Sn  as the main cul-
prit for the mid gap defects.  

  3.2.3.     Band Tailing and its Potential Origin 

 Absorption tails located at the bandgap edges, generally charac-
terized by Urbach energy ( E  u ), are known to act as non-radiative 
recombination paths and to affect the photovoltaic conversion 
effi ciency. [ 76 ]  Until today,  E  u  has never been reported from optical 
absorption measured on single crystal, self-supported samples, 
likely because CZTS compounds are generally fabricated as 
polycrystalline thin fi lms on Mo/glass substrates. Therefore, 
alternative but more demanding methods have been used so far, 
such as quantum effi ciency (QE) analysis, photoluminescence, 
or photocapacitance. [ 63,75 ]  Photoluminescence measurements 
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 Figure 2.    Upper panel: The formation energy of low-energy defects in Cu 2 ZnSnSe 4  as a function of the chemical potential of the cations. The Fermi 
energy is assumed to be at the top of the valence band (strong p-type conditions), and all donor defects are fully ionized. Lower panel: The ionization 
levels of intrinsic defects in the bandgap of Cu 2 ZnSnSe 4 . The red bars show the acceptor levels and the blue bars show the donor levels, with the initial 
and fi nal charge states labeled in parentheses. Reproduced with permission. [ 67 ]  Copyright 2013, Wiley VCH.

 16146840, 2016, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.201502276 by E
gyptian N

ational Sti. N
etw

ork (E
nstinet), W

iley O
nline L

ibrary on [12/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1502276 (8 of 21) wileyonlinelibrary.com

(PL) conducted on CZTSSe samples usually feature a much 
broader peak than those observed in standard CIGSe. [ 6,22,78 ]  
Moreover, the energy of the maximum of the PL peak ( E  PL ) of 
CZTSSe samples is usually noticeably red-shifted compared to 
their bandgap. These two features are generally attributed to 
band tailing, arising from either spatial bandgap variations or 
electrostatic potential fl uctuations in the semiconductor (i.e., a 
constant bandgap with parallel shifts in the valence and conduc-
tion band energies). [ 6 ]  Both effects lead to a non-zero density 
of states (DOS) within the band gap. The bandgap is either the 
energetic distance between the band edges, which is constant 
in the case of electrostatic potential fl uctuations, or the average 
bandgap in the case of bandgap fl uctuations (see  Figure    4  ).  

 In both cases PL transitions are possible at peak energy 
 E  PL  lower than the (average) optical bandgap,  E  g . In the case 
of bandgap fl uctuations (Figure  4 b), this red shift of the PL 

spectrum below  E  g  is caused by the presence of volumes with 
a lower bandgap and increases with the width of the bandgap 
distribution σ g  (standard deviation, assuming a Gaussian dis-
tribution), but is always larger than σ g . [ 73 ]  In the case of electro-
static potential fl uctuations (Figure  4 a), the PL emission energy 
is decreased because of non-local transitions. The energy shift 
is determined by Γ, the average potential fl uctuation, which 
increases with increasing density of compensating donors and 
acceptors. [ 79 ]  In many cases it is observed that such potential 
fl uctuations disappear at room temperature, because of a suf-
fi cient density of free charge carriers, which screen the fl uc-
tuating potentials. [ 80 ]  Thus with increasing disorder, either in 
terms of high densities of compensating defects (Γ) or in terms 
of different bandgaps (σ g ) the PL emission will shift further 
away from the (average) bandgap. This shift is caused by an 
increasing DOS within the band gap, refl ected by an increasing 
Urbach energy. A red shift in the PL emission with respect to 
the bandgap will therefore reduce the maximal achievable open 
circuit voltage, even without interface recombination. [ 77,101 ]  
It has been observed that the red shift between  E  PL  and  E  g  at 
room temperature is particularly pronounced for pure sulfi de 
CZTS (190 meV) and tends to reduce with increasing selenium 
content. [ 22,64 ]  This appears consistent with an increase of the 
Urbach energy  E  u  observed with an increasing x = S/(S+Se) 
ratio. [ 63,75 ]  This consideration suggests that some crystalline 
disorder present in the bulk of the absorber material, inducing 
bandgap fl uctuations and band tailing, could explain a signifi -
cant part of the  V  oc  defi cit. 

 The red shift of the PL spectrum can be reduced by reducing 
the density of compensating (point) defects, but keeping a rea-
sonable doping level, if the main cause is electrostatic potential 
fl uctuations. However, as mentioned above electrostatic poten-
tial fl uctuations are unlikely to play a signifi cant role at room 
temperature. A further strategy to reduce the  E  g – E  PL  energy 
shift consists in reducing the bandgap fl uctuations, which may 
arise either from i) non-uniform compositions at the micro-
scopic level (typically below the sample thickness, i.e., <1 µm), 
ii) structural disorder in combination with i), or iii) from areas 
with different order state. For that matter, one needs to better 
understand its potential origin and means of control. This is 
discussed in the next section.    
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 Figure 3.    Classifi cation of the clusters of point defects, and their exist-
ence versus the composition of the CZTSe layers, as described in the 
pseudo-ternary diagram of the three binary selenides. [ 72 ]  Stoichiometric 
Cu 2 ZnSnSe 4  is represented at the center of the triangle, corresponding to 
an equal mixture of Cu 2 Se, ZnS and SnSe 2 .

 Figure 4.    The effect of a) electrostatic potential fl uctuations and of b) bandgap fl uctuations. In each case radiative transitions at energies below the 
(average) bandgap are possible. Note that the bandgap in a) is constant and not affected by local charged defects, while band edges in b) can differ 
depending on e.g., long range composition variations.

 16146840, 2016, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.201502276 by E
gyptian N

ational Sti. N
etw

ork (E
nstinet), W

iley O
nline L

ibrary on [12/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (9 of 21) 1502276wileyonlinelibrary.com

  4.     Recent Reports on Order/
Disorder 

  4.1.     Cationic Disorder (Cu/Zn): Structural 
Changes 

 It is now generally accepted that CZTSSe 
crystals adopt a kesterite structure ( I -4 space 
group), which is a tetragonal derivative of the 
cubic sphalerite ZnS structure. [ 82 ]  The fully 
ordered kesterite lattice is shown in  Figure    5  . 
It is based upon an alternating sequence of 
two types of cationic planes along the c-axis, 
namely i) Cu and Sn containing planes 
located at z = 0 and z = 1/2 ( 2a  Wyckoff sites 
occupied by Cu and  2b  sites occupied by Sn), 
and ii) Cu and Zn containing planes located 
at z = 1/4 and z = 3/4 ( 2c  sites occupied by 
Cu and  2d  sites occupied by Zn). [ 83 ]  Each of 
these cationic planes are separated by S/Se 
anionic planes (at z = 1/8, 3/8, 5/8, and 7/8). 
Ab initio calculations have shown at an early 
stage that the anti-site point defects Cu Zn  and 
Zn Cu  have very low enthalpies of formation, 
because of the similar charge (Δq = 1) and 
size of the two cations. [ 67 ]  This result sug-
gested that a disordered kesterite structure 
should exist at equilibrium, in which the  2c  
and  2d  Wyckoff sites of the z = 0.25 plane 
are randomly occupied by the Cu +  and Zn 2+  
cations. If this disorder is total, that is if  2c  and  2d  sites have 
the very same probability of being occupied by Cu or Zn, then a 
new symmetry is created: the fully disordered kesterite has the 
space group  I -42 m , in which the formerly  2c  and  2d  sites are 
all  4d  equivalent sites (Figure  5 ).  

 This theoretical prediction was actually preceded by experi-
mental evidences of disordered kesterite, reported by Schorr et al. 
in 2007, and based upon neutron scattering measurements per-
formed on Cu 2 Zn x Fe 1–x SnS 4 . [ 84 ]  By applying a Rietveld analysis 
on the diffraction data, Schorr et al. showed that at x = 1 (CZTS), 
the  2a  and  2b  site were occupied by Cu and Sn exclusively, while 
Zn and the remaining Cu occupied the  2c  and  2d  positions in a 
disordered manner. The same conclusions could be drawn from 
resonant XRD diffraction [ 83 ]  and from multinuclear ( 67 Zn,  119 Sn, 
 65 Cu) solid state nuclear magnetic resonance (NMR), which is a 
technique very sensitive to the cationic disorder in kesterite. [ 86 ]  

 In general, disordered kesterite samples are character-
ized by broader peaks width, as evidenced either from Raman 
(see  Figure    6  ), [ 8 ]  photoluminescence [ 87 ]  or nuclear magnetic 
resonance [ 86 ]  spectroscopy. In contrast, no peak broadening 
can be observed in XRD patterns measured in usual laboratory 
conditions (e.g., Cu Kα , Bragg Brentano mode). Indeed, these 
are generally not sensitive enough to distinguish between the 
slight differences in the electronic environment of the (Ar)3d 10  
confi guration common to Cu +  and Zn 2+  ions.  

 Once the existence of the disordered kesterite was confi rmed, 
leverages to control the level of O/D were investigated. From 
simple thermodynamic considerations, the entropy driven 
confi gurational disorder should increase with temperature. 
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 Figure 5.    Representations of the ordered ( I -4) and disordered ( I -42 m ) CZTS kesterite crystal-
line structures. A projected view of the z = 0.25 plane is shown at the bottom. Adapted with 
permission. [ 71 ] 

 Figure 6.        Variation in  Q  defi ned as  Q = I(m 2A ) /I(m 3A )  for initially identical 
CZTS fi lms post-annealed for different time periods. The triangles show 
the effect of temperature cycling on a single sample to test the revers-
ibility of changes in  Q . The shaded region indicates the probable location 
of the critical temperature  T C  . Reproduced with permission. [ 8 ]  Copyright 
2014, AIP Publishing LLC.
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Choubrac et al. showed using NMR that the cooling rate after 
synthesis has a tremendous effect on the O/D ratio in CZTS. 
More precisely, the slower the cooling, the more ordered the 
kesterite becomes. [ 86 ]  For instance, dramatic disordering was 
found after cooling at rates faster than 10–24 K min −1 . [ 87 ]  Fur-
ther NMR and Raman studies confi rmed the presence of A-type 
defect complexes (V Cu  + Zn Cu ), which tend to restrain the long-
range Cu/Zn disorder. [ 90 ]  Moreover, Raman investigations 
revealed that the transition from partially ordered to more dis-
ordered structure can be stimulated by optical excitation due to 
the small energy barrier between these two phases. [ 91 ]  

 The reversibility of the O/D transition was evidenced by 
Scragg et al. who studied the Raman spectra of CZTS samples 
having experienced various thermal treatments. [ 8 ]  For that pur-
pose, they defi ned the factor Q as the ratio of the  m 2A   (288 cm −1 ) 
and  m 3A   (304 cm −1 ) peak intensities, and attributed it to the 
Cu/Zn order. As illustrated in  Figure    6  , the larger Q, the more 
ordered the structure. They showed that above a critical tempera-
ture  T  C , annealing followed by a swift cooling induced a large 
degree of disorder, while annealing below  T  C  helped to increase 
the amount of order. The critical temperature  T  C  was found to be 
about 533 K in this pure sulfi de CZTS material. The transition 
was shown to be a thermodynamic order/disorder transition.  

  4.2.     Optical Bandgap Changes 

 Building upon the observation of structural changes induced 
by thermal treatment, Rey et al. investigated the variation of 
the optical bandgap of CZTSe after successive annealing/
quenching experiments:  E  g  was found to increase by 110 meV 
with decreasing annealing temperature. [ 9 ]  In order to interpret 
their set of data, they applied Vineyard’s theory of order-disorder 
kinetics and extracted a long-range order parameter, noted  S . [ 85 ]  
Note that S = 1 corresponds to a perfectly ordered kesterite 
(which from theory is only accessible at zero absolute tempera-
ture, T = 0 K),  S  = 0 to a fully disordered kesterite, and  S  = 0.875 
corresponds to a density of 3.4 × 10 20  cm −3  (Zn Cu +Cu Zn ) defect 
clusters. The right part of  Figure    7   shows that annealing the 

samples above the critical temperature for CZTSe (200 °C, 473 K) 
cancels entirely the order, and that the effect is reversible. 
Besides, the model proposed suggests that annealing at tem-
perature as low as 75 °C still helps to enhance the order of the 
samples if it is undertaken for a long enough time.  

 Along the same lines, electro-refl ectance [ 92 ]  or quantum effi -
ciency analysis [ 88 ]  have been employed to observe the very same 
reversible  E  g  modifi cation upon thermal treatment. 

 Surprisingly, no one has studied, on the same set of samples, 
both the structural O/D transitions and the optical bandgap 
changes. Even though the direct relationship proposed by Rey 
at al. between the optical bandgap and the Cu/Zn O/D seems 
plausible (if one refers to the correlations found in pure sulfi de 
materials between Raman and NMR [ 90 ]  or Raman and PL [ 89 ] ) it 
has not been proven directly yet. Some additional clues can be 
found in theoretical studies however. For example, the bandgap 
of ordered kesterite CZTS has been reported to be 1.50 eV from 
hybrid density functional theory (HSE06 functional). [ 93 ]  In the 
same study, the fully disordered kesterite (Figure  5 -right) was 
considered with a 64 atom supercell generated using the special 
quasi-random structure approach. This results in a bandgap 
decrease of 40 meV (similar for the S and Se materials), con-
sistent with but notably lower than experimentally observed. 
It should be noted that this model is designed more to assess 
thermodynamic quantities for a random alloy, and a better 
description of the disordered system would require sampling 
an ensemble of Cu/Zn distributions that can take into account 
spatial variations in the metal distributions over larger areas. 
Chen at al. concluded that when a 128 atom supercell con-
tains one (Cu Zn +Zn Cu ) cluster, the bandgap change induced 
in CZTS or CZTSe is negligible because of the hybridization 
between Cu Zn  acceptor and Zn Cu  donor states. [ 67 ]  A more sig-
nifi cant alteration of the bandgap is induced by defect clus-
ters composed of deep level defects, such as Sn Zn , Sn Cu , Cu Sn  
and Zn i . Huang et al. calculated by the same method that one 
(Cu Zn +Zn Cu ) cluster within a 32 atom CZTS supercell, which 
corresponds to an ordered defect structure (and not disordered), 
decreases the bandgap of the material by about 110 meV. On 
the other hand, the A-type cluster (V Cu +Zn Cu ) was found to 
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 Figure 7.    Left panel: Evolution of the CZTSe bandgap with temperature during the annealing/quenching sequence. Inset: Tauc plots for direct bandgap for 
decreasing temperature. Right panel: calculated evolution of the long-range order parameter during successive annealing. The inset presents the evolution of 
 E  g  for the same annealing sequence. Annealing times (dwell times) are shown as labels. Reproduced with permission. [ 9 ]  Copyright 2014, AIP Publishing LLC.
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increase  E  g  by 70 meV. [ 94 ]  These somewhat contradictory results 
have been recently clarifi ed by Scragg et al. who calculated 64 
atom supercell confi gurations containing different numbers of 
(Cu Zn , Zn Cu ) defects in various arrangements. [ 89 ]  A linear cor-
relation was found between bandgap reduction and formation 
energy of the defect arrangements. 

 Finally, a recent study gives a theoretical framework to 
explain optical bandgap changes as a function of tempera-
ture, in relation to Cu and Zn exchanges in kesterite material. 
Monte-Carlo simulations indicate a change in local coordina-
tion environments (2Cu, Zn and Sn surround each S in the 
ideal kesterite structure) of around 200 °C, which would be 
accompanied with a narrowing of the bandgap that matches 
very well the experimental observations. [ 96 ]    

  5.     New Data on the Order/Disorder Effect 
in CZTSSe Devices 

  5.1.      V  oc  and Overall Performances of CZTSSe Devices 

 In order to gain some insight into the infl uence of the O/D on 
the  V  oc  defi cit in our CZTSSe devices, we have prepared solar 
cells with either standard or slow cooling after the seleniza-
tion step. The former series with standard cooling are hereafter 
labeled “PD” for partially disordered, and the latter “PO” for 
partially ordered. As illustrated in  Figure    8  , an increase in  V  oc  
of about 40 ± 10 mV was systematically observed for devices 
based on slow cooling (“PO” samples). This notable increase 
was accompanied with a slight decrease in the short circuit cur-
rent density of about 1.8 mA cm −2  on average. A fi rst approxi-
mation of the IQE (calculated as IQE = EQE/(1–R), where R is 
the refl ectance of a complete device) indicates that the decrease 
in  J  sc  stems from an increase of the optical bandgap ( Figure    9  ), 
as expected from Section 4.2. By performing a linear fi t (not 
shown here) of the plot using the following equation 

 
hv ln IQE a bhv1

2( )−⎡⎣ ⎤⎦ = +
    ( 2)  

 where  a  and  b  are fi tting parameters,  h  Planck’s constant, and ν 
the frequency of the light, we could extract the respective bandgap 
values ( E  g-IQE  = –b/a) of the PO and PD samples: We have found 
a difference in  E  g-IQE  of about 50 meV, the PO sample having the 
larger bandgap. These results are in accordance with the ones 
reported recently for pure Se co-evaporated CZTSe devices. [ 88 ]    

 In order to verify that these changes in  V  oc  and  E  g-IQE  origi-
nate genuinely from the difference in crystalline order and not 
from altered front or back junctions, we have evaluated the 
optical absorption of PO and PD fi lms lifted-off from their Mo/
glass substrates. A second set of bandgap values, noted  E  g   -   abs , 
was thus derived from these optical measurements. They were 
found to agree very well with the ones obtained by the IQE 
approach, thereby confi rming that the bulk optical bandgap 
of PO samples is consistently larger (1.25 eV) than that of PD 
samples (1.20 eV), as summarized in  Table    2  .  

 Thus, ordering our CZTSSe by slow cooling after the sele-
nization step allowed us to increase the V oc  of our devices 
by 40 meV because the bandgap of the photoactive mate-
rials increased by 50 meV. In other words, the V oc  defi cit 

limiting the performance of our devices was not improved. 
This is illustrated on Figure  1 , where the green points cor-
responding to the present study form a line parallel to the 
 V  oc-defi cit  lines. Quite recently, Krämmer et al. reported similar 
results on pure Se devices, [ 92 ]  in which the V oc  exactly follows 
the bandgap variations (by up to 80 meV) upon reversible 
ordering (by slow-cooling) or disordering (by quenching after 
annealing at T > T c ). 

 Interestingly, capacitance-voltage (C–V) measurements 
performed on our PO and PD devices revealed that PO sam-
ples feature a signifi cantly lower density of free carriers of 
0.5–1 × 10 16  cm −3  versus 1.5–2 × 10 16  cm −3  for PD samples. 
This lower carrier concentration in PO samples can explain 
the enhanced quantum effi ciency visible in  Figure    9   between 
600 and 900 nm, by an extension of the space charge region 
(SCR) deeper in the CZTSSe layer. Very similar trends have 
been observed in pure selenide devices. [ 97 ]  The collection length 
in these less doped PO layers becomes more voltage-dependent 
since it has a larger contribution of the SCR width with respect 
to the diffusion length than the PD samples. This effect causes 
a voltage-dependence of the photocurrent and hence a reduced 
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 Figure 8.    a) Current-Voltage characteristics under 1 sun illumination 
of PD (partially disordered) and PO (partially ordered) CZTSSe-based 
photo voltaic devices. b) Set of  J  sc  -V  oc  data points obtained from one batch 
of solar cells (without ARC).
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fi ll factor. This point may become important in the future, if 
devices based upon ordered layers will have to be optimized.  

  5.2.     Role of Anionic Disorder in CZTSSe 

 As mentioned above (Table  1 ), the best kesterite devices 
achieved to date are based upon CZTSSe photoactive layers 
comprising both S and Se. Since CZTS and CZTSe kesterites 
have bandgaps that are 500 meV different, one may legitimately 

ask whether a potential inhomogeneous spatial distribution of 
S and Se anions could occur, and what would be its implication 
as far as  V  oc  defi cit is concerned. 

 As a matter of fact, S and Se are known to have only a small 
size and chemical mismatch. By employing the special quasi-
random structure approximation, Chen et al. have shown that 
the isovalent CZTSSe alloy is very well behaved and can be 
described by the regular solid solution model (as confi rmed 
experimentally by a fully respected Vegard’s law) [ 101 ]  with an 
interaction energy of 26 meV per atom. [ 95 ]  This suggests that 
the homogeneous alloy is stable for this system at the typical 
growth temperatures. The same authors concluded from ab 
initio calculations that the optical bandgap of CZTS x Se (1-x)  
alloys follows the relationship 

 1 1g g-CZTS g-CZTSeE x xE x E bx x( ) ( ) ( )= + − − −     ( 3)  

 where  E  g-CZTS  = 1.5 eV is the bandgap of pure sulfi de CZTS, 
 E  g-CZTSe  = 0.96 eV the one of pure selenide CZTSe, and 
 b  = 0.1 eV is the so-called bowing coeffi cient, independent of 
the composition. This simple relationship was verifi ed experi-
mentally [ 16,98 ]  thereby confi rming the assumption of a homoge-
neous distribution of anions within the photoactive layer. 

 It should be underlined though that the alloy model pro-
posed by Chen et al. refers to a system in complete thermody-
namic equilibrium. For a CZTS sample that is subsequently 
annealed in Se (vast majority of the CZTSSe cases), the situa-
tion could be quite different depending on the annealing tem-
perature and time. Indeed, a compositional gradient of the two 
anions could be expected at the surface and at grain boundaries 
because of kinetic effects. Due to the slow solid-state diffusion 
process, a higher concentration of Se could occur at the exterior, 
while the interior of the grains would remain higher in S con-
centration. In order to verify this hypothesis, we have investi-
gated the local anionic distribution by carrying out STEM-EDX 
analysis on several CZTSSe thin fi lm slices.  Figure    10  a and b 
represent line scans performed within individual grains, and 
starting from the top surfaces.  

 Depending on the analyzed area, the cation and anion com-
positions can be found to be rather stable, as in Figure  10 a. 
In other locations such as that of Figure  10 b, the concentra-
tion of Se seems to decrease by more than 5% with increasing 
depth. This latter case thus confi rms the hypothesis proposed 
above and is based upon a slow solid-state diffusion of Se 
within CZTS grains during the selenization process. We have 
extended this TEM study by investigating the grain-to-grain var-
iation of the anion ratio. Figure  10 c shows the chemical compo-
sition of 24 different grains located within slides extracted from 
the same equivalent samples showing effi ciencies higher than 
10%. One can note that the anionic ratio x = S/(S+Se) varies 
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 Figure 9.    a) Internal quantum effi ciency (IQE) spectra of CZTSSe-based 
photovoltaic devices of PD (red symbols) and PO type (blue symbols). 
The dotted lines correspond to fi tted IQE according to Equation  ( 2)   in the 
range used to extract  E  g-IQE . b) Linear fi t of (hνα) 2  vs photon energy hν, 
based on the absorption coeffi cient α measured on lift-off samples from 
the same batch; used to derive  E  g-abs  (same colors).

  Table 2.    Summary of  E  g  and  V  oc  values measured on typical PO or PD samples.  

Structure  E  g-abs  

[eV]
 E  g-IQE  

[eV]
 V  oc  
[V]

 V  oc  defi cit 
[V]

 N  cv  
[cm −3 ]

 E  g  -E  PL  
[meV]

Partially ordered, PO 1.25 1.25 0.523 0.73 58% 5 × 10 15 150

Partially disordered, PD 1.20 1.20 0.481 0.71 59% 2 × 10 16 165

Difference Δ 0.06 0.05 0.04 0.02   15
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between x = 0.34 to x = 0.48 thus yielding a local amplitude on 
x as large as ± 0.07. These high grain-to-grain variations in the 
anionic composition of CZTSSe fi lms, also observed by Roelofs 
et al., [ 99 ]  are believed to be genuine. However, it would be rather 
diffi cult to extract a reliable and accurate average distribution of 
the anionic compositions from such local TEM measurements. 
For that matter, XRD measurements are better suited. 

  Figure    11  a displays the grazing angle XRD patterns meas-
ured on various CZTSSe/Mo/glass thin fi lms with anionic 
concentration varied from x = 0 (pure selenide CZTSe) to x = 1 

(pure sulfi de CZTS). The fabrication details can be found in 
the experimental section. All samples have been annealed and 
fi nally cooled in the same, standard “fast” cooling conditions. A 
close look at the dominant (112) peak clearly shows the typical 
peak-shift towards higher diffraction angles 2θ when increasing 
the S content (Figure  11 a). Importantly, these peaks can be well 
distinguished thanks to low full width at half maximum values 
(FWHM about 0.15°), typical of rather narrow and homo-
geneous composition distribution. A slight asymmetry with an 
apparent shoulder on the low 2θ angle side is visible in all cases 
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 Figure 10.    Cross-section STEM-EDX compositional analysis of standard CZTSSe absorber thin fi lms. Line scans in grain with a) uniform and b) non 
uniform composition. c) Grain-to-grain variation evaluated from 24 data points measured on various grains from a few sections, with 1 data point 
per grain.

 Figure 11.    XRD patterns of CZTSSe/Mo thin fi lms with focus on (112) peaks. a) Variable samples with anion ratio x = S/(S+Se) varied from 0 to 100%. 
b) Full pattern matching results for PD type of sample (i.e., standard sample, red open dots) using a single kesterite phase (x = 0.35) and another 
fi tting example with two mixed phases x = 0.28 /0.42 with volume fractions of 63%/37%.
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(Figure  11 b), which is not related to composition distribution, 
but rather to a typical effect of the θ–2θ diffraction setup, [ 100 ]  
especially visible on the low diffraction angles, such as 2θ ≈ 27°. 
We have conducted a unit cell refi nement (through the full pat-
tern matching mode) on a standard sample, assuming a unique 
composition (Figure  11 b) leading to average lattice parameters 
 a  = 5.6084(6) Å and  c  = 11.1711(5) Å. According to the linear 
variation of the tetragonal unit cell parameters within the solid 
solution Cu 2 ZnSn(S x Se 1–x ) 4 , [ 101 ]  these values correspond to a 
sulfur content close to x = 0.35.  

 In order to appreciate whether such XRD signal could stem 
from a mixture of two distinct phases having different anionic 
compositions, we have tried to fi t the 112 peak shown on Figure 
 11 b by assuming such mixture of 2 phases (S-poor and S-rich) 
having an average composition close to 0.35 for 2 cases, namely 
x = 0.28/0.42 and x = 0.34/0.48. For x = 0.28/0.42 the two phases 
(dotted line of Figure  11 b) give 2 distinguishable peaks clearly 
not seen on the experimental pattern. On the other hand, the 
second fi t with x = 0.34/0.48 leads to phase volume fractions of 
99.1%/0.9% (not shown on Figure  11 b because almost super-
imposed on the single phase fi t curve). We thus conclude that 
the sample is made of CZTSSe with an average composition of 
x = 0.35 ± 0.05. 

 From this result, we assume a Gaussian distribution for 
the anionic composition x = S/(S+Se) centered on x = 0.35 
( Figure    12  ). In order to account for the variations detected 
by TEM analysis (as summarized in Figure  10 ), we derive a 
standard deviation σ x  = 0.06 that will be used in the next sec-
tion. We note that the few points detected by STEM-EDX at 
x = 0.35 correspond to measurement area in large grains: Their 
large volume yields a STEM-EDX value close to the one derived 
from XRD. On the other hand, small grains appear richer in 
S; this can match the interpretation anticipated from theory 

that selenization proceeds from diffusion 
along grain boundaries towards inside of the 
grains. Thus, this combined STEM and XRD 
investigation has revealed that although the 
photoactive layer is made of a dominating 
phase having a well-defi ned anionic mixture, 
some small grains do have a quite different 
anion composition. This opens the question 
of the potential impact of this variation upon 
the  V  oc  defi cit at work in CZTSSe kesterite 
photovoltaic devices.   

  5.3.     Potential Impact of the Anionic Disorder 
on  V  oc  Defi cit 

 The maximum AM1.5G effi ciency of a single 
junction solar cell based on a perfect 1.2 eV 
bandgap absorber and calculated within the 
framework of Shockley-Queisser (pure radia-
tive recombination) [ 102 ]  is η -max  = 31.6%. 
The theoretical  V  oc  calculated under these 
assumptions reaches 0.940 V, representing a 
 V  oc  defi cit of 0.260 V. 

 In order to account for the potential 
bandgap fl uctuations described by a Gaussian 

distribution with a standard deviation  σ  Eg , Rau et al. have pro-
posed the following equation: [ 61 ] 
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   ( 4)  

 where  E  g  is the bandgap,  q  is the elementary charge,  k  B  is the 
Boltzmann constant,  T  is the temperature,  J  00  is the pre-expo-
nential factor of the dark saturation current density, and  J  sc  the 
short circuit current density under AM1.5G. 

 The distribution of the anion ratio x = S/(S+Se) quanti-
fi ed in Section 5.3 and illustrated on Figure  12 , can be tenta-
tively translated into a distribution of bandgap using Equation 
 ( 3)  . Following this line of thought, the normal anion dis-
tribution centered on x = 0.35 with a standard deviation 
σ x  = 0.06 suggests a normal distribution of bandgap centered 
on  E  g  = 1.20 eV (as measured optically) with a standard devia-
tion σ Eg  = 0.028 eV. Note that Equation  ( 3)   gives a theoretical 
bandgap of CZTS x Se (1–x)  compounds with stoichiometric com-
position and with perfect Cu/Zn order (black line in Figure  12 ), 
therefore noticeably different (here smaller) than that found 
experimentally in our Cu-poor, Zn-rich PD samples. From 
Equation  ( 3)   we used only the slope p of the curve around 
x = 0.35. Applying this σ Eg  number to Equation  ( 4)  , we calculate 
a theoretical  V  oc  of 0.914 eV. This value is actually very close 
to the  V  oc  calculated by assuming no bandgap fl uctuation at 
all (0.940 V). We can thus safely conclude that the bandgap 
fl uctuations related to the inter-grain anionic distribution in 
our CZTSSe samples at macroscopic scale (>>1 µm–10 cm) is 
very unlikely to play a signifi cant role in the overall  V  oc  defi cit 
harming our devices. 

 One may argue that the model used above assumes a locally 
homogeneous material, and does not account for the situation 
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 Figure 12.    Composition distribution of anion ratio x = S/(S+Se) in our standard CZTSSe fi lms, 
centered on x = 0.35 as derived from XRD and with standard deviation σ x  = 0.06 overestimated, 
compared with full pattern matching (e.g. Figure  11 b). The blue bars are the indicative distri-
bution measured by TEM (Figure  10 c). The black line corresponds to a theoretical bandgap 
calculated using Equation  ( 3)  , the slope of which (p = 0.47 eV around x = 0.35) is used to 
derive σ Eg  = p.σ X .
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where the intra-grain composition is different. In order to study 
that very case, let us assume that our active layer is made of 
small grains (<<1 µm) with two distinct compositions, each rep-
resenting an equal volume fraction of 50% of the photoactive 
fi lm. Furthermore, let us assume that their anionic composi-
tions are x = 0.25 and 0.45 (that translates into bandgaps of 
1.14 eV and 1.24 eV, respectively). We stress that these hypoth-
esis are not realistic as explained in Section 5.4 (as such case 
would have been detected by XRD), and hence represent a 
worst case scenario. However, following the approach used by 
Djemour et al., [ 103 ]  one can estimate the maximum theoretical 
 V  oc  (Shockley-Queisser conditions) of such a photoactive mixed 
material by postulating that: 

     • J  sc  is dictated by the largest bandgap of the two phases 
 •    J  0  of the mixed material is given by the arithmetic sum of 

the volumetric contribution of the different phases, since 
each phase can emit its black body radiation in a mixed 
3-dimensional arrangement.   

 These assumptions yield a maximum theoretical  V  oc  of 
0.910 V, which is only 30 meV lower than in the case of a homo-
geneous photoactive layer having a bandgap of 1.2 eV ( Table    3  ). 
Thus, we hereby conclude that only a very negligible fraction 
(less than 2.5%) of the  V  oc  defi cit can be attributed to spatial 

bandgap fl uctuation stemming from anion non-uniformity at 
the small scale (<<1 µm).  

 The very same two approaches can be applied to evaluate 
the potential impact of the Cu/Zn disorder upon the  V  oc  def-
icit. Let us assume that for a given anion ratio, the bandgap of 
the photo active absorber can vary by about 150 meV between 
the fully ordered and disordered states (see section 5.5). 
Considering an even distribution of these bandgaps, a 
standard deviation of σ = 150/4 = 0.038 eV seems reasonable. 
Applying this number to Equation  ( 4)  , one concludes that the 
maximum potential  V  oc  defi cit induced by the Cu/Zn disorder 
is only of 47 meV. The grain-to-grain variation model used 
above gives about the same magnitude. Thus we can conclude 
that the bandgap fl uctuation induced by the Cu/Zn disorder 
cannot explain the majority of the  V  oc  defi cit harming kes-
terite solar cells.  

  5.4.     Radiative versus Non-Radiative Recombination 

 In order to fi nd out whether the crystalline disorder at work in 
CZTSSe has any impact upon the balance between radiative and 
non-radiative recombination, we have characterized our sam-
ples using cathodo-luminescence (CL). We have fi rst measured 
CZTSSe thin fi lms (without a CdS buffer) fabricated with the 
same thermal protocol used for the PO and PD samples discussed 
in Section 5.1. The results are shown on  Figure    13  a. Clearly the 
CL peak position of the PO sample is shifted to a larger energy 
by about 60 meV, what is consistent with the difference in optical 
bandgap between PO and PD layers reported above and summa-
rized in Table  2 . The CL intensity is found also larger in the PO 
sample, indicative of more radiative recombination. It should be 
noted that we did not observe any CL interference effect, contra-
rily to what has been reported in standard photoluminescence 
measurements carried out in CZTSe fi lms. [ 103,105 ]  We believe that 
this can be explained by the notable roughness of our samples. 
Nevertheless, some systematic artifacts appeared at 0.94 and 
1.09 eV (Figure  13 ), presumably due to parasitic absorption losses 
within the CL set-up.  
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 Figure 13.    Cathodo-luminescence of CZTSSe layers a) (PO) partially ordered vs (PD) partially disordered samples similar to those used in devices of 
Figure  8 ,  9 . b) (Q) quenched after a 60 min annealing at 300 °C, (Q+1) quenched and further annealed at 100 °C during 24 hours, and (Q+10) quenched 
and further annealed at 100 °C during 240 hours.

  Table 3.    Calculated impact of the anion composition x = S/(S+Se) dis-
tribution on the maximum photovoltaic parameters within the SQ-limit, 
based on absorber bandgap centered at 1.20 eV. The mix assumes small 
grains with two equi-volumetric populations of grains with x = 0.25 and 
0.45, i.e.  E  g  = 1.24 and 1.14 eV, respectively.  

Composition  E  g  
[eV]

 η  
[%]

 J  sc  
[mA cm −2 ]

 FF  
[%]

 V  oc  
[V]

 ΔV  oc  
[V] (% of  E  g )

Uniform 1.14 32.3 41.3 87.2 0.896 0.244 (21.4)

 1.20 31.6 38.4 87.6 0.939 0.251 (21.0)

Mix 1.24 31.6 36.4 88.1 0.983 0.254 (20.5)

 1.19 28.0 36.4 87.3 0.910 0.280 (23.5)
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 In order to further confi rm these CL results, we have pre-
pared a second series of samples using our standard process, 
in which we varied the O/D by applying various post-annealing 
processes. All samples were heated under nitrogen at 300 °C 
for 60 min and quenched from there (noted “Q”) in order to 
induce complete disorder (see Figure  7 ). The samples were then 
further annealed under nitrogen at 100 °C for 0 (Q), 1 (Q+1) 
and 10 (Q+10) days respectively, in order to induce some con-
trolled ordering. Figure  13 b displays the corresponding CL 
spectra collected on each type of samples. The trends shown on 
Figure  13 b appear comparable and consistent with those visible 
on Figure  13 a, both in terms of peak positions and intensities. 
One can note that the CL emission peak shifts by more than 
100 meV towards larger energies with increasing annealing 
time at 100 °C. Considering that the lowest energy CL peak in 
Figure  13 b ( E  CL,D  = 1.01 eV) corresponds to the fully disordered 
state ( S  = 0, quenched from T ≥  T  C ) and that the highest energy 
CL peak ( E  CL,T  =100  = 1.12 eV) corresponds to the most ordered 
state achievable at 100 °C (see Figure  7 ), one can estimate the 
order parameter reached at 100 °C using the following equation 
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S T
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   ( 5)  

 where  T  is the temperature at which the sample has been 
ordered (here 100 °C),  T  C , the critical temperature of the O/D 
transition ( T C   ≈ 200 °C), and  S(T)  the order parameter achieved 
at equilibrium and at the temperature  T . Solving Equation  ( 5)   
for  T  = 100 °C yields  S  = 0.72. 

 Besides, postulating that, 

 

CL,T CL,D

CL,O CL,D

S T
E E

E E
( ) = −

−  
   ( 6)  

 where  E  CL,O  is the energy of the CL peak for a fully ordered 
sample ( S  = 1, at T = 0K), one can calculate using the values 
extracted for T = 100 °C that  E  CL,O  = 1.16 eV. Thus, this inter-
pretation of the CL data suggests that the bandgap variations 
from fully disordered (T >  T  C ) to the most ordered state at 
ambient conditions could be as large as 150 meV, that is about 
15% of the bandgap of the disordered state. 

 Beyond confi rming the large impact of O/D upon the 
bandgap of CZTSSe, Figure  13  reveals notable new information. 
The blue shift in the CL peak position is accompanied with a 
signifi cant increase in the intensity of the CL signal by nearly a 
factor 3×. This appears quite promising since a direct correlation 
exists between luminescence yield, minority carrier lifetime, and 
device effi ciency. [ 28 ]  We verifi ed also that a factor 2.5× was still 
present when measured on a series of similar CZTSSe samples 
coated with a CdS buffer on top (as is the case in complete solar 
cells devices). This indicates that any change of the space charge 
region width, anticipated to modify the CL emitting volume, has 
actually weak infl uence on CL intensity and on this ratio. These 
experiments performed in otherwise identical conditions, point 
to changes in materials radiative bulk property. 

 An obvious tentative explanation would be the positive 
impact of the reduction of the number of point defects in the 
CZTSSe crystal, especially (Cu Zn +Zn Cu ). However, one could 

potentially also invoke a passivation of the grain boundaries 
by the creation of an oxide layer as shown under other circum-
stances, [ 12 ]  or a redistribution of Cu, as observed recently. [ 106 ]  
In order to verify the likeliness of these hypotheses, we have 
tested the reversibility of the effect observed on Figure  13 . It 
appeared that a PO sample further heated at 300 °C for 60 min 
and quenched from there (Figure  13 a) shows about the same 
peak position and CL yield than a Q sample (Figure  13 b). This 
reversibility tends to discard the explanation based upon the 
passivation of grain boundary, and reinforces the one invoking 
the reduction of the number of point defects. 

 From the literature, the CL effi ciency of electron-hole pair 
generation (EHP) is inversely proportional to the bandgap 
energy  E  g  of the material measured: [ 107 ]  Hence the blue-shifted 
sample, having larger bandgap by ≈10% should result in a 
reduced CL yield. Assuming otherwise identical parameters, 
this would correspond to a reduced CL intensity, which is the 
opposite of what we observe. Thus, we tend to attribute the 
actual rise in CL intensity observed in Figure  13  to a genuine 
increase in radiative recombination. 

 Actually, the intensity of light, I L  emitted by radiative recom-
bination of injected EHPs can be expressed as a function of the 
photon energy,  h ν: [ 70 ] 
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   ( 7)  

 where the emissivity of the material (the second term in 
brackets) is multiplied by the volumetric-based internal spon-
taneous emission from band–band transitions. Under irradia-
tion, the density of EHPs is refl ected in Δµ, the amplitude of the 
quasi-Fermi level splitting (QFLS). Obviously, the higher Δµ, the 
larger I L . When considering the absorption coeffi cient of a direct 

gap semiconductor, simply expressed as ( ) [ ]g
1/2hv

A

hv
hv Eα = −  

and using fi xed Δµ, T and A parameters, simulations from 

expression  ( 7)   indicate that i) the luminescence spectrum is blue 
shifted when increasing the bandgap  E  g  (as anticipated) but as 
well that ii) I L  reduces in intensity. This again is in opposition 
to our experimental observations, indicating that the actual Δµ 
is larger when  E  g  is increased through ordering. Interestingly, 
assuming that the increase in  E  g  is accompanied by an equiva-
lent increase in Δµ (for instance, taking  E  g  and Δµ increasing 
from 1.15 to 1.25 eV and from 0.6 to 0.7 eV, respectively) yields 
an increase in I L , yet this is rather small (less than 20%) com-
pared with the 1.6× ratio seen experimentally from PD to PO 
sample cases. In summary, even though a more complete optical 
model including sub-gap absorption [ 70 ]  may be necessary to 
extract all the information comprised in Figure  13 , the observed 
increase of both CL peak energy and intensity indicates that the 
absorber’s bulk radiative properties of the ordered kesterite type 
are signifi cantly improved, with the possibility that the entire 
rise in bandgap (and even more) would translate in QFLS. Fur-
ther investigations are needed to confi rm this latter point.   

  6.     Concluding Remarks and Perspectives 

 It is has been now largely evidenced that CZTSSe undergoes a 
structural transition at a temperature  T  C  close to 200 °C. The 
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transition has been attributed to the exchange of Cu +  and Zn 2+  
cations located at the  2c  and  2d  Wyckoff sites of the kesterite 
structure, respectively. At temperatures above  T  C  (disordered 
state), kesterite can have a bandgap up to 150 meV smaller than 
the one it would have in its fully ordered state. 

 Tuning of the O/D degree in effi cient (η ≥ 9%) devices 
allowed us to show that the  V  oc  defi cit is not reduced in these 
solar cells when the order is enhanced. The  V  oc  appears higher 
because the bandgap of the photoactive materials is larger. 
This latter point explains as well that i) the  J  sc  is notably 
reduced, and that ii) the overall effi ciency remains equiva-
lent. Moreover, using two different models applied within the 
Shockley-Queisser detailed balance approach, we came to the 
conclusion that potential inter- and intra-grain bandgap fl uc-
tuations induced by a speculative distribution of order degree 
within a same layer (both Cu/Zn disorder or S/Se distribu-
tion), would have no signifi cant effect upon the  V  oc  of the 
devices. Thus, the effect of disorder in the Cu/Zn sub-lattice 
seems to be rather negligible at the level of performances at 
which state-of-the-art kesterite solar cells stand today. Inter-
estingly, our cathodo-luminescence measurements indicate 
that ordered kesterite crystals should be preferred because the 
intensity of radiative recombination of charge carriers is found 
to be signifi cantly larger. Nevertheless, only a minor fraction 
of this potential improvement is apparently translated via the 
QFLS into the  V  oc . 

  6.1.     Urbach Tails 

 One known mechanism of non-radiative recombination occurs 
via band tails present at the edges of the conduction and valence 
bands of a semiconductor. This can be quantifi ed by the Urbach 
energy,  E  u , which appears larger in defective and/or disordered 
materials such as amorphous silicon. Recently, De Wolf et al. 
proposed a direct link between  E  u  and  V  oc  defi cit in standard 
photovoltaic materials. The red points of  Figure    14  a correspond 
to the lowest  E  u  and lowest reported  V  oc  defi cit values for var-
ious types of solar cells. [ 76 ]  We have added on this plot the few 
data available in the CZTSSe literature. From this plot, CZTSSe 
devices are again distinct from other photovoltaic materials by 

their larger V oc  defi cit. Another way to look at this issue is rep-
resented on Figure  14 b, where this time  E  u  is plotted versus 
 E  g . This latter graph suggests that  E  u  does increase naturally 
with  E  g , thus implying that ordered kesterite should have larger 
Urbach tails than disordered kesterite. Some discrepancy can 
be observed among data, likely because the measurement 
methods as well as the analysis approaches used to extract  E  u  
can differ signifi cantly. More exhaustive measurements are 
required, in order to assess the potential impact of Urbach tails 
in kesterite devices.  

 So far, we have characterized band tailing in our PO and 
PD samples only by studying the red shift  E  g – E  PL  between 
the optical bandgap energy and the peak energy position of 
photoluminescence spectra. We have found very close values 
of 165 meV and 150 meV for PD and to PO type of samples, 
respectively (Table  2 ). Provided that we have measured an 
 E  g – E  PL  of less than 80 meV in high performance CIS samples, 
we conclude that O/D has only a minor impact upon the large 
shift between PL and absorption occurring in our CZTSSe 
samples. One should keep in mind though that a fundamental 
limitation arises when investigating the impact of the Cu/Zn 
order on CZTSSe, namely the actual impossibility of varying 
the order parameter S up to S = 1, because of basic thermody-
namic reasons. As seen above, this parameter can be tailored at 
room temperature from S = 0 (fully disordered CZTSSe) to S = 
0.72 in our case, or even up to 0.8 reported recently in sulfi de 
CZTS material, [ 18 ]  but never above S = 0.9. Increasing S from 0 
to S = 0.8 is equivalent to reducing D [CZ]  (D [CZ]  is the number 
of (Cu Zn +Zn Cu ) defect pairs in each conventional kesterite unit 
cell; linked to S via D [CZ]  = 1–S) [ 89 ]  from 1 down to 0.2. This 
translates in a reduction of this defect density by a factor 5 only, 
that is from 3 × 10 21  cm −3  (for S = 0) down to 6 × 10 20  cm −3  (for 
S = 0.8). We believe that the Cu/Zn disorder may be reduced 
much more signifi cantly by altering the CZT elemental com-
position. Indeed, as already mentioned in Section 2.5, partial 
elemental substitution of either Zn (e.g., with Cd) [ 18 ]  or of Cu 
(with Ag) [ 54 ]  have been reported to yield a sharper absorption 
edge, indicative of a reduced band tailing. Here again, further 
investigations of the red shift and of  E  u  versus O/D in these 
specifi c materials would be benefi cial for the overall compre-
hension of the  V  oc  defi cit at work.  
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 Figure 14.    a) Relationship between Urbach energy  E  u  and lowest reported voltage defi cit, for various photovoltaic materials, after De Wolf et al. [ 76 ]  Data 
available from Miller et al. [ 75 ]  and Islam et al. [ 63 ]  were included. 
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  6.2.     Deep Defects 

 As indicated on Figure  2  (bottom), Sn Cu  (+/2+), Sn Cu  (2+/3+), 
and Sn Zn  (+/2+) point defects yield deep states in the band 
gap. Recently Yee et al. [ 81 ]  estimated computationally that the 
concentration of such deep point defects can reach values up 
to 10 16  cm −3  (Sn Zn ) in Cu-poor, Zn-rich CZTSe material pro-
cessed at 800 K. Because the donor defect Sn Cu  (+/2+) has a 
transition level of E v +0.35 eV (i.e., quite close to E F  and below 
midgap), it is estimated to be particularly harmful, even in 
small concentrations (>10 10  cm −3 ). Therefore, both Sn Zn  (+/2+) 
and Sn Cu  (+/3+) are likely to be effi cient recombination centers 
for electrons. Moreover, these defects can actually form clusters 
with the omnipresent Cu Zn  and Zn Cu  defects involved in the 
Cu/Zn order, which can increase signifi cantly their potential 
density. For example, the cluster (2Cu Zn , Sn Zn ) has the lowest 
enthalpy of formation, besides of course (Cu Zn +Zn Cu ) (see top 
of Figure  2 ). In order to reduce the probability of presence of 
these harmful deep defects, growing fi lms in Sn-poor condi-
tions (but not too much, as already seen in Section 3.2) [ 15 ]  can 
be highly benefi cial. 

 Another source of deep defects to be considered is, natu-
rally, the grain boundaries. As discussed in Section 2.2, some 
passivation treatments have been shown to be very effective in 
certain instances. This observation is further supported by the 
quasi systematic improvement of the photovoltaic parameters 
when the grain size is increased through the usage of fl uxing 
agents (Section 2.5). In 2013, Xu et al. [ 108 ]  calculated the energy 
levels of defects potentially present at the (112) surface of 
CZTSSe: They found that the cluster (Cu Zn +Cu Sn ) is located 
very close to the midgap in stoichiometric material and may 
thereby be harmful; they conclude that Cu-poor growth con-
ditions are preferred. Nevertheless, as this superfi cial cluster 
defect involves the omnipresent Cu Zn  defect, we anticipate 
that Cu/Zn (dis)ordering might play a role in its density and 
recombination activity. Furthermore, more recent calculations 
of defects at the Σ3 (114) grain boundary of CZTSe have indi-
cated that Cu–Sn and Se–Se wrong bonds could generate three 
energy levels located within the bandgap and thus act as effec-
tive SRH recombination centers. [ 104,109 ]  This further suggests 
that the grain boundaries of kesterite are likely to be rather 
electrically active, and as such deserve some additional specifi c 
studies. 

 Finally, further progress in CZTSSe could be inspired from 
methods used in parent thin-fi lm CIGSe and CdTe technolo-
gies such as bandgap grading, and conduction band offset opti-
mization using alternative buffers both at the front and back 
interfaces.   

  7.     Experimental section 
 CZTS layers were deposited on Mo glass substrates by non-pyrolytic 
spraying inside a N 2  glove box, using an additive-free water-ethanol 
(90–10%vol) based ink of a Cu–Zn–Sn sulfi de (no Se) colloid with ≈10 
nm primary particles size. This ink is obtained at room temperature 
by instantaneous precipitation reaction between two solutions (one of 
NaHS dissolved in de-ionized water and the other of Cu, Zn and Sn 
metal chloride salt precursors dissolved in acetonitrile) followed by 
some washing steps and formulation in water/ethanol. The experimental 

details regarding the colloid synthesis, the ink preparation and the spray 
deposition technique can be found elsewhere. [ 42 ]  The NaHS solution 
was in excess of 20 to 40% molar with respect to the total metal 
stoichiometry. The Cu/Zn/Sn cation ratio in the metal precursors was 
off-stoichiometric. 

 Our standard CZTSSe fi lms were used for photovoltaic devices, lift-off 
fi lms and CL characterization. For that, pure sulfi de CZTS colloids with 
Cu/Zn/Sn cation content of 1.7/1.1/1 (equivalent to 45.25/28.5/26.25 
at%) were spray-deposited and then annealed using a two-step 
annealing: A fi rst annealing step in an inert (N 2 ) atmosphere allowed 
the growth of the precursor particles from nanometer up to micrometer 
size. The second annealing step in the Se vapor-containing atmosphere 
allowed both the incorporation of Se (partially replacing the S) and the 
curing of the secondary phases present after the fi rst annealing step. [ 43 ]  
The cooling applied at the end of the selenization step of our standard 
process (PD samples) was not close-loop controlled: The samples 
cooled naturally from 550 °C to 130 °C within 2 hours typically, and from 
130 °C to 40 °C in 5 to 6 hours. For slow-cooled samples (PO type), a 
linear slope of 10 °C h −1  was controlled between 350 °C down to 20 °C 
within 30 hrs. 

 For XRD analysis (Figure  11 ), additional CZTSSe/Mo/glass fi lms 
with variable anionic ratio x = S/(S+Se) from 0 to 1 used a slightly 
different Cu/Zn/Sn metal precursor ratio of 1.9/1.2/1 (equivalent to 
46.25/29.0/24.75 at%). The pure sulfi de sample (x = 100%) was made 
from a sprayed fi lm annealed under pure Nitrogen, followed by H 2 S 
annealing. [ 42 ]  The pure selenide sample (x = 0%) was made by annealing 
in two steps (N 2  then Se) a fi lm sprayed from pure Se colloidal ink, while 
the others (x≈40, 65 and 80%) were made from mixed S/Se precursors 
in colloidal aqueous inks; the synthesis of which has been detailed 
elsewhere. [ 101 ]  

 Our photovoltaic devices are of “substrate” type: ITO/ZnO/CdS/
CZTSSe/Mo/glass. The CdS, ZnO, and transparent conductive oxide 
layer (Indium Tin-doped Oxide, ITO) had thicknesses of 50 nm, 60 nm 
and 400 nm, respectively. Each substrate was 25 × 25 mm 2 , on which 
16 cells of 5 × 5 mm 2  surface area each were defi ned by mechanical 
scribing. A fi nger grid of Ni (50 nm) and Al (1 µm) was deposited by 
e-beam evaporation through a dedicated mask atop the ITO layer in 
order to ensure a good current collection. These steps are detailed 
elsewhere. [ 42,43 ]  

 Lift-off CZTSSe fi lms used for optical measurements were fabricated 
by gluing standard CZTSSe/Mo/glass samples to fl at quartz plates, 
followed by the application of a fast mechanical force so as to cleave the 
CZTSSe/quartz part from the Mo/glass substrate. The CZTSSe lift-off 
fi lms remained glued to the transparent quartz substrate by the top 
surface, leaving the CZTSSe back surface exposed. 

 Transmittance T and refl ectance R spectra in the 250–2500 nm 
wavelength range were recorded on the CZTSSe/glass lift-off samples 
with a UV–Vis–NIR spectrophotometer (Perkin Elmer Lambda 950) 
equipped with an integrating sphere (diameter 150 mm) using a photo-
multiplicator (250–860 nm) and InGaAs detector (860–2500 nm). 
The wavelength was calibrated with a deuterium lamp. The CZTSSe 
layer faced the light source under an incidence of 0 or 8° for T and R 
measurement, respectively. Knowing the CZTSSe fi lm thickness e, 
as measured from SEM cross section (averaged on a few points) and 
neglecting the role of the glass template (which was checked transparent 
in the relevant wavelength range), the absorption coeffi cient α was 
derived from R and T using α = (−1/e)Ln(f(R,T), as detailed in Vargas 
2003. [ 110 ]  FE-SEM (Field-Emission Scanning Electron Microscopy) 
images were acquired with a Hitachi S-4700 apparatus, to which an EDX 
(Energy-Dispersive X-ray microanalysis) Noran System SIX was coupled. 
Transmission Electron Microscopy (TEM) analysis was carried out with 
a JEOL 2100F FEG-200 kV microscope, having a Scanning TEM (STEM) 
accessory, and an integrated JEOL JED-2300T EDX analyzer. Thin slices 
were prepared by Focused Ion Beam (FIB). No forced cooling was used 
during EDX-STEM measurement, but we consider that local heating 
has negligible impact on S/Se interdiffusion or elemental loss because 
of the scanning mode used. We double checked that the S/Se element 
distribution from grain-to-grain was also observed on EDX-STEM 
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images with lower magnifi cation. XRD (X-ray Diffraction) was measured 
with a Brüker D8 Advanced diffractometer using Cu Kα radiation and 
grazing incidence, typically at 1° and 3°. Current–voltage (I–V) curves 
were recorded with a Keithley 2601 Source Measurement Unit and an 
AAA-class solar simulator (Oriel Sol3A, from Newport). The external 
quantum effi ciency (EQE) was measured from 400 to 1400 nm with an 
in-house setup using chopped monochromatic light, lock-in detection, 
and no white light bias. The internal Quantum effi ciency IQE was 
calculated as IQE = EQE/(1–R), where R is the refl ectance of a complete 
device. C–V measurements at room temperature were carried out with 
an E4980A LCR meter operating in capacitance-conductance (CPG) 
mode in the frequency range from 100 Hz to 1 MHz. During the whole 
measurement, the solar cells were kept in the dark; the DC bias was 
varied from −0.6 V to +0.6 V with an AC voltage of 30 mV. We derived 
the capacitance (C) by applying an equivalent circuit model comprising a 
capacitor in parallel with a resistor as proposed by Scofi eld et al. [ 111 ]  This 
allowed us to extract the charge carrier density,  N  CV , versus the distance 
to the front interface,  x , at a given frequency, following the formalism 
proposed by Miller et al. [ 112 ]  From the typical U-shape of those N CV (x) 
curves (where x is the so-called “distance to the junction”) we have 
extracted the values of the minimum in the plateau as the representative 
value for the charge carrier density N CV . Finally, cathodo-luminescence 
spectra were measured on CZTSSe/Mo/glass substrates under normal 
e-beam incidence in a FE-SEM (FEI Inspect F50), using an acceleration 
voltage of 20 kV and an e-beam current of 3.6 nA. The emitted light 
was collected via a half-parabolic mirror, a spectrometer Horiba iHR550 
(0.5 mm entrance slit) with a 150 l/mm IR grating (centered at 1200 
nm) and an InGaAs array detector (Andor Technology). Quantitative 
and comparable data are based on i) maximum signal achieved after 
adjustment of the geometrical settings at each measurement point, ii) 
signal averaged on a 10 × 10 µm sample area.  
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