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a Universitat Politècnica de Catalunya (UPC), Photovoltaic Lab – Micro and Nano Technologies Group (MNT), Electronic Engineering Department, EEBE, Av Eduard 
Maristany 10-14, Barcelona, 08019, Catalonia, Spain 
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A B S T R A C T   

The Kesterite solar cells research landscape is at a crossroad and despite a much improved understanding of the 
limitations of this class of materials, the current performance deficit contrasts with the several other thin film 
technologies reaching conversion efficiency values well above 20%. It is more important than ever for the 
Kesterite community to collaborate directly or indirectly and data sharing is an essential building block in that 
regard. This work proposes a detailed set of modelling baselines and parameters, based on a consistent set of 
properties obtained with experimental devices made by our group. These parameters permit to accurately 
reproduce all photovoltaic figures of merits of reference experimental Kesterite cells with a relative accuracy of 
1% or less. As a case study, and using optical modelling based on the transfer matrix method in complement, the 
potential of Kesterite materials in tandem devices with either a Perovskite or a Crystalline Silicon partner is 
evaluated. It is found that a moderate improvement of pure selenium CZTSe, feasible in the short to middle term, 
would realistically permit to use this material as bottom subcell in tandem with a Perovskite top cell and obtain 
efficiencies reaching the 30% threshold. On the other hand, using a Kesterite absorber in a top subcell with a 
silicon bottom subcell appears as particularly ambitious even when considering several important optimizations 
to the material, and it is believed that only an important breakthrough would render this material viable for such 
application. The complete set of material parameters, optical indices and modelling files are shared for the 
Kesterite community to use and build improve upon.   

1. Introduction 

Kesterite solar cells have graduated from the status of emerging 
chalcogenide material in the landscape of thin film photovoltaics (PV), 
with close to two decades of a research effort by the community. Yet, and 
despite a substantial effort in the last ten years, the technology has 
struggled to overcome its performance deficit as compared to other more 
mature materials such as CIG(S,Se) or CdTe, in a large part due to a 
bottleneck in open-circuit voltage (Voc) which origin has remained 

highly debatable until recently. The Kesterite family of materials holds 
nevertheless several assets critical for a future-proof solar cell absorber, 
above all the absence of critical raw or toxic constituents, while 
combining the advantages of inorganic thin films such as stability, 
bandgap tunability, lightweightness, and mechanical flexibility, all of 
which are strong points in the perspective of emerging PV applications 
(building integrated PV, Internet of Things etc.). 

In the meantime, the understanding of the Voc deficit in Kesterite- 
based solar cells has recently progressed thanks to breakthroughs in 
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materials modelling [1,2] and this limitation was ascribed in large part 
to the existence of native point defects such as, for example, SnZn in 
CZTSe. Following these advances, recent experimental results [3–6] 
with new record values suggest that we could be entering a new, higher 
performance era for Kesterite. In the meantime, crystalline silicon (c-Si) 
devices have become nearly ubiquitous in the landscape of standard PV 
production owing the numerous advantages of silicon, and the next step 
for the PV industry lies in affordable devices with efficiencies beyond the 
detailed balance limit of single junction, that is ≳30%. Tandem archi-
tectures are currently the only concept with experimentally proven 
performance exceeding that threshold, and the rise of Perovskite 
throughout the last decade has allowed for Perovskite/c-Si tandems to 
recently reach such landmark value [7]. In the meantime, both CIGSe 
and CdTe have achieved efficiencies well above 20% [8,9] and represent 
credible alternatives as bottom cell and top cell respectively. In that 
context, it is crucial for Kesterite to catch up in terms of performance 
within this decade, and very encouraging results for Per-
ovskite/Kesterite tandems were recently obtained [10]. 

The modelling of complete devices is instrumental in both predicting 
the outcome of a specific optimization, and in the interpretation of 
experimental results. However, the often simple models used to inves-
tigate a specific aspect of the device usually lead to qualitative rather 
than quantitative results, and achieving a semblance of quantitative 
assessment remains challenging in the absence of an exhaustive repre-
sentation of the device. Furthermore, as finding materials properties can 
be challenging for research groups without access to performant devices, 
it is often necessary to rely on educated guesswork or on various and 
possibly inconsistent sources coming from the characterization of ma-
terials with different deposition processes, which can in return affect the 
conclusions even at a qualitative level; the prime example being how 
bandgap grading and back surface field have been for long hailed as a 
critical strategy in Kesterite based on modelling work, while the 
experimental results are yet to deliver any significant advancement 
beyond the state of the art. A recently published study [11] illustrates 
the necessity of curated data when modelling thin film solar cells. This 
paper claims the feasibility of Perovskite/Kesterite tandem devices with 
efficiencies well beyond 30%. However, and despite relying on simu-
lations made using a program with advanced functionalities such as 
COMSOL, the set of baseline data does not represent the reality of state 
of the art devices nor their possible future optimization, resulting in 
unrealistic results, with for instance a Kesterite cell performing higher 
than the Perovskite cell under AM 1.5 illumination (24.76% vs 22.85% 
respectively, with a surprising and likely unattainable 87% Fill Factor 
for the Kesterite cell). Similarly, another study recently published on a 
similar topic [12] reports highly unrealistic calculated figures of merit 
due to the lack of a solid reference. Rather than focusing on advanced 
modelling tools, our work argues for the necessity of a realistic and 
consistent set of baseline parameters using simpler modelling tools, for 
both accurate quantitative modelling and realistic qualitative observa-
tions. Using the widely known SCAPS program [13], our work proposes 
baselines for Kesterite-based solar cells, made readily available to the 
community, using a consistent set of data characterized on our cham-
pion devices for both narrow bandgap Kesterite (pure Se-CZTSe) and 
wide bandgap Kesterite (pure S-CZTS) [14,15]. The quantitivity of the 
baselines is assessed against experimental results, displaying a high 
degree of realism. Establishing such baseline is arguably the main 
objective of this work, not unlike what was previously done for CIGSe 
and CdTe by Gloeckler et al. in Ref. [16]. A case study relevant to the 
Kesterite community on the potential of these materials for tandem 
devices, both as top subcell (with c-Si bottom cell) and bottom subcell 
(with Perovskite top cell), is carried out, using a transfer matrix method 
approach to model the optical part which is decoupled from the elec-
trical modelling by SCAPS. Interestingly, it is found that a moderate 
increase of the efficiency of CZTSe solar cell up to 15–16% (AM 1.5), 
primarily achieved by reducing the bulk defect density (SnZn and [SnZn 
+ CuZn] for CZTSe and CZTS respectively), would render this material 

viable as bottom cell assuming a Perovskite top cell performing in the 
21–22% ballpark with a total tandem efficiency approaching or equaling 
the detailed balance limit of a single junction. On the other hand, using a 
wide bandgap Kesterite absorber in a top subcell combined with a state 
of the art c-Si bottom subcell appears extremely challenging, as even a 
full set of optimizations leads to performance barely reaching that of 
usual high performing single junction cells such as CIGSe, CdTe or c-Si. It 
is therefore obvious that wide bandgap Kesterite needs a significant 
breakthrough not accounted here to become viable in the tandem PV 
landscape, while the narrow bandgap Kesterite counterpart appears to 
have a more streamlined pathway to become a relevant solution as 
bottom subcell. 

The conclusions obtained on tandem devices set realistic expecta-
tions for the community working on applying Kesterite materials in 
tandem devices, and offer quantitative insights in Kesterite-based solar 
cells as a whole by evaluating the potential performance improvements 
of some of the leading research pathways. Beyond those important re-
sults, the goal of this work is to offer a common framework for the 
Kesterite community to build upon when using numerical modelling to 
evaluate solar cells, and particularly for groups with a limited capacity 
to produce or characterize experimental samples. By offering a consis-
tent set of parameters and sharing all data and readily useable “.scaps” 
files as supplementary information, we hope to contribute improving the 
quality of future works of the community when using modelling, and 
hopefully encouraging a more systematic data sharing and peer assess-
ment in the field of Kesterite solar cells research. 

2. Materials and methods 

This study aims at modelling in a quantitative manner Kesterite solar 
cells, and proposes the case study of tandem architecture with either a 
Perovskite cell (Kesterite bottom cell) or a c-Si cell (Kesterite top cell). In 
both cases, SCAPS 3.308 is used to model the electrical part [13], while 
the optical part is modelled using the transfer matrix approach with an 
in-lab developed custom code, similar to what is described in Ref. [17]. 
In each case, a four terminal architecture (4T) is considered, though a 
similar study could be carried out for a 2T design using a similar 
framework. A particular emphasis is made on sharing all data used in 
this work including both optical and electronic parameters. The set of 
optical data includes all optical indices used for the modelling of the 
devices’ optical transmissivity, reflectivity and specific layer absorption. 
The community is encouraged to use the consistent set of data (EG, hole 
concentration, electron affinity, thickness, …) embedded within the “. 
scaps” files in the supplementary information as a baseline for device 
modelling. Nevertheless, it is essential to assess the value and limitations 
of those data by possibly using them and hopefully improving upon 
those. 

2.1. Perovskite/Kesterite tandem 

When CZTSe Kesterite is in a bottom cell configuration, the optical 
transmission of a realistic Perovskite solar cell stack on transparent 
substrate and calculated by the transfer matrix method is input as optical 
filter in SCAPS. FAPbI3 is used as absorber for the Perovskite top cell, 
and the material stack considered is similar to that reported in Ref. [18]: 
SLG/ITO/TiO2/FAPbI3/Spiro-OMeTAD/ITO. The thicknesses for each 
layer can be found in the supplementary information to this work Fig. S 
1. The complex optical indices of all films constituting the Perovskite top 
cell are extracted from the following references [19–21]. 

The bottom CZTSe Kesterite cell is electrically modelled after the 
champion device reported by our group in Ref. [14], allowing for a 
consistent set of material (example: carrier concentration, mobility) and 
device (example: front reflectivity) parameters characterized on solar 
cells produced with a single, well-controlled process, which we believe 
is a key point in obtaining a realistic baseline. Nevertheless, the bulk 
defects’ type and concentration remains challenging to experimentally 
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determine in a complex material such as Kesterite, and conflicting re-
ports exist in that regard [2,22,23]. However, the recent work by Kim 
et al. [2] based on first principle calculation has offered a novel insight 
in the existence of defects limiting the performance of Kesterite devices. 
Importantly, the nature and main characteristics of the SnZn point defect 
was established. In this work, we thus consider the presence of a (2+/+) 
point defect with a 0.5 eV transition energy and a capture cross section 
σ = 9.3× 10− 14cm2, corresponding to the values reported in the sup-
plementary information of [2]. As the defect density depends on various 
external parameters such as the experimental conditions, this value was 
manually adjusted to a value n = 8e14.cm− 3 for which all four figures of 
merit (Voc, Jsc, FF and efficiency) match those of our experimental cell 
under AM 1.5 illumination. It should be emphasized that the bulk defect 
density was the only relevant parameter being adjusted here, and having 
the four performance indicator simultaneously matched is a strong 
indication of the reliability of the model. Using this mimicry as a base-
line, the device’s performance in tandem conditions is evaluated, and 
various possible and realistic improvements are investigated. In each 
case, those are justified by an existing research line within the Kesterite 
community. 

The electrical modelling of the Perovskite top cell is beyond the 
scope of this work, as the focus in on optimizing Kesterite specifically. In 
tandem configuration, the Kesterite performance is assessed and a target 
efficiency for the Perovskite top cell is given for the complete device to 
overcome the 30% efficiency threshold. This value is arbitrarily chosen 
as being close to the detailed balance limit of a single junction. 

2.2. Kesterite/c-Si tandem 

The modelling of the wide bandgap Kesterite top cell, in combination 
with a c-Si bottom cell, follows a similar approach although in this case, 
a state-of-the-art c-Si bottom cell is also electrically modelled. The 
simulation of the c-Si cell is made using the baseline device provided by 
default in SCAPS, with some minor modifications made based on the 
experience of our group with c-Si cells. With a calculated AM 1.5 effi-
ciency of 22.9%, this cell is intended to be a realistic representation of a 
typical high efficiency c-Si photoconverter. 

The Kesterite top cell is electrically modelled based on our sulfur- 
CZTS champion device fabricated on transparent SnO2:F (FTO) sub-
strate and reported in Ref. [15], using a consistent set of material pa-
rameters. Bulk defects’ parameters are again extracted from the 
supplementary information found in Ref. [2], with a (0/+) point defect 
having a 0.9 eV transition energy and a capture cross section σ = 1.5×
10− 13 cm2 corresponding to the [SnZn-CuZn] cluster point defect. Addi-
tionally, interface defects are added following the recent work described 
in Ref. [24], and are found preponderant in this work. To assess the 
tandem efficiency, the wide Eg Kesterite top cell is optically modelled 
and the resulting transmission is used as input to determine the per-
formance of the c-Si bottom cell in tandem condition. It should be noted 
that unlike our experimental reference, where an ultrathin layer (≈
20 nm) of MoS2 was used between the Kesterite and the FTO back con-
tact, we consider an MoO3 interlayer (= 20 nm) in the optical modelling 
as our recent results suggest that it is much more suited for transparency 
purpose [25]; from an optical viewpoint, the Kesterite top cell can thus 
be considered well-optimized. Contrary to the previous case of a Per-
ovskite/Kesterite, the total tandem efficiency is here calculated as both 
top and bottom cell are electrically modelled in SCAPS. 

3. Results and discussion 

3.1. CZTSe as bottom subcell 

3.1.1. Setting the baseline 
In this part of our work, we consider the feasibility of a tandem solar 

cell between a state-of-the-art Perovskite top cell and a pure Se, CZTSe 

solar cell with a bandgap of 1.04 eV. The top cell is optically modelled 
and the resulting optical transmission is used as an input for the optical 
and electrical modelling of the bottom CZTSe subcell. As described in 
the methodology part of this work, the quantitative modelling of Kes-
terite devices is the primary focus of this work, and we propose to use a 
target efficiency for the Perovskite cell, with the aim for the tandem 
device to overcome the single junction detailed balance limit of ∼ 30%: 
ηtop

Pero = 30 − ηbottom
CZTSe . 

Efficiencies of 25% can obtained with a Perovskite FAPbI3 absorber 
of optical bandgap Eg = 1.5 eV [18]. In this work, the optical index of 
FAPbI3 used for optical modelling was extracted from Ref. [19], and the 
bandgap was estimated from calculated transmission curves to be Eg =

1.56 eV. While this value can already be considered wide enough to be 
used as top cell in a tandem architecture, wider bandgaps have been 
reported for this class of materials while retaining high efficiencies 
[26–29], with values up to 1.68 eV. We calculate in Fig. 1 the total op-
tical transmission of the two possible perovskite solar cells configura-
tions. The complete optical profile (reflectivity and layer specific 
absorption) can be found in the Supplementary Information Fig. S 2. As 
expected, an important number of photons can be gained using a 1.68 eV 
absorber, and the integration of the difference in optical transmission 
shows that a maximum value of 2.1 mA cm− 2 can be gained by the 
bottom cell, which represents about 10% in relative efficiency gain in 
tandem conditions. While the top cell’s performance ought to be opti-
mized first and foremost in a tandem device, there is a significant upside 
in widening the Perovskite bandgap as long as performance can be 
preserved. 

Using a consistent set of experimental parameters is critical to 
quantitatively assess the potential of Kesterite cells in a tandem device. 
The modelling requires a baseline model which accurately reproduces a 
state-of-the-art experimental solar cell under AM 1.5 illumination con-
dition. Hence, most of the materials parameters were experimentally 
determined on the champion cell produced by sputtering and reactive 
thermal annealing at our laboratory described in Ref. [14], ensuring a 
near perfect consistency. The bulk defect profile, which is known to be 
the main performance limitation for this class of absorber, remains 
however challenging to unequivocally assess. As mentioned previously, 
the SnZn defects properties reported in the supplementary information of 
[2] are used to parametrize Shockley-Read-Hall (SRH) recombination in 

Fig. 1. Calculated optical transmissions of the following solar cell stack: SLG/ 
ITO/TiO2/FAPbI3/Spiro-OMeTAD/ITO. The Perovskite bandgaps are 1.56eV 
(red line) and 1.68eV (blue line). The dotted line represents the maximum gain 
in current for the bottom cell calculated by integrating the difference between 
both transmissions. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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the bulk of the material. The reader might verify that the capture 
cross-sections of SnZn are the main factor limiting the Voc of Kesterite 
solar cells, even at low concentrations. By adjusting the defect density to 
8E14 cm− 3, we are able to model a quantitative numerical mimicry of 
our champion cell with a remarkable accuracy, as illustrated Fig. 2. 
Indeed, a difference of less than 1% is obtained for each figure of merit 
such simultaneous level of agreement on all four PV parameters re-
inforces our confidence in the quantativity and reliability of the model. 
Therefore, we believe this baseline to be realistic enough to properly 
assess the potential of Kesterite absorbers in a tandem device, along with 
several experimentally realistic optimizations to help push the conver-
sion efficiency beyond the single junction detailed balance limit. In the 
following, the 30% tandem efficiency threshold will be used as point of 
reference. The efficiency of the Kesterite bottom cell in tandem condi-
tion will be calculated, from which an efficiency target for the top 
Perovskite cell will be determined. 

3.1.2. Tandem performance and incremental optimizations 
When using the Perovskite top cell’s transmission as optical input in 

combination to the aforementioned Kesterite baseline, the resulting 
bottom cell PV parameters in tandem conditions are calculated (Table 1) 
and the CZTSe efficiency is 4.1% and 5.6% for the 1.56 eV and the 1.68 
eV Perovskite bandgaps respectively, which corresponds to a top cell 
efficiency target of 25.9% and 24.4% if one aims at a tandem over-
coming the single junction detailed balance limit. While those values for 
the top cells appear within the realm of possible for an excellent 
Perovskite cell, the necessity to fabricate the top cell on a transparent 
substrate along with the target of a larger Perovskite bandgap renders 
efficiencies around 25% overly ambitious, and the Kesterite bottom cell 
ought to be improved. 

As mentioned before, SnZn has been identified as the main perfor-
mance bottleneck in Kesterite-based solar cells, and it was calculated 
that 3.2 × 1014cm− 3 was the minimum achievable defect density in 
optimal growth conditions. [2]. Several strategies are currently being 
considered to address this limitation, among which small atom transient 
doping (H) is one of the most promising currently experimentally pur-
sued by our group [4], and could theoretically lower the minimum 
achievable defect density. The first possible optimization to the CZTSe 
bottom consists in a lowering by one order of magnitude (OM) of the 
bulk defect density from n = 8e14.cm− 3 down to n = 8e13.cm− 3, as 
shown Table 1. While a 1 mA cm− 2 improvement in Jsc is obtained, the 

most remarkable improvements are seen in the Voc and Fill Factor, 
which confirm that addressing the issue of SnZn would solve in large part 
the Voc deficit plaguing this technology. The resulting efficiency in 
subcell tandem conditions is improved by 2 points (absolute) and rea-
ches 7.6% (14.4% in AM 1.5 conditions); this lowers the threshold ef-
ficiency for a 30% tandem to 22.4% for the Perovskite subcell, a value 
challenging on transparent substrate but well within reach of the 
ever-growing Perovskite community. The passivation of interface de-
fects by one OM does not markedly improve performance, an expected 
result as the spike band offset between CdS and CZTSe permits to alle-
viate the influence of interface defects. Finally, as the reduction in bulk 
defect density leads to an increase of the carrier diffusion length, it be-
comes relevant to address the issue of back interface recombination, 
even more so as in subcell tandem configuration, most photons are red 
and infrared with a larger absorption depth. The addition of a linear, 
500 nm back surface field (BSF), which was experimentally reported by 
our group through a composition grading in Germanium [30], yields a 
real yet limited subcell efficiency improvement up to 8.1%, corre-
sponding to a 21.9% efficiency target for the Perovskite top cell if aiming 
for a 30% tandem. It should be stressed that the conversion efficiency of 
the CZTSe cell under AM1.5 illumination would be, in this configura-
tion, 15.4%. A value below most of the claimed short term objectives for 
this technology, and only 1.8 points above the current and recently 
improved state of the art [3,5]. However, our model also reveals that 
without first addressing the issue of carrier diffusion length by reducing 
the bulk defect density, a back grading/BSF has very little use as carriers 
do not diffuse that deep in the absorber; this specific observation ex-
plains why bandgap grading strategies have failed so far to deliver 
performance enhancements beyond the state of the art in Kesterite de-
vices, despite past modelling reports pointing such strategy as essential 
[31,32]. For comparison purpose, we also propose the case of perfectly 
selective front and back contacts, using adjusted work functions for both 
electrodes. No improvement is observed compared to the previous case, 
which indicates that contacts are not a limitation and that even by 
reducing the bulk defect density by one OM, SnZn remains the main 

Fig. 2. J–V curve comparison between the reference experimental CZTSe cell 
(red line) and its model mimicry (black line). The corresponding PV figures of 
merit are shown in the table. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Photovoltaic parameters calculated for the CZTSe bottom cell in tandem con-
ditions, starting for the baseline and following the various optimizations 
described in the text. The AM 1.5 efficiency of the CZTSe cell is also shown, 
along with a target efficiency of the Perovskite top cell for the complete tandem 
device to reach a 30% efficiency threshold.  

Condition VOC 

(V) 
JSC(mA. 
cm− 2) 

FF 
(%) 

Subcell 
Eff (%) 

AM 
1.5 Eff 
(%) 

Eff. 
Perovskite 
for 30% 
tandem (%) 

#1–2 
Baseline 
1.56 eV 
Perovskite 

0.433 14.76 64.8 4.1 11.07 25.9 

#1–3 
Baseline 
1.68 eV 
Perovskite 

0.444 19.19 65.3 5.6 11.07 24.4 

#1–4 Bulk 
defects 
red. 1.68 
eV top cell 

0.512 20.18 73.3 7.6 14.4 22.4 

#1–5 IF 
defects 
red. 1.68 
eV top cell 

0.518 20.24 73.4 7.7 14.7 22.3 

#1–6 BSF 
500 nm 
1.68 eV top 
cell 

0.530 20.84 73.8 8.1 15.4 21.9 

#1–7 Selec. 
contacts 
1.68 eV top 
cell 

0.530 20.89 73.8 8.2 16.2 21.8  
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performance bottleneck. The reader is invited to verify that statement if 
deemed necessary using the set of data shared in the supplementary 
information of this work. 

3.1.3. Discussion on recombination 
The SRH recombination depth profiles in CZTSe are shown Fig. 3, 

with each of the n-th aforementioned incremental optimizations (solid 
line) being represented against its n-1 counterpart (dashed line), starting 
from the baseline CZTSe bottom cell in tandem with a 1.56 eV Perovskite 
top cell. In each case, the maximum point voltage was chosen (Vmpp). As 
expected, reducing the bulk defect density markedly reduces SRH 
recombination throughout the entire absorber thickness (Fig. 3b), 
leading to a remarkable improvement in the Voc (68 mV) and a 1 mA 
cm− 2 improvement in Jsc, while no appreciable change is observed when 
the same is done with interface defects (Fig. 3c). In presence of a back 
surface field, SRH recombination toward the back interface is markedly 
reduced, an observation consistent with the increase in Jsc (tandem). It 
should be noted that reducing bulk defects remarkably improves carrier 
collection under positive bias as illustrated by the jump in FF from 
65.3% to 73.3%, as positive external bias reduces the space charge re-
gion and a large diffusion length is critical to collect photocarriers. On 
the other hand, it is trivial to understand why the presence of a BSF does 
not modify the FF. While not shown here, it should be noted that as 
mentioned earlier, the BSF-related improvements only exist for an 
absorber with reduced defect density, as carriers are able to diffuse to-
ward the back interface. The readers may verify by themselves, using the 

“.scaps” files shared in supplementary materials, that the BSF effec-
tiveness improves as bulk defect density is reduced. This point is also 
illustrated Fig. S 3 with a simple example. This is in our opinion the main 
reason why experimental bandgap grading strategies in CZTSe have so 
far failed to reproduce the success obtained in CIGSe solar cells: it is first 
and foremost necessary to significantly enhance the carrier diffusion 
length in CZTSe. In conclusion, it thus appears that the presence of bulk 
defects is the main bottleneck for CZTSe solar cells. When those are 
reduced by one order of magnitude and a back surface field is used, the 
comparatively narrow bandgap of CZTSe allows to reach more than 8% 
in tandem condition with a Perovskite top cell. For the sake of reference, 
the CZTSe solar cell efficiency under AM 1.5 illumination would be, in 
these optimized conditions, 15.4%. We believe such value to be ambi-
tious yet realistic as the current record conversion efficiency recently 
passed the 13% threshold [3,5,33]. Additionally, the values reported 
here are very consistent with those recently obtained experimentally on 
a Perovskite/Kesterite tandem in Ref. [10]. This positions Kesterite ab-
sorbers as a promising alternative for bottom cell application free of 
critical raw materials in tandem devices, with the realistic perspective of 
performance beyond 30% efficiency. 

3.2. CZTS/CZGTS as top subcell 

We discuss here the feasibility of a tandem device combining a 
Kesterite top cell with a state-of-the-art crystalline Silicon bottom cell. 
While such device would forego some of the advantages of working with 
thin films such as lightweightness and mechanical flexibility, it would 
also avoid several issues related to the use of Perovskite such as stability 
and the use of lead, while taking advantage of the reliability and high 
performance of silicon as bottom subcell. The approach followed is in 
large part similar to that from the previous part of this work, although in 
this case, optimization to the performance for the top cell are investi-
gated while the bottom c-Si cell is considered as a fixed entity. The 
modelled optical transmission of the top Kesterite subcell is used as an 
input to evaluate the performance of the c-Si bottom cell in tandem 
conditions. 

3.2.1. Setting the baseline 
Two top cell absorbers are considered: a pure sulfur, CZTS absorber 

(Eg ≈ 1.6 eV) similar to that from Ref. [15], and a pure sulfur CZGTS 
absorber incorporating germanium with a ratio Ge

(Sn+Ge) = 0.4 
(Eg ≈ 1.7 eV). Note that despite the commonly reported EG of 1.5 eV, 
different stoichiometry can be used to tune the band gap of CZTS [34]. 
The corresponding transmission curves along with the maximum current 
gain for the bottom cell are shown Fig. 4. Using a wider bandgap ma-
terial appears critical once again as long as the top cell performance can 
be preserved, with a maximum gain of nearly 2.6 mA cm− 2 in current for 
the bottom Si cell. In the following, only the case of CZGTS will be 
discussed as optical filter. As compared to the previously discussed 
Perovskite top cell, the transmission value remains in the 0.6-0.8 range 
with important interference fringes (perfectly specular interfaces are 
considered here). It is worth noting that the modelled top cell includes a 
115 nm MgF2 anti reflective coating (ARC). This ARC is optimized to 
minimize the reflectivity over the absorption range of the Kesterite top 
cell, and therefore results in the slight increase of reflectivity below to 
Kesterite bandgap as compared to a similar structure without ARC. 
While transmission is marginally improved without ARC, this does not 
result in a significantly different current for the Si bottom cell, as the 
transmission decrease occurs close to the 1.12 eV bandgap of silicon. The 
influence of a top cell ARC is illustrated in the supplementary infor-
mation of this work, and particularly in Fig. S 5 where the EQEs of the 
bottom c-Si cell in tandem conditions are shown for the case of an ARC 
and without ARC on the top Kesterite cell, along with the corresponding 
PV parameters of the bottom cell. In each case, the conversion efficiency 
of the bottom c-Si cell is 8%, which will be taken as a fixed parameter 

Fig. 3. SRH recombination depth profiles corresponding to the various CZTSe 
configurations described in the text. In each case, the n+1 configuration in 
represented in solid line against the n-th configuration represented in 
dashed line. 
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when calculating the total tandem efficiency in the following section. 
We now focus on establishing a baseline for the Kesterite top cell, 

aiming first at reproducing one of the champion devices developed at 
our laboratory for pure S Kesterite CZTS [15] developed on transparent 
FTO substrate (a critical aspect here as the cell is intended for tandem 
application). Following a similar approach as previously described, and 
adding interface defects as described in Ref. [24], a baseline is obtained 
and compared to our experimental reference, as illustrated Fig. 5. The 
discrepancy between model and experiments is once again low enough 
on all four main figures of merit for the model to be labelled as quan-
titative, with a calculated 7.8% conversion efficiency under AM 1.5 
illumination. It should nevertheless be stressed that less data were 
experimentally determined in that case for the experimental reference 
CZTS as compared to CZTSe; using the shared “.scaps” file in supple-
mentary information, the reader may possibly find minor 

inconsistencies between parameters, though we have not ourselves and 
do not expect that the final result should be changed in a significant way. 

3.2.2. Tandem performance and incremental optimizations 
Starting from this 7.8% efficient baseline model, the total tandem 

efficiency in combination with a c-Si bottom cell is calculated to be 
15.9%, as shown Table 2. It should however be stressed that the trans-
mission values calculated for the Kesterite top cell assume a transparent 
MoO3 interlayer at the back interface even though a less transparent 
MoS2 interlayer was likely formed in the reference cell from Ref. [15]. 
Transparent transition metal oxides as hole transport layers are an active 
field of study in the community of chalcogenide cells and we recently 
reported on the necessity to use those rather than Mo(S,Se)2 for tandem 
application [17], and we thus assumed an optically optimum configu-
ration for the Kesterite top cell here. The complex optical indices of both 
MoO3 and MoS2 are shared in the supplementary information of this 
work for the interested reader to make the calculation replacing the first 
by the second. 

Incremental optimizations to the Kesterite CZTS top cell are pre-
sented in Table 2. Contrarily to case of Se-Kesterite, where the perfor-
mance bottleneck is ascribed to bulk defects in the literature and 
confirmed by the first part of this work, wide bandgap Kesterite are often 
limited at the CZTS/CdS interface as recently reported in the work of Li 
et al. [24]. The authors suggest acceptor–like interface defects, band 
misalignment and improper surface doping profile as the main factors 
hampering conversion efficiency. This work will discuss the first two 
aspects, while the third one is addressed by combining experiments and 
modelling in an upcoming study to be released shortly following this 
one, and of which a pre-version is available [35]. Optimizing the band 
alignment by substituting Cd with Zn is a straightforward approach to 
reduce the electron affinity of the buffer layer and match the bands of 
the p and n region at χ = 4.0 eV. This permits to remarkably increase the 
VOC from 0.68 V to 0.88 V (with modest increases in current and FF as 
well), resulting in single cell efficiency of 10.8% and a total tandem 
efficiency of 18.8%. Reducing the interface defect density by 1 OM, 
following for example a process similar to that reported by our group in 
Ref. [36], results in a further increase of the efficiency by an absolute 0.5 
point; however, the reader may verify on their own that reducing 
interface defects alone without improving the interface band matching 
does lead to a more significant relative improvement as compared to the 
baseline (η = 9.22%). This observation confirms that both approaches 
address a similar limitation of the device [24] which was much less 
problematic for CZTSe solar cells. Furthermore, reducing the bulk defect 
density once again allows for a significant efficiency boost up to 13.6% 
(21.7% tandem), which goes in a direction similar to that of reference 
[2] where bulk defects are also identified as a major bottleneck for this 
technology. Finally, for reasons similar to those detailed in the com-
ments of Table 1, a back surface field strategy with bandgap grading 

Fig. 4. Calculated optical transmissions of the following solar cell stack: MgF2/ 
ITO/ZnO/Kesterite/MoO3/ITO/SLG. The Kesterite bandgaps are 1.6eV (orange 
line) and 1.7eV (blue line). The dotted line represents the maximum gain in 
current for the bottom cell calculated by integrating the difference between 
both transmissions. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 5. J–V curve comparison between the reference experimental CZTS cell 
(red line) and its model mimicry (black line). The corresponding PV figures of 
merit are shown in the table. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Photovoltaic parameters calculated for the CZTS top cell in tandem conditions, 
starting for the baseline and following the various optimizations described in the 
text. It should be noted that the tandem efficiencies are in the hypothesis of a 
1.7eV absorber, that is with Ge alloying.  

Condition Voc 

(V) 
Jsc (mA. 
cm− 2) 

FF 
(%) 

Eff 
(%) 

Tandem Eff 
(%) 

c-Si AM1.5 0.70 38.3 84.7 22.9 - 
c-Si bottom cell (1.7 eV 

top cell) 
0.68 14.0 84.2 8.05 - 

#2-1 Baseline 0.68 17.7 65.1 7.8 15.9 
#2-2 Optimized buffer 

(Cd0.5,Zn0.5)S 
0.88 18.5 66.3 10.8 18.8 

#2–3 IF defects red. 0.93 18.6 65.4 11.3 19.4 
#2–4 Bulk defects red. 0.99 19.6 70.3 13.6 21.7 
#2–5 Back contact 

optimization 
1.00 20.8 70.6 14.7 22.7 

#2–6 Select. contacts 1.03 21.3 80.2 17.7 25.7  
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becomes relevant once the material’s bulk properties are improved and 
the single cell efficiency is markedly improved up to 14.7% (22.7% 
tandem). The ideal case of perfectly selective contacts is also shown as 
an upper limit target, with a single cell efficiency of 17.7% (25.7% 
tandem). This tends to show that carrier extraction is, in this case, more 
critical than it was in the case of an optimized CZTSe. 

As one can see, and despite numerous ambitious optimizations, the 
total tandem efficiency remains well below the detailed balance limit 
and can barely approach the single cell efficiency of the best c-Si devices. 
In that context, and with Perovskite or even CdTe solar cells already 
covering a bandgap range compatible with a c-Si bottom subcell, the use 
of Kesterite as top cell appears difficult to justify despite the material’s 
numerous advantages, unless a performance breakthrough at single cell 
level not accounted here was to happen. 

3.2.3. Discussion on recombination rate 
The SRH recombination depth profile for each of the considered 

configurations of the Kesterite top cell at Vmpp is presented Fig. 6. 
Comparing 6a, 6b and 6c allows to clearly visualize the decoupling 
between the two interface optimizations and the bulk defects optimi-
zation. While all three configurations lead to a sizeable improvement 
unlike CZTSe, the first recombination profile being affected is expect-
edly the one corresponding to a reduction in bulk defect density (Fig. 6c) 
with a homogenous decrease in SRH recombination, despite the fact that 

(a) and (b) correspond to a similar increase in Jsc as (c) of about 1 mA 
cm− 2. When looking at the evolution of the FF however, we see that 
improving the CZTS/CdS interface (Fig. 6a and b) does not lead to a 
significant change compared to the baseline and it remains at about 
65%. On the other hand, the reduction in bulk defect density (Fig. 6c) 
markedly improves the FF to more than 70%, which is consistent with 
the observed decrease SRH recombination at Vmpp. While interfaces are 
often pointed out as critical in wide bandgap Kesterite [24] and for good 
reasons, reducing bulk defects appears once again to be the main priority 
if this technology is to become a relevant player in the future of chal-
cogenide solar cells and particularly in the ever-growing tandem device 
landscape. Once again, the increase in carrier diffusion length permits to 
significantly enhance the beneficial effect of the BSF (Fig. 6d), with a 
steep decline in SRH recombination at the vicinity of the back contact; 
this effect is independent from the applied external voltage, which ex-
plains why the FF is here unaffected. In the ideal case of perfectly se-
lective front and back electrodes, the opposite is observed with a 
moderate increase in Jsc while the FF jumps to 80%; the latter point can 
be easily understood when observing the band diagram: in the absence 
of a space charge region, the carrier collection depends more on the 
diffusion current rather than the drift and is thus marginally affected by 
the applied voltage. One can verify using the data shared in supple-
mentary information that the difference in SRH recombination between 
case #2–5 and #2–6 is much more visible at Vmpp than it is in zero bias 
conditions. 

3.3. Limitations, perspectives and take-home message 

The simulations presented here are claimed to be quantitative, and 
their accurate reproduction of all four main figures of merit of a solar 
cell while using a consistent set of experimental parameters (that is, 
from sample produced from one single experimental process) supports 
such claim. This could nevertheless be disputed on several accounts 
based on inherent limitations to our approach. Chiefly, as SCAPS was 
used for the electrical part, no 2D effects are taken into account and the 
presence of grain boundaries would have to be considered for a more 
accurate representation of the system. It is however possible that the 
diffusion of alkali elements during fabrication would passivate the grain 
boundaries [37,38], rendering the unidimensional approach chosen 
here sufficient for describing Kesterite solar cells. Our group has not 
been able to reach, so far, a definitive conclusion about the influence of 
grain boundaries on the performance Kesterite solar cells. Moreover, the 
macroscopic material parameters used here and experimentally deter-
mined by our group on thin-films already factor in the possible influence 
of the grain boundaries. Using a 2D simulation approach would never-
theless be a straightforward improvement pathway to this study. 

The robustness of our two baselines and the optical modelling would 
need to be assessed against other experimental devices. We have done so 
in the supplementary information to this work by creating a mimicry of 
the CZTSe solar cell reported in Ref. [10]. By only varying the bulk 
defect concentration, we were able to simultaneously reproduce all four 
PV figures of merit from this separate study with an excellent accuracy. 
Additionally, the measured tandem performance (η = 3.85%) was also 
accurately reproduced by our model when using a 1.65 eV Perovskite 
top cell (modelled η = 4.0%)). More investigations are of course needed, 
but this specific case is an example of the reliability of the set of pa-
rameters shared in this work, which the community is encouraged to 
assess against their own experimental devices. 

The influence of the doping profile in Kesterite is not considered in 
this study. Our recent experimental results suggest that a depth- 
controlled carrier density can lead to a measurable improvement in 
PV performance, which we have been able to confirm using numerical 
modelling. A pre-version of the corresponding study can be found in 
Ref. [35], where the CZTSe baseline used is similar to that presented in 
this work. 

While our code permits to take into account light scattering effects, 

Fig. 6. SRH recombination depth profiles corresponding to the various CZTS 
configurations described in the text. In each case, the n+1 configuration in 
represented in solid line against the n-th configuration represented in 
dashed line. 
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following the Beckmann-Spizzichino model [39], we decided against it 
as fabricating specular surfaces and interfaces is a requirement if aiming 
for a tandem application. This is for instance a central point of optimi-
zation in a recently published study on Perovskite/Kesterite tandem 
[10]. Several methods exist to significantly reduce the surface roughness 
of Kesterite films, among which Br2 chemical etching [40] is possibly the 
most straightforward. As a result, it appears sensible to only consider 
specular interfaces in this work and ignore light scattering effects. 

An important limitation of this work exists when modelling wide Eg 
Kesterite. We accurately reproduced the behavior of our reference pure 
sulfur CZTS device; however, we also argue that it is necessary to in-
crease the bandgap of the film for a tandem with c-Si by substituting 
40% of Sn by Ge, and we report on the performance of the c-Si bottom 
cell in such conditions. As our group has not yet fabricated such Kesterite 
composition, we do not yet possess a consistent set of experimentally 
determined material parameters and only CZTS excluding Ge was elec-
trically modelled. This discrepancy is not a fundamental flaw of the 
method, but possible performance enhancements (or diminution) from 
the incorporation of Ge to the wide bandgap Kesterite film are not 
factored in. 

Finally, the case of a Kesterite-Kesterite tandem device is not dis-
cussed here, as deemed beyond the scope of this work considering the 
present state of the art. Nevertheless, the interested reader may carry out 
such study using the data shared in the supplementary information of 
this manuscript. 

The important points developed in this work are the following:  

- A modelling baseline of both CZTS and CZTSe is proposed and shared 
with the community, using the popular simulation tool SCAPS. Those 
baselines where obtained to mimic the cells developed by our group 
and do so in a realistic, quantitative manner, and we believe that the 
data shared here can be readily used and possibly improved upon in 
the future. If so, we would encourage other groups to also make all 
data available for the community.  

- When combining electrical modelling by SCAPS with a quantitative 
optical modelling using the transfer matrix approach, it is possible to 
offer an overview of the potential of Kesterite both as a bottom cell 
(with Perovskite as top cell) and as a top cell (with c-Si as bottom 
cell).  

- It is found that a moderate improvement of Selenium Kesterite CZTSe 
would make this material a realistic contender as bottom cell; 
indeed, its narrow 1.04eV bandgap is a significant advantage over 
the wider bandgap materials c-Si and CIGSe, which permits to partly 
offset the performance deficit of Kesterite. As an example, it is found 
that a 15.4% CZTSe combined with a 22% Perovskite would 
approach and possibly reach the detailed balance limit of a single 
junction.  

- Despite several ambitious optimizations being considered here, the 
performance deficit of wide bandgap Kesterite as compared to 
Perovskite or CdTe appears too wide to envision a short to middle 
term application of this technology, unless an important break-
through is made in the upcoming years. 

4. Conclusion 

By means of numerical modelling using simple tools and decoupling 
optical and electrical simulation, the potential of the Kesterite family of 
photovoltaic absorbers was assessed in quantitative manner. Using a 
consistent set of experimentally determined material and device pa-
rameters, a pure-Se narrow bandgap Kesterite (bottom subcell) and a 
pure-S wide bandgap Kesterite (top subcell) were reproduced in an ac-
curate manner, with ≲1% of discrepancy in all four solar cell parameters 
simultaneously. From those two baselines and using the transfer matrix 
method for optical modelling, 4T tandem performance with a Perovskite 
top cell, or with a c-Si bottom cell, were respectively estimated. By 
implementing optimizations based on some of the current dominant 

research lines investigated by the Kesterite community, improved de-
signs were proposed for both the narrow and wide bandgap Kesterite 
cells and their performance in tandem conditions were assessed. It is 
found that for a narrow bandgap Kesterite cell used as bottom subcell in 
combination with a Perovskite top cell, and a moderate increase of the 
efficiency beyond the current state of the art would be sufficient to 
consider Kesterite as a credible option, as a bottom cell efficiency of 8% 
is feasible by combining a reduction of the bulk defect density with a 
back surface field (15.4% AM 1.5). For the case of a wide bandgap 
Kesterite combined with a c-Si bottom cell, a similarly ambitious set of 
optimizations yields tandem performance which remain below the state 
of the art of a single junction c-Si, and the performance threshold for 
Kesterite to be a viable top cell in a tandem design appears difficult to 
reach at short or middle term without a significant breakthrough. It will 
be up to the community to find the merits of pursuing such 
breakthrough. 

Beyond the results reported here, this work also offers an extensive, 
consistent and reliable set of data for the community to both use and 
assess in their modelling work. All optical data and material parameters 
are made available, which will hopefully contribute positively to the 
research on Kesterite solar cells as a whole, offering a reliable baseline 
allowing a straightforward comparison in the results reported by 
different groups. 
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