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Abstract: In this manuscript, we give an overview of the
main insights into our growth procedure for kesterite solar
cells and show the possibilities that are provided by this
approach. The importance of using Cu–Sn alloy instead of
elemental Sn and Cu in the precursor is shown. We dis-
cuss how the alloy approach stabilises the composition
and helps guide the process along a preferred reaction
pathway.A summary of our previously reported findings in
the context of our latest results on kesterite solar cells pre-
pared from Cu–Sn alloyed precursors is drawn. The posi-
tive impact of an alloy precursor configuration on the for-
mation pathway, process control, and process resilience is
demonstrated. Furthermore, a new optimisation strategy
for kesterite, based on the reported pathway, is discussed,
including a smooth phase transition from Cu-rich to Cu-
poor kesterite. Finally, we demonstrate results on buffer
optimisation and the application of a promising hybrid
buffer configuration of CdS/Zn(O,S), which can reduce the
optical losses in the solar cell structure.

Keywords: Alloy; Fabrication; Kesterite; Phase Transition;
Solar Cell.

1 Introduction
In the past decades, thin-film solar cells have drawn signif-
icant attention for sustainable energy production, offering
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significantly reduced raw material consumption and easy
integration into applications for daily life due to their
light weight and high flexibility. To date, researchers have
developed several absorber materials that can be used
for this technology. Among them, Cu(In,Ga)Se2 (CIGS) is
a good example that has succeeded to be commercialised
and recently reached the record efficiency of 23.35 %,
which is rather close to record numbers of the well-
developed conventional silicon technology based on non-
flexible wafer material [1]. However, CIGS suffers from
the usage of expensive indium and gallium in the pro-
duction. As an alternative for CIGS, the closely similar
compoundkesterite, Cu2ZnSn(S,Se)4, highlights itselfwith
environment-friendly, earth-abundant, and low-toxicity
constituent elements. This quaternary material is interest-
ing for application in thin-film photovoltaic technology
either for conventional single-junction devices or for next-
generation multi-junction cells due to the possibility of its
tunable band gap [2–4]. By simply changing the sulphur-
to-selenium ratio in Cu2ZnSn(S,Se)4, the band gap can be
tuned between 1 and 1.5 eV [5]. By partial replacement of
elements Zn or Sn with Ge, Ba, or Cd, even a larger band
gap of >1.5 eV is achievable, which is more suitable for
the top layer in tandem solar cells [6–9]. This type of mate-
rial could be integrated at relatively low production costs
as a top layer to already existing high-efficiency photo-
voltaic devices with lower band gap, such as silicon or
CIGS, enhancing their current efficiencies even further.

Besides the high potential of kesterite solar cells, there
are also numerous challenges with the processing of this
absorber material. Among these, one of the most promi-
nent ones is the requirement for high fabrication tem-
peratures to synthesise this quaternary material. While
the minimum temperatures needed to start the forma-
tion of the kesterite compound are <400 °C, tempera-
tures >500 °C are usually reported in the literature for
obtaining better absorber properties [10]. The necessity of
high processing temperatures can be troublesome if any
volatile species are present during the growth. In partic-
ular, tin-chalcogenide (SnSe2−x in case of pure selenide
kesterite) phases,which are oftenobserved to occur during
kesterite formation, can easily escape from the absorber
at these temperatures due to a high vapour pressure.
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Evaporation of SnSe2−x during the growth can cause sev-
eral issues, such as changing the elemental composition
(which influences the band gap, doping, defect clusters,
and other properties), creating lateral inhomogeneities in
the absorber, and forming deep energy states within the
band gap of kesterite that cause enhanced non-radiative
recombination and therefore lower the overall device per-
formance [11, 12].

One of the proposed approaches to overcome the
obstacle of Sn loss is the usage of a Cu–Sn alloy instead
of elemental Sn at the precursor stage, which stabilises
the process by keeping Sn bounded in the alloy structure
during the major parts of the formation reaction, and by
suppressing the formation of volatile SnSe2−x phases. This
appears to be more beneficial for a stable tuning of the
absorber composition than compensating for possible Sn
loss, for example by using excess Sn during the process.

In this article, we give a short overview on our results
obtained from Cu–Sn alloy precursors and demonstrate
how this approach impacts the resulting process. We fur-
ther discuss the usage of elemental Sn as an additional
Sn source during the annealing process, which gives the
possibility to formulate a novel optimisation strategy for
Cu2ZnSnSe4 (CZTSe) processing. This contains a transi-
tion from a Cu-rich to a Cu-poor composition during the
high-temperature stage of the annealing process, which
is similar to established processing routines in CIGS tech-
nology. Finally, the application of an alternative hybrid
buffer combination to improve the spectral response of the
devices will be discussed.

2 Experimental
The overall scheme of the process is demonstrated in Figure 1.
Stacked elemental-alloyed layer (SEAL) precursors were deposited at
room temperature by direct current magnetron sputtering (in a Von-
Ardenne cluster tool) on Mo-coated soda–lime glass (SLG) substrates
in SLG/Mo/Zn/Cu–Sn/Zn configuration.

The samples are then placed in a semi-closed graphite sus-
ceptor/box with elemental Se (Mateck, Jülich, Germany, 99.999%)
and Sn-wire (Alpha Aeser, Haverhill, MA, USA, purity 99.998%) fol-
lowed by an annealing in a conventional tube furnace from Carbolite
(Neuhausen, Germany) (10 mbar N2) at 530 °C (at 10 °C/min ramp)
with 20 min dwelling time to obtain CZTSe absorber films (Fig. 2).

CdS (50 nm) was deposited on as-grown CZTSe films, by chem-
ical bath deposition at 70 °C for 10 min. Radiofrequency sputtering
was used to deposit 75 nm of i-ZnO and 500 nm Al:ZnO. The final
solar cell areas were obtained by mechanical scribing, and resulting
device characteristicswere thenmeasured under standard test condi-
tions in a commercial AAA sun simulator from Photo Emission Tech
(Moorpark, CA, USA). A Bentham PVE300 system (Reading, UK) was
used to perform external quantum efficiency (EQE) measurements.

3 Results and Discussion

3.1 Usage of Cu–Sn Alloy as Precursor and
Prevention of Sn Loss

As mentioned in Section 1, formation and evaporation
of SnSe2−x phases, which result in Sn loss during high-
temperature kesterite processing, are commonly reported
observations. Our process is formulated to avoid this
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Figure 1: Fabrication scheme of CZTSe thin-film solar cells developed at the University of Oldenburg.
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Figure 2: Precursor samples are placed inside of a graphite box with optimised amount of selenium pellets and elemental S-wire.
Single-step annealing is performed. The visual changes of the sample before and after annealing are shown above.
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Figure 3: Summary of the initial kesterite phase formation route observed using energy dispersive X-ray diffraction and Raman measure-
ments [13]. Zone A and zone B contain both a mix of phases from the successive stages.

problem by using a SEAL precursor. In contrast to the
conventional approach of using stacked elemental precur-
sors (Cu, Zn, Sn), the SEAL precursor contains a combi-
nation of elemental (Zn) and alloyed (Cu–Sn) layers. The
usage of Cu–Sn alloy instead of elemental Sn and elemen-
tal Cu results in suppressed formation of SnSe2−x, leading
to kesterite formation predominantly via the reaction of
alloy and/or ternary with ZnSe. These results were pre-
sented at E-MRS Spring Meeting 2019 by Gütay and will
be published soon [13]. The reaction pathway is briefly
summarised in Figure 3. This schematic illustrates that
Sn remains in alloy form until the temperatures at which
the selenium becomes active. After this temperature,

the process mainly follows the described pathway and
only shows a strongly reduced formation of the SnSe2−x
phase, which is rapidly consumed by the process at tem-
peratures <400 °C. This avoids the presence of volatile
SnSe2−x during the high-temperature annealing stage,
whichultimately helps inmaintaining constant Sn content
in the precursor/absorber throughout the entire seleni-
sation process. Due to its minor occurrence, this path
is not included in Figure 3 [13]. It must be noted that
the additional Cu2−xSe in brackets in the dominant reac-
tion path represents a possible Cu excess in the initial
precursor composition, which will be discussed further
below.

<350 ∘C: Cu–Sn alloy + Se → Cu2SnSe3
Cu–Zn alloy + Se → Cu2−xSe + ZnSe
Zn + Se → ZnSe

>350 ∘C: Cu2SnSe3 + ZnSe (+Cu2−xSe) → Cu2ZnSnSe4 (+Cu2−xSe) (dominant reaction)
Cu2−xSe + ZnSe + SnSe2−x → Cu2ZnSnSe4 (+Cu2−xSe) (small fraction, ends before 400 ∘C)
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The utilisation of Cu–Sn alloy in the precursor, how-
ever, only helps in setting a beneficial starting con-
figuration for the process. In addition, the selenisa-
tion/annealing parameters are also crucial in order to
conserve the alloy structure intact until the initiation
of the selenisation reaction. The presented results by
Gütay demonstrate that any un-optimised heat treatment
can alter the initial phase configuration in the precursor
significantly [13]. In the reported example, the altering of
the initial alloy configuration resulted in the occurrence
of elemental Sn, which was no longer bound to any alloy.
This finding highlights that the time–temperature control
during the onset of the annealing procedure is very critical
and has to be optimised for keeping the previously dis-
cussed beneficial starting point intact, i.e. Sn exists only in
alloyed form. Further results related to such optimum and
non-optimum annealing parameters are discussed else-
where, including the heating ramp and the base pres-
sure in the reactor, which both determine the effective
duration of heating before the onset of the selenisation
reaction [14].

3.2 Phase Transition from Cu-Rich to
Cu-Poor as a New Optimisation
Parameter

In addition to the characteristics of the process and the
basic reaction pathway discussed above, our studies fur-
ther show the specific role of adding Sn-wire in the
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Figure 4: Schematic illustration of the initial growth of Cu-rich kesterite and transition towards Cu-poor kesterite. Added elemental Sn-wire
in the graphite box provides SnSe2−x vapour during the high-temperature dwelling stage of the annealing and leads to Sn incorporation to
the absorber.

susceptor. This elemental Sn acts as an additional tun-
able source of SnSe2 during the high-temperature dwelling
stage of the annealing process. However, in contrast to
the common impression gained from the literature on the
role of added SnSe2−x or Sn during kesterite annealing,
in our process the role of added Sn is not the compensa-
tion of Sn loss during the annealing. As discussed above,
the stabilisation of the process by having only alloyed
Sn in the precursor prevents Sn loss during kesterite
growth. In our process, the main purpose of added Sn
is the shifting of the overall composition of the formed
kesterite towards higher Sn/Cu ratios during the very final
stage of the selenisation process, which was shown to
reach an increase in the range of around 30 % [13]. In
the same study, we demonstrated that this inclusion of
Sn at the final stage of annealing can be used for intro-
ducing a phase transition from a Cu-rich towards a Cu-
poor regime during the high-temperature dwelling stage.
The schematic in Figure 4 illustrates the successive stages
of the process. At around 400 °C, the film contains the
kesterite phase along with Cu2−xSe and ZnSe, indicating a
Cu-rich growth environment. At 450 °C, these phases react
with SnSe2−x vapour (generated due to selenisation of Sn-
wire) and contributes to further growth of the kesterite
phase. Incorporation of Sn to the film smoothly moves
the absorber composition from the Cu-rich to the Cu-poor
regime, which contains Cu-deficient single-phase CZTSe
without any Cu2−xSe secondary phase (similar to opti-
mised CIGS processing, which includes an intermediate
Cu-rich stage before final Cu-poor absorber composition).
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We anticipate that the saturation of Cu vacancies dur-
ing the Cu-rich stage could promote the formation of a
less defective crystal structure. This could embrace less Cu
vacancies, less related defect clusters, and less disorder
on the Cu/Zn planes. Another beneficial effect could be an
enhanced grain growth due to the recrystallisation during
transition from Cu-rich to Cu-poor composition [15]. First
results, which prove the practicality of this approach, have
been presented by Gütay [13]. The results indicate that the
starting and end points of the discussed compositional
shift must be optimised independently, and can lead to
further improvement of the material properties.

Such a phase transition as mentioned above opens
up an entirely new parameter for optimisation. In this
approach, it is possible to tune the starting and final
composition independently, i.e. composition at which the
kesterite crystal forms and final composition at the process
termination, respectively. A schematic view of an exam-
ple of such optimisation is demonstrated in Figure 5. For
instance, one could startwith different precursor composi-
tions and endwith the same final Cu/Sn ratio. In this case,
the defect structure, existing secondary phases, film qual-
ity, and opto-electronic properties could be intentionally
influenced. As known from the literature, in case of CIGS
solar cells, the incorporation of a Cu-rich stage before shift-
ing to a Cu-poor stage before process termination helped
in reaching enhanced efficiencies. It has to be emphasised
that the prerequisite for this type of process was the sta-
ble composition behaviour of the precursor and absorber,
due to the alloy structure at the beginning of the process,

Figure 5: Scheme of an example of compositional shift during
the process. The starting and final points in the phase diagram
can be optimised independently for optimizing different material
characteristics.

as discussed in the previous section. Only by such a sta-
ble and defined pathway can the exact tuning of the com-
position at the beginning of the Sn-enrichment step be
possible.

3.3 Industrial Relevance of the Process

As discussed above, the Cu–Sn alloy-based precursor con-
figuration gives the advantage of having a more stabilised
formation reaction. In this section, we give an overview
of the process status, which demonstrates the remarkable
resilience of the process to variations of the processing
parameters.

The process resilience is one of the essential points
for industrial upscaling. In this context, it describes the
capability of the procedure to tolerate non-optimum pro-
cessing parameters while maintaining a solid efficiency
for the resulting device efficiencies. In particular, for the
fabricationof kesterite solar cells, variations in the amount
of chalcogen availability and temperature during anneal-
ing can be crucial. In our previous work, we demonstrated
that the amount of excess selenium can impact the mate-
rial and opto-electronic properties of kesterite, which also
influences the device performance [16]. The higher sele-
nium amount was found to enhance the incorporation of
Sn into the absorber during the high-temperature stage of
the annealing via SnSe2−x vapour. This leads to a slight
increase in the band gap and enhances the charge carrier
collection in the device, thus improving the device perfor-
mance. Temperature, in a similar manner, can influence
many device and thin-filmproperties, among other things,
by changing the reaction dynamics andmobilities of com-
pounds and elements in the solid and vapour phases,
respectively. Therefore, it is essential to have a resilience
to these types of parameter fluctuations. In Figure 6, the
influence of combined selenium and temperature varia-
tions on device performance is presented. The selenium
amount was varied from 50 mg to almost three times its
value (140 mg), and temperature was changed between
510 °C and 550 °C. This range of variation can actually be
considered rather large even for upscaled processes in a
rough industrial environment. Therefore, the results may
demonstrate the resilience to poor process control, which
could lead to such extreme conditions during fabrication.
Figure 6 shows that the temperature of 530 °C is at least
necessary to reach device performances >9 %. The rea-
son can be due to less Sn incorporation in case of lower
chalcogen vapour pressure and an overall lower accessi-
ble amount of both Se and SnSe2−x vapour in case of lower
temperature. In addition, lower film quality with smaller
grains and more grain boundaries is usually observed
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Figure 6: Influence of deviation in selenium and temperature
on device performance. The process was tested for 50–140 mg
between 510 °C and 550 °C.

at low temperature, which can also decrease the device
performance. However, it can be seen that even at such
extreme parameter variations (both temperature and sele-
nium amount), the lowest device performance was still at
the range of 7 % (for 140 mg Se at 510 °C). This under-
lines the resilience and stability of the process to such
parameter fluctuations.

Figure 7 demonstrates the reproducibility of obtained
solar cell efficiencies over the course of around 18months.
The graph contains, for the purpose of full comparability,
only results of reference samples, i.e. nominally no vari-
ations of the process parameters. The documented time
span covers the results obtained in the scope of a Ger-
man Ministry of Education and Science–funded research
project (“Free-Inca”). The first data point starts after estab-
lishing a stable process, and the time span ends with a

planned shutdown of the system for major maintenance
action on the system and the laboratory infrastructure.
The process shows a baseline efficiency over 9 % in a sig-
nificant period of time and an average device efficiency
slightly above 10 %. A similar trend can also be observed
from the product of Voc × FF (presented in Fig. 7b),
which is less sensitive to the spectral mismatch of the
sun simulator and thereforemore reliable for comparisons
between results obtained at different times, from differ-
ent cells, and also from other research laboratories. It is
also documented that during a major process breakdown
due to system instabilities in the sputtering chamber dur-
ing “Q4-17,” no results were obtained. In summary, it can
be stated that the established processing approach as
such is capable of providing a reproducible and stable
baseline, which can be considered another major pre-
requisite for reliable application in a rough industrial
context.

Another essential prerequisite for establishing a novel
solar cell technology for real-life applications is the sta-
bility of fundamental device properties over an extended
period of time and at effective temperatures significantly
above standard test conditions. For this purpose, we inves-
tigated the long-term stability of a standard CZTSe solar
cell, which is presented in Figure 8. The device had an ini-
tial efficiency of 10.6 % and was first re-measured after
being stored mainly under N2 at room temperature for
>2 months. The efficiency showed a slight decrease over
time, but maintained >10 % stability. Further, we per-
formed air annealing at 85 °C for 200 h. The right part
of Figure 8 displays the development during this heat
exposure, which was interrupted several times for only
re-measuring current–voltage (I–V) characteristics. The
device still maintains efficiencies >10 % with almost no
change, demonstrating a robust long-term stability of the
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Figure 7: (a) Reference solar cell eflciencies and (b) products of Voc * FF documented since reaching stable process parameters. The shown
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CZTSe solar cells even under strong heat exposure. The
reasonof the slight changeduring the first part of the aging
study is not clear yet, and according to observations on
other samples the change is not necessarily always occur-
ring in the shown decreasing direction. We also observe
samples that show slightly increasing trend of efficiency
over time. These differences could occur from diffusion
effects at the hetero-structure interface or long-term order-
ing effects in the absorber, which have not been investi-
gated yet and which can be expected to be very slow at
only room temperature. It is also essential to note that the
measured solar cells were not encapsulated or protected
against humidity.

In Figure 9, the change in the device parameters due
to low-temperature air annealing can be seen.While short-
circuit current Jsc only fluctuates in the range of 34–
35 mA/cm2 and does not reveal any trend over time, we
can see that open-circuit voltage Voc shows an increasing
trend. In the literature, low-temperature annealing treat-
ments are reported to increase the Cu/Zn ordering in the
kesterite crystal, which increases its band gap. This could

be a reason for the trend observed in Voc. However, fill
factor FF is decreasing over time, which seems to be can-
celling the positive effect of Voc. The decrease of FF could
be related to diffusion of elements across the interfaces,
particularly between CZTSe and CdS, which could have an
impact on heterojunction quality and device resistance.

3.4 Alternative Buffer Configuration

In this last section, we will touch on the topic of buffer
layer optimisation, which is another possible source for
further optimisation of opto-electronic properties and
resulting performance of solar cell devices. From the start,
the kesterite community has oriented most approaches
along the known achievements of the established CIGS
technology. The exact same alignment of back contact,
absorber, buffer, and TCO layer, and the exact same choice
of materials as in the CIGS context are still dominat-
ing. This includes the utilisation of toxic CdS as the still
state-of-the-art buffermaterial, which is very questionable
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Figure 10: Influence of CdS deposition time (5, 7.5, and 10 min) (a) on EQE and (b) solar cell performance.

in the context of the otherwise sustainable and earth-
abundant nature of the kesterite material family as such.
However, few approaches for testing alternative back con-
tact and buffermaterials have been reported thus far in the
literature, without major breakthroughs in terms of device
efficiency and performance.

In the following, we show the optical losses that occur
in the devices from our standard process. These losses are
still dominant even in the highest-efficiency devices and
lead to significant current loss at shorter wavelength [17].
This was attributed to absorption losses due to the rela-
tively thick CdS layer, which is useful for compensating
possible non-homogeneous coverage on the relatively
rough CZTSe surfaces. In order to diminish these optical
losses, we performed an experimental series to decrease
the thickness of the CdS layer. In this series, the CdS depo-
sition time was reduced from standard 10 min of deposi-
tion to 7.5 and 5 min in order to obtain thinner CdS lay-
ers. The EQE spectra of resulting devices are presented
in Figure 10. It can be seen that decreasing the thick-
ness of CdS clearly enhances the spectral response in the
short-wavelength regionwith an additional slight increase
at longer wavelength. The gain in the short-wavelength
region is expected from less absorption in thinner CdS lay-
ers. The slightly improved situation in the long-wavelength
range, however, can be related to more complex origins.
Usually, this region is related to the quality of the current
collection in the device. However, due to the rough sur-
faces that are involved here, differently thick buffer layers
can also influence the light incoupling into the absorber,
which can influence the effective spectral response of the
device in the long-wavelength range.

However, decreasing CdS thickness does not lead to
an enhancement of the device performance. The efficiency
even decreases due to drop inVoc and FF, indicatingworse
electronic behaviour of the interface for thinner buffer

layers. Therefore, simple reduction of thickness is not suf-
ficient to obtain an enhancement in device efficiency.

A more sophisticated way for reducing the optical
losses in the CdS layer appears to be the combination or
replacement with a higher-band-gap buffer layer. Kogler
et al. recently suggested that the hybrid buffer configura-
tion CdS/Zn(O,S) can be a beneficial approach to enhance
the spectral response and overall performance of kesterite
solar cells [18].

To investigate the impact of this buffer modifica-
tion on our device properties, a sample series was fab-
ricated in collaboration with the ZSW (Stuttgart, Ger-
many), containing devices from standard CdS, Zn(O,S),
5 nm CdS + Zn(O,S), and 30 nm CdS + Zn(O,S). Zn(O,S)
layers are deposited by radiofrequency sputtering from
mixed Zn(O,S) targets with the optimised composition of
[O]/([O] + [S]) = 0.8. The solar cell results are shown in
Table 1.

In agreement with the work of Kogler et al., it can be
seen that a simple replacement of CdSwith ZnOS leads to a
dramatic efficiency drop to the range of 1 % [18]. However,
the hybrid buffer combination appears to be a promising
strategy for reducing optical losses and increasing solar
cell performance. Figure 11 shows themeasured EQE spec-
tra of samples buffered with standard CdS (reference),
5 nm CdS + Zn(O,S), and 30 nm CdS + Zn(O,S). It can
be observed that samples with Zn(O,S) and reduced CdS

Table 1: Solar cell parameters of standard CdS (reference), Zn(O,S),
5 nm CdS + Zn(O,S), and 30 nm CdS + Zn(O,S) as buffer layer.

Buffer layer Voc(mV) FF (%) Jsc(mA/cm2) Eff.(%)

CdS 405 58 35.3 8.2
Zn(O,S) 229 23 24.0 1.3
5 nm CdS + Zn(O,S) 419 50 36.3 7.7
30 nm CdS + Zn(O,S) 437 62 36.2 9.8
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Figure 11: EQE spectra of the samples with standard CdS
(reference), 5 nm CdS + Zn(O,S), and 30 nm CdS + Zn(O,S).

thickness show a significantly improved spectral response
in the short-wavelength range. However, a drop is visi-
ble for longer wavelengths, which could indicate possi-
ble collection losses or altered light incoupling due to the
modified optical interface, as mentioned above.

In terms of resulting efficiencies, the addition of
Zn(O,S) improves most obviously the Voc in the tested
devices. The configuration with 30 nm of CdS interlayer
between the kesterite and Zn(O,S) layers appears to be the
most beneficial one, increasing device performance from
8.2 % to 9.8 % with Voc improving by >30 mV. Although
beingonly a first sample series for demonstrating theproof
of applicability in our fabricationprocedure, this approach
is a promising step towards reducing the utilisation of
toxic Cd and a possible strategy for future optimisation of
optical properties and performance of kesterite solar cells.

4 Conclusion
In this manuscript, we have given a review of the main
insights into our growth procedure for kesterite solar cells.
We have discussed the beneficial role of using the SEAL
precursor structure for guiding the process towards a pre-
ferred reaction pathway. This leads to a stabilisation of the
composition in the layer and yields homogeneous spatial
composition, by preventing the often reported loss of Sn
during annealing of kesterites. The demonstrated process
maintains solid efficiencies even for a strong variation of
annealing temperature and Se amount.

We have further discussed that this approach can be
used to design a new strategy for the optimisation of
kesterite solar cells. The approach includes the formation
of kesterite in an initially Cu-rich environment. After the

formation of kesterite, the composition is shifted to a Cu-
poor environment during the high-temperature anneal-
ing stage, by supply of SnSe2−x vapour. The amount of
excess selenium during annealing was found to impact
Sn incorporation. Having similarities with the established
procedures for fabrication of high-efficiency CIGS solar
cells, this approach offers new strategies for the tuning of
absorber and device characteristics.

In addition, we showed an example of kesterite solar
cell that remains stable for an extended time period and
under high temperatures. It was shown that the effi-
ciencies do not significantly drop and stay stable in the
range of 10 %. However, the high-efficiency solar cells
showed significant optical losses due to the thick CdS
layer. The hybrid buffer configuration of CdS + Zn(O,S)
showed promising results to overcome these types of
losses in kesterite solar cells.

The combination of the reviewed findings and the
added new results firmly demonstrate that kesterite solar
cell technology offers aspects that make it a promising
candidate for future application in the photovoltaic indus-
try. Particularly due to its earth-abundant and less toxic
constituents, it has strong benefits in terms of sustainabil-
ity and environmental friendliness, and in this aspect out-
shines any Cd- or Pb-based technologies. However, further
significant improvements of the resulting efficiencies are
necessary for a leap towards the commercial utilisation of
this technology.
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