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A B S T R A C T   

In the scenario of the new emerging photovoltaics, kesterites play a lead role in the thin-film solar cell tech-
nologies. This class of compounds, mainly represented by the pure-sulfide form Cu2ZnSnS4 (CZTS) and the sulfo- 
selenide form Cu2ZnSn(S,Se)4 (CZTSSe), shows unique characteristics and stands as a promising p-type absorber 
material thanks to its high absorption coefficient, high cost-effectiveness and low toxicity. However, CdS is 
commonly used as the n-type partner (buffer layer) in kesterite solar cells but, beyond its toxicity, it has a 
nonoptimal band alignment with kesterites and exhibits parasitic absorption at low wavelengths due to its 
bandgap. Several efforts have been made in the last decade, to replace CdS with a suitable, Cd-free, both 
environmentally and economically sustainable buffer layer, and many times with successful results allowing not 
only to equal, but also to overcome in few cases the performances of the corresponding CdS-based reference 
devices. Zn1-xSnxO for instance leads to higher efficiencies than CdS when coupled with pure-sulfide CZTS, while 
Zn(O,S) seems to couple better with CZTSSe. TiO2 has been also considered as suitable buffer layer for kesterites 
and, in the last few years, several works have been reported both theoretical and experimental, showing very 
promising results. In this review we summarize the efforts and the improvements recorded by the scientific 
community working on this topic in the last ten years, with the aim to supply a landmark useful to design future 
experiments in a more efficient way and to push forward the related research activities, in order to fully over-
come CdS limitations and to promote thin-film kesterite devices to higher performances.   

1. Introduction 

Kesterite absorbers, mainly represented by Cu2ZnSnS4 (CZTS), 
Cu2ZnSn(S,Se)4 (CZTSSe) and Cu2ZnSnSe4 (CZTSe), are a class of fully 
inorganic materials interesting for the large-scale production of thin film 
photovoltaic (PV) technology, thanks to their high absorption coeffi-
cient (over 104 cm− 1), their direct band gap energy, which can be tuned 
between 1.0 and 1.6 eV, by modifying the [S]/([S] + [Se]) composition, 
their natural p-type conductivity, their minimum material usage and 
earth-abundance [1]. To date, the record efficiency for the selenized 
kesterite with low bandgap is 14.9%, while the best efficiency for pure 
sulfide CZTS, with higher bandgap, is 11.4% [2]. Several research 
groups have devoted significant efforts towards the increasing of the 
kesterite-based solar cells PV performances, which is necessary for in-
dustrial implementation [3–10]. Kesterite materials, due to their struc-
tural similarity, are strictly related to the already available at 
commercial stage CuInGaSe2 (CIGS), while based on abundant, envi-
ronmentally friendly and low-cost elements [11]. In the future scenario 
of the “Terawatt Era”, PV will play a lead role in many applications, 

including Product Integrated Photovoltaics (PIPV), such as “wearables”, 
building integrated photovoltaics (BIPV) and vehicle integrated photo-
voltaics (VIPV), where light-weight thin-film technologies are manda-
tory. Considering the production costs of CIGS deriving from the scarcity 
of some of its composing elements (In and Ga), or the toxicity related to 
CdTe, it would not be reliable to base the whole inorganic thin-film PV 
technology on these absorbers. This issue prompted the scientific com-
munity to investigate kesterites as a valid low-cost alternative and, little- 
by-little, the efficiencies have been improved reaching the current re-
cord of η = 14.9%[2,12,13]. Given their apparent structural similarity, 
the device architecture used for kesterites was first derived from the one 
developed for CIGS, even if is not so ideal for them. In particular, many 
works are aimed at designing a buffer layer that can enhance charge 
extraction and, thus, all PV parameters. Currently, CdS is the standard 
buffer layer used in CZTS and CZTSSe solar cells, nevertheless Cd is toxic 
and produces hazardous waste and byproducts from the solution-based 
chemical bath deposition (CBD) process, damaging the environment and 
health [14]. In addition, it has a narrow bandgap (2.4-2.5 eV), which 
reduces the amount of light reaching the absorber and introduces 

* Corresponding author. 
E-mail address: giorgio.tseberlidis@unimib.it (G. Tseberlidis).  

Contents lists available at ScienceDirect 

Sustainable Materials and Technologies 

journal homepage: www.elsevier.com/locate/susmat 

https://doi.org/10.1016/j.susmat.2024.e01003 
Received 14 December 2023; Received in revised form 11 April 2024; Accepted 31 May 2024   

mailto:giorgio.tseberlidis@unimib.it
www.sciencedirect.com/science/journal/22149937
https://www.elsevier.com/locate/susmat
https://doi.org/10.1016/j.susmat.2024.e01003
https://doi.org/10.1016/j.susmat.2024.e01003
https://doi.org/10.1016/j.susmat.2024.e01003
http://creativecommons.org/licenses/by/4.0/


Sustainable Materials and Technologies 41 (2024) e01003

2

parasitic absorption in the UV range [15]. Moreover, especially for S- 
rich absorbers, the lattice mismatch between CdS and kesterite interface 
is quite high (~ 7% for CZTS and ~ 2.4% for CZTSe), thus producing 
interfacial defects and limiting devices performances [16,17]. CdS has a 
nonoptimal cliff-like band alignment with CZTS, thus resulting in an 
open circuit voltage (VOC) deficit [18–23]. The higher PV parameters are 
recorded for the selenized kesterite compared to the sulfide ones, thanks 
to a more suitable CdS/CZTSSe band-alignment [24]. To minimize 
photon losses and to achieve higher efficiencies, CdS should be replaced 
with a n-type material with wider band gap and/or higher Valence Band 
Maximum (VBM) and Conduction Band Minimum (CBM) values 
[21,24]. In the last decade, several efforts have been made, in order to 
find a suitable Cd-free substitute of CdS, eco-compatible, economic, 
earth-abundant buffer layer [24–28]. In this scenario, alternative buffer 
layers such as Zn1-xSnxO (ZTO)[29], Zn(O,S)[30], ZnS [31], Ins2S3 [26], 
and TiO2 [32,33], have been investigated and studied to improve charge 
transport, make devices more sustainable and boost efficiencies even 
more. In many cases impressive results have been achieved, which 
allowed to equal or even overcome, the efficiencies of the corresponding 
CdS-containing reference devices. Zn1-xSnxO has been recorded as the 
best alternative buffer layer, so far, when paired with pure-sulfide CZTS 
[15,34,35], while Zn(O,S) leads to better efficiencies with CZTSSe 
[36–38]. In2S3 was also successfully studied, but despite the low thick-
nesses used, its indium content hinders its potential large-scale appli-
cation [26,39–41]. On the other hand, economically sustainable ZnMgO 
has not been studied enough to allow performances as high as CdS so far 
[25,42,43]. Lastly, TiO2 has been also considered as suitable buffer layer 
for kesterites and, in the last few years, several works have been reported 
both theoretical and experimental, showing very promising results 
[32,33]. 

In this review, we want to highlight not only the overall record ef-
ficiencies reached by using the above-mentioned alternative buffer 
layers, but to compare specifically its performance with the CdS-based 
reference device with all the other layers produced in the same way, 
by the same procedure, and the same research group. In this way, the 
direct comparison can help the reader to understand the true issue (i.e. 
CdS vs alternative buffer layers) instead of focusing just on the sterile 
number of a record efficiency. For example: a reference device with 
CZTS/CdS junction relying on η = 5% has to be compared with its 
corresponding CZTS/ZnSnO junction with η = 5%, concluding that the 
two buffer layers equally perform, and that, even though 5% could be 
considered a low efficiency, it can be ascribed to other limitations of the 
devices (CZTS inner defects due to its deposition, problems at the in-
terfaces other than the p-n junction, etc). This decision has been made, 
to highlight the excellent work of many research groups regarding the 
alternative buffer layers and to allow the readers to a better under-
standing of what will be the best alternative buffer layer for CZTS in 

order to push forward the research on this crucial topic and promote 
kesterites as the real alternative thin film solar cell for the terawatt 
generation of PV. 

2. Kesterite thin film solar cell principles 

A kesterite-based solar cell is generally produced by depositing a 
series of layers of different materials. Typically, the device architecture 
includes soda-lime glass (SLG) as the substrate, molybdenum as the back 
contact, kesterite as the light-absorbing layer, cadmium sulfide (CdS) as 
the buffer layer, intrinsic zinc oxide (i-ZnO) and aluminum-doped zinc 
oxide (ZnO:Al or AZO) as the window layer, plus an aluminum contact 
grid for the charge extraction (Fig. 1a). The back contact, whose func-
tion is to extract the holes generated by the absorber material, is usually 
the first layer to be deposited on the SLG substrate. Mo is the most 
commonly used material as a back contact since it is stable at high 
temperatures, ensures good adhesion of the light absorber layer and 
does not generate alloys with copper [1,29]. On the other hand, a MoS2 
or MoSe2 layer between Mo and the kesterite is generated during the 
light-absorber annealing step, thus affecting the charge extraction [44]. 
Moreover, a Schottky contact can arise from the difference between the 
Mo work function and the one of CZTS, decreasing the built-in potential, 
increasing the dark current, and therefore reducing the VOC (Fig. 1b) 
[45]. The short circuit current (JSC) is instead affected by the band 
bending at the interface between Mo/CZTS, to which the photo-
generated electrons are attracted and so recombining at the Mo surface. 
So, even though Mo is currently considered the best back contact for the 
reasons discussed, it can significantly reduce the performance of some 
kesterite-based devices [45]. The most commonly used strategy today is 
to modify the composition of the kesterite to tune the conduction bands 
of the light absorber with the back contact. 

The kesterite is, indeed, directly deposited onto the molybdenum, 
with a thickness varying between 1.0 and 2.0 μm (Fig. 1a). This material 
can be obtained either by physical or chemical methods, as discussed 
later on. To complete the p-n junction, the buffer layer is then deposited, 
typically cadmium sulfide. Due to the toxic nature of cadmium, this 
layer, usually with a thickness of 50 nm, is deposited by chemical bath 
deposition as described in deep later on. Since the CdS layer is extremely 
thin and can have a rough surface, an intrinsic zinc oxide (i-ZnO) layer is 
deposited to prevent the back and top electrodes from coming into 
contact, thereby short-circuiting the device. Finally, a transparent 
conductive layer characterized by high transmittance and significant 
electrical conductivity, aluminum-doped zinc oxide (AZO), is used as a 
top contact to extract the electrons. Both i-ZnO and AZO are usually 
deposited by sputtering. Finally, to collect the photogenerated electrons, 
an aluminum grid is deposited by thermal evaporation (Fig. 1a). 

The device core is the p–n junction composed of the kesterite and the 

Fig. 1. (a) Typical structure of a kesterite-based solar cell; (b) band diagram of a CZTS-based solar cell: dotted arrows indicate the path that the charge should take to 
maximize the PV efficiency, and solid arrows refer to the path towards the wrong electrode (License CC BY 3.0)[45]. 
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buffer layer, which can convert photons in electron-hole pairs. When a 
photon with energy higher than the band gap is absorbed, its energy 
excites an electron localized in the valence band to the conduction band, 
making it a free negative charge; in the meantime, the lack of the 
localized valence electron will create a hole. The electric field, due to the 
potential difference between the p-type and n-type material that make 
up the p-n junction, avoids the charge quenching, and decouples elec-
trons and holes, directing them to the electrical contacts [46,47]. 

3. Kesterite thin film deposition 

The first CZTS solar cell was reported by Katagiri and coworkers in 
1997 with η = 0.66% [48], followed by a rapid increase to 12.6% effi-
ciency in 2013 [12], until the current recent record of η = 14.9% in 2023 
[2]. Despite vacuum-based methods were always considered as the best 
choice for the deposition of inorganic thin-film chalcogenides, this 
thought, inherited from the CIGS research era, slowly changed in favor 
of solution-based methods, when, starting from 2009, most record de-
vices, including the current record, have been deposited by solution- 
based methods [12,13]. In fact, this is approach carries important ad-
vantages for looking to an industrial process for a mass-production given 
that solution-based methods are quite cheap and easily to scale-up. 
These depositions are based on a starting precursor solution/ink 
where metal chalcogenides, oxides or salts are dissolved in a suitable 
solvent. The solution is then deposited on a substrate (rigid or flexible) 
through different techniques, among them we find spin-coating, dip- 
coating and spray pyrolysis, dip-coating, ink-jet printing. This step is 
repeated a certain number of times, depending on the solution concen-
tration and the technique used, in order to achieve the desired thickness 
and between one layer and the following one the solvent is usually 
removed by evaporation. To form the quaternary kesterite phase, the 
last step of the growth involves an annealing at high temperatures (450- 
600 ◦C) in inert atmosphere and in presence of S, Se or both, depending 
on the desired kind of kesterite. This last step is also shared with vacuum 
deposition approaches, where, after sputtering or evaporating the metal 
stacks, the kesterite phase is always formed through annealing at high 
temperatures in presence of S/Se. However, for the solution-based 
methods, the nature of the solution is crucial to achieve a high-quality 
absorber. Impurities, aggregates and/or wrong oxidation states of the 

metal precursors lead to poor quality kesterite thin films, while an 
incomplete removal of the solvent between to consecutive layer depo-
sition can lead to cracks and/or inhomogeneities. The most common 
metal sources are salts (i.e. chlorides, acetates, acetylacetonates, ni-
trates) thanks to their high solubility in polar solvents. In Fig. 2 the most 
common kesterite thin-films deposition strategies have been grouped 
and reported. 

It has to be highlighted that, in many cases, to obtain a pure-surface 
thin-film and high-efficiency devices, the samples undergo to chemical 
etching before the buffer layer deposition. The most efficient and com-
mon etching strategy involves KCN, which, however, due to its toxicity 
and dangerous nature is not applicable in every country due to strict 
regulations. Lastly, like other chalcogenides, doping and partial/total 
substitution of elements is frequently employed as a useful tool to 
enhance the PV performances of the final devices. Kesterites can be 
doped by introducing alkali metals such as Na, K and Li and it has been 
proved to be beneficial for grain growth, grain passivation and better 
adhesion to the substrates. On the other hand, cation substitution stands 
as a promising strategy to improve/modulate kesterite properties, such 
as the band gap. Naturally, thanks to their similar electronic configu-
rations, elements of the same groups of the periodic table groups have 
been studied and reported more frequently, such as Cu-Ag, Zn-Fe, Zn-Mn 
or Ge-Sn [24]. 

4. CdS golden standard 

Despite its toxicity, its parasitic absorption at low wavelengths and 
its non-optimal band alignment with kesterite, CdS still stands as the 
golden standard in kesterite thin-film solar cells, especially in substrate 
configuration. In fact, kesterites solar devices can be produced with two 
main architectures (Fig. 3): substrate configuration, where kesterite is 
grown on the back contact (conventionally Mo) with architecture 
“substrate/back contact/kesterite/buffer layer/top contact”, or in 
superstrate configuration, where the absorber is grown on the buffer 
layer like “substrate/top contact/buffer layer/kesterite/back con-
tact”[49]. Given the high annealing temperatures required to produce 
high crystallinity kesterites (> 550 ◦C) the substrate configuration is 
preferred over the superstrate, where in the latter the crystal phase of 
CdS can be easily degraded [50,51]. On the other hand, despite 

Fig. 2. The most common kesterite thin-film deposition strategies grouped in non-vacuum-based techniques VS vacuum-based ones.  
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preserving CdS phase, substrate configuration discourages the use of 
Transparent Conductive Oxides (TCO) as back contacts (essential for 
bifacial and/or tandem applications) due to their possible heavy sulfu-
rization and then degradation of them during the annealing [52,53]. 
However, to avoid so, interesting preventive strategies have been re-
ported and in the last decade several works have been reported with 
devices built both in substrate and superstrate configuration, using back 
contacts other than Mo and sometimes with buffer layers alternative to 
CdS [33,49,52,53]. 

The most used growth method for CdS is Chemical Bath Deposition 
(CBD), where the substrates are dipped in a basic solution containing a 
cadmium salt, ammonia and thiourea at 70-80 ◦C for a limited amount of 
time until the desired thickness is reached [35,54,55]. With this buffer 
layer, record efficiencies have been reached for both CZTS and CZTSSe 
absorbers, of 11.4 and 14.9% respectively [2,12,13,56], with thick-
nesses ranging between 25 and 75 nm (Fig. 4). Annealing treatments on 
the so-formed p-n junction have been studied and reported, sometimes 
with successful results, enhancing the solar cell performance thanks to a 
diffusion layer at the interface. Cd diffusion into CZTS at the interface 

lead to the formation of of Cu2CdxZn1–xSnS4 while Zn diffusion into CdS 
results in the formation of ZnxCd1–xS evidently responsible for a better 
band-alignment between kesterite and CdS [13]. 

5. CdS band alignment with kesterites 

The buffer/kesterite interface band alignment engineering is a key 
factor in the production of high-efficiency solar cells. As depicted in 
Fig. 5a and b, the conduction band offset (CBO) between CdS and CZT(S, 
Se) can have a cliff-like configuration (kesterite CB edge is higher than 
that of the buffer layer) or a spike-like one (kesterite CB edge is lower 
than that of the CdS). It has been reported that the cliff-like conforma-
tion is detrimental for the electrons’ injection, shrinking the VOC, 
meanwhile, the spike-like has been proven to be beneficial in reducing 
the charge recombination at the interface [24,57,58]. More in detail, the 
CBO values for having highly efficient solar cells have been calculated to 
be between − 0.1 eV and + 0.3 eV. CBO lower than − 0.1 eV increases the 
charge carrier recombination. The CZT(S,Se) bandgap can be tuned by 
varying the [S]/([S] + [Se]) ratio, and as a consequence also the band 
alignment will change. Platzer-Björkman et al., described the band 
edges’ evolution following the [S]/([S] + [Se]) ratio variation, collect-
ing calculated and observed CBO and VBO, as shown in Fig. 5c [24]. For 
the pure sulfide form, CZTS, some reports show that CBO can be spike- 

Fig. 3. (a) Substrate and (b) superstrate configuration architectures commonly used in the production of kesterite thin-film solar cells.  

Fig. 4. Breakthrough in the kesterite thin film solar cells with commonly used 
CdS buffer layer. 

Fig. 5. Conduction band offset between CdS and CZT(S,Se) in (a) cliff-like and 
(b) spike-like configurations. (c) Direct measurements, estimated and calculated 
values of VBO and CBO between CdS and CZT(S,Se), varying the [S]/([S] +
[Se]) ratio: the calculated CBO range for high-efficiency devices is depicted in 
green (Charlotte Platzer-Björkman et al.[24], available under the terms of the 
Creative Commons Attribution 3.0 license at doi:https://doi.org/10.10 
88/2515-7655/ab3708). 
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like, but most of the time it is a cliff-like alignment. On the contrary, for 
the pure selenide form, CZTSe, CBO is always a spike-like configuration. 
Calculations suggest that the CBO should range between − 0.1 and + 0.3 
eV to have high-performance devices: values lower than − 0.1 eV will 
increase the charge carrier recombination and CBO larger than +0.3 eV 
will create a barrier for the electron transport. The CBO for the mixed 
composition, CZT(S,Se) varies as the composition is tuned from being 
cliff-like for high S content to spike-like as the Se amount increases. 

In conclusion, one of the reasons why the CZT(S,Se)-based devices 
are the performance leader in the kesterite PV research, is the more 
beneficial band alignment with CdS compared with the pure S coun-
terpart. Lately, the CZTS cation substitution strategy has been applied to 
move the CBO to a more favorable alignment with CdS [44,59–67]. For 
example, Cu partial substitution with Ag has been proven to be able to 
shift the CdS/CZTS CBO from − 0.25 eV to − 0.11 eV for CdS/(Ag,Cu)ZTS 
[68]. 

6. Cd-free alternative buffer layers 

As already mentioned, despite the records reached by the kesterite/ 
CdS junction, CdS is one of the main issues regarding the modest per-
formances of kesterite solar cells due to its non-optimal band alignment 
(especially with CZTS), its narrow band gap (2.4 eV) and its parasitic 
absorption in the region between 400 and 500 nm [24,68–71]. Several 
attempts have been made to substitute it with other buffer layers, 
sometimes with exciting results. For instance, the employment of 
Zn1− xSnxO lead to high efficiencies comparable to those achieved with 
CdS, especially for high band-gap kesterites, CZTS [15,34,35]. Zn(O,S) 
family compounds have been also widely studied as buffer layers, but 
with more modest results compared to Zn1− xSnxO, matching better with 
lower band-gap kesterites (CZTSSe) and very dependent on the deposi-
tion technique used [36–38]. Among the others, In2S3 showed inter-
esting results indeed, but resulting in the replacement of a cheap buffer 
layer like CdS with an expensive In-containing one leading to even lower 
performances [26,39–41]. In the last few years, TiO2 has been consid-
ered as a suitable buffer layer for thin-film kesterite solar cells thanks to 
several simulations where the theoretical efficiency of the devices could 
achieve values close to 15% (considering a common and naturally 
defective kesterite)[72]. From the experimental point of view, few 
works have been reported but recently very promising results have been 
achieved [32,33]. ZnMgO has been barely studied and reported, despite 
its potential to replicate the beneficial effects showed when coupled 
with CIGS [25,42,43,73]. A few other materials have been reported 
where Cd was still present mixed with other elements or stacked as 
thinner CdS window layer at the p-n junction between kesterite and the 
n-type chosen semiconductor to be coupled with, such as CdZnS and 
In2S3/CdS [74–76]. In these cases, good results were obtained thanks to 
the enlargement of the buffer layers’ band gap, but the issues related to 
the presence of Cd were not overcome. 

6.1. Deposition techniques of alternative buffer layers 

Beyond CBD, to efficiently grow buffer layers alternative to CdS 
several other deposition techniques have been used (Fig. 6), where 
sometimes the nature of the deposition itself is strongly affecting the 
final performance of the device. For instance, Zn(O,S) has been studied 
both deposited through CBD and Atomic Layer Deposition (ALD) as well 
as sputtering and High Vapor Transport Deposition (HVTD). While five 
years ago CBD seemed to be the best deposition route for this buffer 
layer, technology improved and nowadays ALD and HVTD equaled or 
even overcame the CBD [36,37,77,78]. In fact, the last two techniques, 
thanks to their working principles, guarantee more compact layers 
compared to CBD, where nucleation and growth processes compete into 
the solution and onto the sample’s surface. This last feature leads 
necessarily to thicker layers in order to produce a continuous material 
and thus a true p-n junction. Particularly, both ALD and HVTD allow the 

deposition of continuous and compact layers with a nanometric control, 
exploiting high-vacuum and low temperatures, reducing deposition 
times and excessive raw materials waste. As for Zn1− xSnxO, it was 
deposited both through sputtering and ALD, but also in this case, the 
latter gave the most promising performances [14,15,34,35,79]. Despite 
both techniques involve high-vacuum and clean processes, sputtering 
employs high-energy sources which can degrade or alter the surface of 
the kesterite, while ALD again allows a softer procedure where the 
substrate with kesterite is preserved and in the meantime Zn1− xSnxO can 
be produced by fine and reproducible tuning of Zn and Sn. Recently, 
TiO2 is emerging as buffer layer for kesterite PV cells and it has been also 
deposited through wet techniques as well as via ALD and with different 
crystalline phases [32,33,80–82]. In this case, the wet depositions are 
usually followed by an annealing step to convert titania in a crystalline 
rutile or anatase phase, while ALD guarantees an amorphous deposition 
of TiO2 (apparently more useful for PV purposes). On the other hand, 
In2S3 was mainly deposited through wet techniques such as CBD or 
spray pyrolysis [26,40], which involve a great waste of precursors and 
often lead to layers of poor quality. However, due to the In low- 
abundance, the scientific community seems to be less interested in 
In2S3, thus it has not been furtherly studied and developed recently. 
Given that the most promising efficiencies (almost equaling CdS) have 
been reached with a relatively modern technology like ALD, it is possible 
to find its unique features as well as its advantages and disadvantages in 
the following section. 

6.1.1. Buffer layer through ALD in kesterite solar cells 
Atomic layer deposition (ALD) is a technique for depositing thin 

films that relies on the step-by-step and recurring introduction of gas/ 
vapor phase species in a vacuum deposition chamber (Fig. 7). The gas 
components typically comprise at least one precursor and one co- 
reactant. Chemisorption reactions with self-limiting characteristics 
take place between these components and the functional groups existing 
on the substrate’s surface. Specifically, in a two-step ALD process, the 
precursor reacts with the substrate’s functional groups until saturation. 
Then, the co-reactant has the role to react with the chemisorbed pre-
cursor, removing the remaining ligands and restoring the original sur-
face groups for the next cycle [83]. 

Thanks to the self-limiting nature of the reactions involved, ALD 

Fig. 6. Alternative buffer layers grouped by deposition techniques.  
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enables for thickness control at atomic scale, excellent homogeneity, 
good control over the chemical composition of the material deposited 
and extremely good reproducibility [83,84]. Furthermore, as long as 
enough precursor/co-reactant is provided in order to reach saturation, 
ALD enables for conformal coverage into complex 3D substrates [85]. 

Application of ALD in the field of Cd-free kesterite solar cells is 
growing, taking advantage of all the above-mentioned aspects in order 
to improve the efficiency of the cells. For instance, Cui et al.[34] used an 
ultra-thin layer of ALD prepared Al2O3 in order to passivate surface 
defects at the grains of CZTS, improving the cell efficiency. 

A huge part of the literature is reporting the use of ALD for the 
preparation of buffer layers for Cd-free kesterite solar cells. In this re-
gard, ALD has the merit to allow for tuning of the material’s composi-
tion, thanks to the possibility of combining different processes together 
[86,87]. 

This is the case for instance of several reports showing the ALD 
preparation of zinc‑tin oxide (ZTO) buffer layers for Cd-free kesterite 
solar cells [14,15,27,35,88–90]. In that regard, the ZTO composition can 
be tuned by using different ratios between the Zn and Sn dosing in the 
ALD recipe, optimizing the buffer layer. 

In a recent work instead, Tseberlidis et al.[32] used a TiO2 buffer 
layer prepared by ALD. The choice was based on both theoretical work 
on the CZTS/TiO2 junction and experimental reports using TiO2 pre-
pared by different techniques. 

Therefore, the ALD of buffer layers for kesterite solar cells can offer 
several advantages, such as the precise thickness control (ensuring 
uniformity and consistency across the entire solar cell), conformal 
coating (meaning the buffer layer can coat complex and rough surfaces 
evenly), passivation of defects (reducing recombination losses, 
improving carrier transport, and enhancing the overall efficiency of the 
device), tuning band alignment (improving charge extraction and 

reducing losses at the heterojunction interface), enhanced stability 
(providing protection against environmental degradation and moisture 
ingress), compatibility with large-scale production. Overall, ALD of 
buffer layers offers a promising approach to enhance the efficiency, 
stability, and scalability of kesterite solar cells, thus advancing their 
commercial viability as a clean energy technology. 

6.2. Zn(O,S)-based buffer layers 

Zn(O,S) family buffer layers have been widely and deeply studied in 
the last decade with results ranging from good to bad, many times 
depending on the nature of the deposition technique used. Back into 
2012, Barkhouse et al. [26] reported a detailed UPS study regarding the 
band alignment and the performance of several buffer layers alternative 
to CdS and among them we find ZnS deposited through CBD. From their 
study emerges that, when ZnS is coupled with CZTSSe, little current flow 
is registered, consistent with the large conduction band offset, leading to 
high resistance barrier to electron flow, unless the buffer layers were 
extremely thin (1–2 nm) allowing tunneling. In fact, ZnS shows a 1.1 eV 
spike at the interface, responsible of the considerable series resistance 
and the poor device performance. In 2014, Ericson and co-workers [91] 
reported their CZTS devices coupled with ALD-made Zn(O,S) (O:S ratio 
= 6:1) performing a promising 4.6% efficiency compared to a 7.3% ef-
ficiency of their CdS reference device. Parallelly, L. Grenet et al. [92], 
published their investigations on Cd-free CZTSSe based solar cells with a 
ZnS(O,OH) buffer layer deposited by CBD. The so-fabricated devices 
show power conversion efficiencies up to 5.8% after a prolonged light- 
soaking treatment. However, the efficiency is lower than their refer-
ence CdS-containing device (7.0%) related to a lower short circuit cur-
rent. In 2015, Nguyen and co-workers [31] reported their solar devices 
based on CZTSSe monograins which registered efficiencies of η = 4.5% 

Fig. 7. (a) Thermal and (b) plasma-assisted ALD working principles.  
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when coupled with 25 nm of ZnS made by CBD and compared to their 
CdS-containing reference device performing η = 4.8%. Always in 2015, 
Steirer [93] described a double CBD strategy to deposit 20 nm of Zn(O,S) 
buffer layer by using either water or a mixture of water and DMSO as 
solvent. The corresponding devices, with architecture glass/Mo/CZTSe/ 
CBD-ZnOS/i-ZnO/Al:ZnO, showed over 5% PCE when DMSO was used 
compared to PCE below 2% when only water was employed as solvent 
during CBD and this has been ascribed to alternate transport level that 
bypasses the large conduction band spike and allows the negative car-
riers generated under illumination to flow. In 2016, Hong et al. [28] 
studied the ALD of Zn(O,S) with many different O/(O + S) ratios. The 
highest efficiency of 2.75% was offered by the device containing the 
buffer layer with O/(O + S) = 0.67, compared to a 3.56% of a CdS-based 
CZTSSe solar cell. The optimized buffer layer was also employed on a Se- 
rich CZTSSe absorber and η = 3.30% was recorded (versus η = 4.95% of 
the CdS reference cell). Further improvement in performances from η =
3.30% to 4.68% was obtained by replacing H2O with NH4OH solution as 
oxygen source during of Zn(O,S) by ALD. This result indicates that 
specific growth conditions are of crucial importance to obtain a per-
formance comparable to CdS using ALD-Zn(O,S) buffer layers.[28] In 
the same period, Neuschitzer and co-workers [77] have been able to 
correlate thiourea concentration during the CBD and light soaking to an 
improvement in the performances of CZTSSe/ZnS(O,OH) hetero-
junctions. Variations of the thiourea (TU) concentration in the CBD 
show a strong impact on device performance. A kink in illuminated J–V 
curves is observed for high TU concentrations (0.4 − 0.5 M) resulting in 
a barrier for photogenerated charges as expected from the high spike in 
the conduction band alignment, but the samples show a strong benefi-
cial effect by light soaking. On the other hand, with [TU] = 0.3-0.35 M 
no distortions were observed but lower VOC values are registered, and 
the samples are also less affected by light soaking. Overall, their opti-
mized champion device exhibits η = 6.5% (when 0.4 M TU was used in 
the CBD) and after light soaking, to be compared with the η = 6.9% of 
the CdS reference device.[77] Also Hong et al. [94] reported on their 
ALD Zn(O,S) in 2017, with the upgrade of nitrogen doping in their ox-
ygen rich buffer layer with beneficial effects. PCEs of 3% were obtained 
versus 4.5% of the CdS-based device. Always in 2017, Park et al. [95] 
reported on their 56 nm of CBD-made ZnS over CZTSSe with η = 3.8% 
versus their CZTSSe/CdS p-n junction performing η = 5.2%. It is evident 
how the CBD conditions strongly influence the final device parameters 
and small differences in the procedures result in higher or lower effi-
ciencies. However, in all cases ZnS was demonstrated to be a suitable 
candidate to substitute CdS with comparable results, when prepared 
through chemical routes. On the other hand, the same material has been 
produced also through sputtering (optimized at 30 nm) by Kim et al. 
[96] in 2014, but much lower performances were recorded (η = 2.11% 
versus η = 4.97% of the CdS-containing solar cell). Li and co-workers 
have been able to enhance the behavior of their CZTSe/Zn(O,S) de-
vices by concentrated ammonium etching and soft annealing treatment 
[37]. In this way, ZnO and Zn(OH)2 secondary phases were eliminated 
improving the hetero-junction quality. Moreover, thanks to the absence 
of high resistance i-ZnO window layer, and the use of anti-reflection 
coating, their solar cells showed small series resitance, high fill factor 
and η = 7.2% compared to η = 8% of the CdS-based cell. A different 
deposition technique was reported in 2019 by Zhang and co-workers 
[38]. Their novel ozone-assisted photochemical deposition (PCD) 
allowed them to produce working thin-film CZTS solar cells with ZnS or 
Zn(O,S) buffer layer. Despite the intriguing novelty, modest efficiencies 
were obtained for both the CZTS/ZnS and CZTS/Zn(O,S) p-n junctions 
(respectively η = 1.9% and η = 3.0%) if compared to their CdS reference 
device relying on η = 4.3% and much higher JSC and FF values. More 
recently, in 2021, Jeong and co-authors published interesting results 
regarding a facile (NH4)2S solution treatment to improve the surface 
properties of their ALD-Zn(O,S) resulting in enhances device perfor-
mances [36]. The cell efficiency of CZTSSe/Zn(O,S) drastically 
increased from 7.5% to 9.8% after 1 min of (NH4)2S treatment resulting 

in removal of the native oxide layer, passivation with sulfur, reduction of 
the interfacial defects and recombination losses leading to higher VOC 
and FF. The 9.8% record device has to be compared with the CdS-based 
device which shows η = 10.1%, and in this way the authors experi-
mentally demonstrate that Zn(O,S) could actually equal CdS as buffer 
layer in kesterite solar cells. Finally, in 2022, Delgado-Sanchez reported 
a Zn(O,S) buffer layer deposited though High Vapor Transport Deposi-
tion (HVTD) with which successfully tuned the band alignment between 
CZTSSe and the buffer layer [78]. The deep investigation involved 
different S/(S + O) ratios resulting in an optimized device when S/(S +
O) range is 0.5–0.7, avoiding spike-like CBO, and leading to η = 6.87%, 
VOC = 574 mV, JSC = 20.3 mA/cm2 and 58.8% FF. 

The extensive research, that has been conducted on Zn(O,S) family 
buffer layers for kesterite solar cells, has yielded mixed results influ-
enced by the deposition techniques employed. Meanwhile the initial 
studies showed high resistance barriers due to a large conduction band 
offset, further investigations by different research groups explored 
various deposition methods and compositions, proving that Zn(O,S) can 
be a promising CdS substitute once the deposition conditions have been 
tuned to match the light absborber. 

6.3. Zn1− xSnxOy buffer layers 

Among alternative buffer layers to CdS, ZTO has attracted great 
attention as it is based only on earth-abundant and non-toxic constituent 
elements,[88] has a large and tunable band gap, which makes possible 
to obtain good transparency and better energy band matching with 
kesterites [88], and is attractive for large scale production. Since 2012, 
this Cd-free buffer layer has shown promising results in CIGS-based solar 
cells, even surpassing the performance obtained with CdS [97,98], with 
efficiencies exceeding 18%[99]. The success of Cd-free CIGS solar cells 
has motivated researchers to use ZTO in kesterite devices as well. Since 
2016, many results comparable to CdS have been achieved by synthe-
sizing ZTO with different compositions and thicknesses on CZTS 
[15,34,100]. The main techniques used to growth high-quality ZTO are 
atomic layer deposition (ALD) and sputter deposition 
[15,34,89,101–103]. Thanks to its own advantages, such as excellent 
control of ZTO stoichiometry and thickness, atomic-scale precision, 
homogeneous deposition without damage to the kesterite surface [104], 
ALD-ZTO processes have attracted attention and, consequently, have 
been optimized by several groups. Moreover, this technique enables 
better cell-to-cell uniformity compared to CdS by CBD [88]. Li et al. [90] 
first reported the use of ALD-ZTO buffer layer in a CZTSSe device, 
demonstrating that the ZTO bandgap and the CBO of the ZTO/CZTSSe 
interface can be tuned and well controlled by varying proper Zn and Sn 
pulse ratio in the ALD process. They also studied the impact of the ZTO 
thickness on the device performances, showing that a too thin buffer 
layer may not fully cover the CZTSSe layer and, consequently, affect the 
p-n junction quality. On the contrary, when ZTO is too thick its resis-
tance is very high, resulting in a FF decrease. In this work, with the 
optimized Sn/(Sn + Zn) pulse ratio equal to 0.167 and with a ZTO 
thickness of 50 nm, the champion CZTSSe/ZTO solar cell has achieved 
maximum efficiency of 8.60%, compared with 8.14% of the control 
device with CdS. Ericson et al. [100] demonstrated that by regulating 
the ALD-deposition temperature is possible to modify the band gap of 
the ZTO film and also the band alignment with the CZTS absorber. In this 
work the ALD process temperature was varied from 105 to 165 ◦C. 
Current-blocked solar cells were produced at 105 ◦C, the highest FF was 
obtained at 165 ◦C while the highest VOC and efficiency of 9.0% were 
achieved at 145 ◦C. In the record device (in which 110 nm of MgF2 
antireflective coating, ARC, is inserted), ZTO grown at 145 ◦C has a 
thickness of 10 nm and a composition of Sn/(Sn + Zn) equal to 0.28. 
These PV results are better than the one of the control device with CdS 
(but without ARC), with efficiency of 7.2%. The authors also proved that 
the interface recombination at the p-n junction is significantly reduced, 
and the band alignment is improved for the ZTO samples compared to 
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the CdS-reference, suggesting that ZTO is very promising. Cui et al. [15] 
systematically investigated the structural and optical properties and 
optimized the stoichiometry and thickness of ALD-ZTO buffer layer to 
produce CZTS devices. The solar cells parameters proved the improve-
ment in both JSC and VOC. They also studied the nanoscale structure of 
the devices, revealing the presence of an ultra-thin Zn(S,O) tunnel layer 
at the CZTS/ZTO junction which acts as hole barrier at the hetero-
junction interface and, thanks to the minor lattice mismatch at the 
CZTS/ Zn(S,O)/ZTO, reduces the defects at the heterointerface. Thanks 
to this ultra-thin Zn(S,O) layer and to a higher Na concentration in the 
ZTO based device, which provides passivation of defects, VOC was 
increased up to 10%. In this way they have obtained a record efficiency 
of 9.3% using a 10 nm Zn0.77Sn0.23O buffer layer and 110 nm of MgF2, 
compared to 8.2% efficiency for the same cell but without ARC and to 
6.9% efficiency for the control device with CdS and without ARC. One 
year later the same group for the first time inserted an ALD-Al2O3 
passivation layer between CZTS and ZTO [34]. The authors demon-
strated that Al2O3 and trimethylaluminum (TMA), which was used as 
Al2O3 precursor, lead to a variation of the CZTS surface chemical 
composition and a formation of a Na-rich and Cu-deficient nano-layer. 
This modification induced a band gap widening at the absorber surface, 
a reduction of defects recombination at the p-n junction and an 
improvement in VOC and in PV performances, with a champion cell ef-
ficiency of 10.2%. Larsen et al. [103] optimized the energy band 
alignment at CZTS/ZTO junction, studying how the annealing condi-
tions, the thermal history and the ordering treatment of the absorber 
impact on the band gap of the CZTS. For non-ordered CZTS the highest 
efficiency of 9.7% was achieved using ALD-ZTO (and with ARC). This is 
a great result, considering that the reference device with CdS (bur 
without ARC) has 7.5% efficiency. Gobbo et al. [35] have optimized 
ALD-ZTO composition and thicknesses. They have also demonstrated 
that the i-ZnO window layer deposited via sputtering, typically sand-
wiched between the buffer layer and the transparent contact in kesterite 
device architecture to prevent shunt, is not only redundant but also 
detrimental when coupled with high-homogeneous and compact ALD- 
ZTO. In fact, the conditions employed for the i-ZnO deposition process 
can alter the ZTO stoichiometry and properties, leading to an inter-layer 
which, due to its resistive nature, limits charge extraction. The authors 
find the best ZTO film with Sn/Zn ratio being 2:1 and with 30 nm 
thickness, achieving efficiency of 4.0% (without i-ZnO layer), slightly 
higher than the CZTS/CdS reference device (3.9%). Ahmad et al. [14] 
have shown that the ALD-ZTO buffer layer better the band alignment at 
the Ag-CZTSSe/ZTO junction. It is well known that Ag substitution in 
kesterite has a positive effect on the grain size growth of the absorber 
and consequently also on the device performance [105]. In this work the 
authors determined that 6% Ag substitution is the best performing. After 
properly tuning the composition and the thickness of ZTO, they proved 
that the best efficiency can be achieved with 10 nm ZTO with ALD pulse 

ratio of 5:1. The champion device with Ag-CZTSSe/ZTO exhibited 
11.8% efficiency, higher if compared to both a CZTSSe/ZTO reference 
(10.9%) and to the standard device with Ag-CZTSSe/CdS (10.7%), 
confirming the relevant role of Ag and alternative buffer layer. To date 
this is the highest efficiency Cd-free kesterite solar cell (Fig. 8). 

As mentioned above, also the sputtering technique allows to growth 
good-quality ZTO films and, thanks to its faster deposition rate and to its 
potential employment in low-cost mass production, has interested some 
research groups [89]. Grenet et al. [101] described the possibility of 
growing amorphous ZTO layers via sputtering of a single Zn0.8Sn0.2O 
metal oxide target. A key parameter that had to be considered was the 
deposition power, which, if too high damages the absorber surface and 
reduces PV parameters, if too low results in a drastic increase in depo-
sition time. To overcome these problems and conciliate the CZTS pres-
ervation and acceptable process time, a two-stages deposition with a 
first ultrathin low power layer and a second thicker higher power layer 
was performed. To further enhance the devices performances, the au-
thors have also tested reactive sputtering with O2, to obtain more 
transparent ZTO films, and with SF6, to increase the conductivity of the 
buffer layer. The best results, achieving 5.2% efficiency, have been ob-
tained with ZTO sputtered with O2, surpassing the CZTS/CdS reference 
device (4.6%). In the paper the authors have also demonstrated that ZTO 
is more suitable for the sulfide kesterite rather than the Se-rich ab-
sorbers. Lee et al. have deposited ZTO through co-sputtering method 
[89]. They have studied and investigated band gap tuning of CZTSSe and 
ZTO in order to obtain an optimal CBO between them and to enhance 
VOC. ZTO band gap was modulated by adjusting the Sn/(Zn + Sn) ratio 
and the deposition temperature. The buffer composition can be 
controlled by changing the power applied to each sputtering target. This 
band gap engineering led to a 11.22% efficiency (compared to CZTSSe/ 
CdS reference device of 9.57%), thus resulting in the best data with 
sputtered ZTO. Zhang et al. have studied the effect of co-sputtered ZTO 
in pure CZTSe devices [79]. After the optimization of both ZTO 
composition, adjusted by varying the sputtering power ratio, and 
thickness, the buffer layer properties have also been improved via H2- 
assisted reactive sputtering. It was demonstrated that the introduction of 
H2 in the ZTO film implies an increase in carrier concentration and thus 
a reduction in ZTO resistance, leading to higher-performance devices. 
Thanks to these improvements, the highest efficiency obtained with 
CZTSe/ZTO solar cells is 5.08%, comparable with CZTSe/CdS reference 
device (5.86%). Lin et al. [106] first proposed an ultrathin CdS layer (10 
nm), which acts as interface passivation layer and protection for CZTSSe 
surface, and 100 nm Zn0.8Sn0.2O buffer layer (via co-sputtering) to limit 
Cd content and reduce interface recombination in flexible solar cells. 
With this device architecture it was possible to obtain high-quality 
interface and good band matching, achieving 9.3% efficiency, which is 
higher than that of the standard device with only CdS (8.5%). Recently, 
the same group has produced the first flexible CZTSSe solar cells with 

Fig. 8. (a) J-V curve of the highest efficiency Cd-free kesterite solar cell (Ag-CZTSSe/ZTO junction) compared to its reference CdS-based device. (b) EQE and Integral 
JSC of the highest efficiency Cd-free kesterite solar cell (Ag-CZTSSe/ZTO junction) compared to its reference CdS-based device. (Reproduced Under the Terms of CC 
BY License, Copyright 2023, Advanced Science, Wiley, [14]). 
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only ZTO deposited via co-sputtering, finally leading to a device effi-
ciency of 8.7%, which is the maximum value reported for Cd-free flex-
ible kesterite devices [107]. These results are due to a low roughness 
ZTO, which is fundamental to improve junction interface quality, 
enhance carrier transport capability and reduce the scattering of inci-
dent photons. 

Therefore, ZTO buffer layer has been proved to be a valid alternative 
to CdS since it has shown comparable performance to the conventional 
device architecture. Various synthesis methods, including ALD and 
sputter deposition, have been utilized to fabricate high-quality ZTO 
layers, showing promising results in achieving high-performance kes-
terite solar cells. Moreover, the integration of ZTO buffer layers in 
flexible solar cells has also been explored, resulting in significant effi-
ciency enhancements, highlighting the potential of ZTO as a key 
component in next-generation Cd-free kesterite solar cell technology. 

6.4. In2S3-based buffer layers 

Among the suitable alternatives to CdS to be coupled with kesterites, 
we find also In2S3. This material has been studied in the early stages of 
the research on this topic and immediately gave promising results, even 
comparable to CdS. However, the use of a rare and expensive element 
like indium (indicating also difficulties in a possible industrial scale-up) 
and the further improvements achieved by the CZTSSe/CdS junction, 
somehow hindered the investigations and turned the attention of the 
research community towards other materials. Nevertheless, some of the 
best efficiencies with alternative buffer layers have been achieved by 
using In2S3, so it deserves to be mentioned and commented in this re-
view [40,76,108,109]. The crystalline forms and phases of In2S3 have 
been deeply investigated and it seems that the β-In2S3 phase leads to 
higher performances when used in kesterite thin film solar cells, thanks 
to its stability, optical and electronic properties. Moreover, at the 
interface with CZTSSe an interdiffusion gradient is formed which seems 
to carry beneficial effects for the device behavior [41,108,110]. Exciting 
results were recorded in 2012 when In2S3 was deposited through CBD by 
Barkhouse and co-workers [26], η = 7.19% was obtained for CZTSSe/ 
In2S3 compared to η = 7.75% of the CdS reference device. The efficiency 
was furtherly improved to η = 7.59% by using MgF2 anti-reflective 
coating (ARC). Always depositing In2S3 through CBD, Hiroi et al. 
[111] in 2012 reported their results, with η = 6.3% for CZTS/In2S3 
heterojunction, even though no CdS-reference device was reported, but 
only the comparison with the other novel heterojunction proposed be-
tween CZTS and ZnO:B (made by metal-organic chemical vapor 
deposition-MOCVD) relying on η = 5.85%. A few years later, Jiang et al. 
studied and reported on the CZTS interface doping by In2S3 induced by 
the post-heating treatment after the CBD deposition, which allowed η =
6.9% compared to the η = 8.1% of their CZTS/CdS reference device 
[39,41]. In the same period also a promising chemically spray pyrolyzed 
(CSP) version of In2S3 was proposed by Khadka [40] coupled with low 
band gap kesterite (CZTSe) achieving η = 5.74%, but no reference de-
vice was reported and compared there. Other works have been pub-
lished, between 2014 and 2016, involving In2S3 but it was used together 
with CdS in structures where both the materials were stacked, resulting 
in a beneficial effect for the band alignment, even though cadmium was 
still present and an expensive element like indium was added in the 
meantime [75,76]. However, since 2016 the kesterite/In2S3 research 
slows down with other emerging buffer layers taking the stage: ZnSnO 
and Zn(O,S) mainly. Nevertheless, given the stuck in the efficiency 
improvement for kesterite solar cells, in the last few years a reprise of the 
topic is being pushed from the theoretical point of view, mainly through 
SCAPS simulations, where In2S3 is still presented as one of the best 
candidates to be coupled with kesterites [112–114]. 

So, despite its initial success, the rarity and expense of indium, along 
with the superior performance of CZTSSe/CdS junctions, diverted 
research attention towards other materials. However, some of the 
highest efficiencies with alternative buffer layers have been achieved 

using In2S3, particularly the β-In2S3 phase, known for its stability and 
beneficial interdiffusion effects at the CZTSSe interface, which should be 
taken as a positive example for the design of cheaper buffer layers. 

6.5. TiO2 as buffer layer 

In the plethora of TiO2 applications we can find also photovoltaics 
[115–120]. In fact, titania is being intensively used in perovskites as well 
as in dye sensitized solar cells (DSSC) as hole transport layer due to its 
features. In particular, it shows very good conductive properties, it is 
produced through relatively low-cost chemicals and, depending on its 
thickness, it exhibits also high values of transmittance thus limiting 
parasitic absorptions. However, it is barely reported in combination 
with chalcogenides in the generation of a p-n junction for photovoltaic 
purposes [115,121,122]. In recent times, apparently the interest of the 
kesterite research community towards this material has increased and 
several works have been published regarding theory, modelling, simu-
lations and calculations, indicating TiO2 as a suitable candidate to 
replace CdS in kesterite thin-film solar cells. Simulations made from 
Bencherif and coworkers [72] seem to justify TiO2 use above CdS thanks 
to a possible ~5% VOC gain. In the same work, the simulated device 
would be able to both overcome fill factor (FF) and efficiency (η) current 
CZTS/CdS limitations, reaching values respectively of FF ~ 86% and η 
~ 15%. Few years ago, also Nisika [123,124] reported on CZTS/TiO2 
experimental/simulated heterojunctions, proving through UPS and XPS 
measurements that in this case a favorable spike-like effect in the band 
alignment leads to an offset CB of 0.17 eV. The same authors reported 
also on the TiO2 conductivity related to oxygen vacancies which strongly 
affects the charge extraction, enhancing it when lower values of oxygen 
are present [123,124]. 

Despite the good and encouraging theoretical results achieved, very 
little evidence has been recorded on the topic, especially if compared to 
the above-described buffer layers. Back in 2015, Demopoulos et al. [80] 
developed an unconventional and sophisticated route to grow nano-
crystallites of CZTS on nanorod-arrays of titania (TiO2-NA), producing in 
this way the first working solar cell based on CZTS/TiO2 junction. The 
device architecture was in superstrate configuration (TCO/TiO2/inter-
layer/CZTS-NA/top-contact) and showed modest characteristics with 
VOC ~ 180 mV and JSC ~ 3.3 mA/cm2. However, the optimization of 
their synthetic procedure and device production lead to better perfor-
mances in 2019, with η ~ 1%, VOC ~ 400 mV and JSC ~ 6.6 mA/cm2, 
this time interposing Al2O3 between CZTS and TiO2-NA in a sort of p-i-n 
junction [81]. In the last few years, other works have been published 
coupling CZTS with titania but still inserting a thin CdS layer in between 
and leading to efficiencies <1%[82,125]. In 2021, Dwivedi and co-
workers [126] published their superstrate solar cell produced with facile 
and chemically deposited commercial TiO2 and CZTS but reaching again 
modest device parameters like η = 0.87%, VOC = 400 mV, JSC = 4.7 mA/ 
cm2. In 2022, Wang and coworkers [33] recorded outstanding results 
with their Ag-substituted low band-gap kesterite in superstrate config-
uration with a sputtered layer of TiO2. Despite the use of Ag in their (Cu, 
Ag)2ZnSn(S,Se)4 kesterite and of an expensive layer of PTB7 and Au 
contacts, they have been able to reach η = 9.7%, VOC = 0.49 V, JSC =

31.4 mA/cm2 and FF = 63%. In 2023, Tseberlidis and coworkers [32] 
reported their substrate configuration device with CZTS/TiO2 hetero-
junction showing 3.01% with a JSC of 16 mA/cm2 and VOC 460 mV and 
relying on the simplest architecture possible Mo/CZTS/TiO2/AZO/Al. 
The authors used ALD to deposit amorphous titania directly over a 
sputtered CZTS and compared their novel device with a CdS-based 
reference one showing η = 4%. They experimentally demonstrate that 
TiO2 can be a good candidate to substitute CdS and that comparable cell 
parameters can be achieved by using ALD-TiO2. Interestingly, the best 
results have been achieved after 1 h of light-soaking on the final device, 
supporting the observations regarding the oxygen vacancies tuning 
described by Nisika et al.[123], and suggesting that this heterojunction 
could work even better in normal operating conditions. Recent 
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unpublished results of Tseberlidis and co-workers, reported in this re-
view, regard the stability of the same CZTS/TiO2 devices, where im-
provements in solar cell parameters were achieved after 18 months of 
ageing and always after 1 h of light soaking, which allowed to furtherly 
increase the efficiency of the device to η = 3.71% (Table 1, last entry). 

Summing up, TiO2 is a well-known material in PV, due to its trans-
parency and cost-effectiveness, and lately it has been also explored in 
combination with chalcogenides. Experimental efforts have shown 
promising results, with CZTS/TiO2 heterojunctions demonstrating 
favorable band alignments and charge extraction properties. Although 
experimental evidence remains limited compared to other buffer layers, 
stability studies have shown promising results, indicating improvements 
in device parameters over time. Overall, these findings suggest that TiO2 
could be revolutionary in kesterite solar cells, with opportunities for 
further optimization and enhancement of device performance. 

7. Conclusions 

In thin film kesterite solar cell technology, CdS is commonly used as 
the n-type partner (buffer layer) but, beyond its toxicity, it shows a 
nonoptimal band alignment with kesterites (regardless of their band 
gap) and exhibits parasitic absorption at low wavelengths due to its 
bandgap. Several efforts have been made in the last decade, to replace 
CdS with a suitable, Cd-free, both environmentally and economically 
sustainable buffer layer, and many times with successful results allowing 
not only to equal, but also to overcome in few cases the performances of 

the corresponding CdS-based reference devices. Several architectures 
have been optimized and employed, depending on the buffer layer 
chosen to substitute CdS (Fig. 9). The record devices for each alternative 
buffer layer are summarized in Table 1 in comparison with their cor-
responding CdS-based device. In Fig. 10 are reported the efficiencies of 
all the devices cited in this review featuring alternative buffer layers and 
representing the milestones of the research on this hot topic. 

Zn(O,S) family buffer layers for kesterite solar cells have been 
extensively studied, and have yielded mixed results strongly influenced 
by the employed deposition technique. Initially it showed high resis-
tance barriers due to a large conduction band offset. However, further 
investigations adopting various deposition methods and compositions, 
proved that Zn(O,S) can be a suitable CdS substitute when the deposition 
conditions have been tuned to match the light absborber. On the other 
hand, ZTO buffer layer has been proved to be a valid alternative to CdS 
since it has shown comparable performance to the conventional device 
architecture containing CdS. Different growth methods, and among 
them ALD and sputtering, have been employed to fabricate high-quality 
ZTO layers, registering promising results and achieving high- 
performance kesterite PV devices. In addition to this, ZTO has been 
successfully employed also in flexible solar cells carrying significant 
efficiency enhancements, thus highlighting the potential of ZTO as a key 
component in next-generation Cd-free kesterite solar cells. As for In2S3, 
despite its initial success, the low abundance and cost of indium together 
with lower performances compared to kesterite/CdS junctions, dimin-
ished the interest towards this material. TiO2 is one of the emerging most 

Table 1 
Kesterite record devices divided by alternative buffer layers used and compared to the corresponding CdS-based reference devices where available.  

Absorber Eg (eV) Architecture BL BL deposition 
BL thickness 

(nm) 
VOC 

(mV) 
JSC (mA/ 

cm2) FF (%) η (%) 
Area 
(cm2) Year Ref. 

CZTSe 1.02 substrate 
Zn(O,S) 

CdS 
CBD 
CBD 

25 
NA 

358 
388 

33.5 
35.9 

60 
58 

7.2a 

8.0 0.345 2017 [37] 

CZTSSe 1.09 substrate 
Zn(O,S) 

CdS 
ALD 
CBD 

20 
20 

496 
482 

35.6 
36.4 

56 
58 

9.8 
10.1 

0.3 2021 [36] 

CZTS NA substrate Zn(O,S) 
CdS 

ALD 
CBD 

33 
50 

482 
652 

17.2 
17.5 

55.5 
63.8 

4.6 
7.3 

NA 2014 [91] 

CZTSe NA substrate ZnSnO 
CdS 

Sputtering 
CBD 

10 
50 

370 
376 

24.39 
32.72 

56.28 
47.63 

5.08 
5.86 

NA 2021 [79] 

CZTSSeb 1.08 substrate ZnSnO 
CdS 

ALD 
CBD 

10 
40 

498 
490 

36.28 
34.83 

66.53 
62.96 

11.8 
10.7 

0.135 2023 [14] 

CZTS 1.5 substrate 
ZnSnOa, 

e 

CdS 

ALD 
CBD 

10 
50 

736 
652 

21.0 
16.5 

65.8 
6.9 

10.2 
6.9 

0.224 2019 [15,34] 

CZTSe 1.08 substrate 
In2S3 

CdS 
CSP 

- 
100 

- 
431 

- 
28.3 

- 
47.1 

- 
5.74 

- 
0.1 
- 

2015 
- 

[40] 
- 

CZTSSe 1.2 substrate 
In2S3 

CdS 
CBD 
CBD 

< 50 nm 
< 50 nm 

424 
465 

32.3 
27.1 

55 
62 

7.59 
7.75a NA 2012 [26] 

CZTS 1.4 substrate 
In2S3 

CdS 
CBD 
CBD 

90 
90 

621 
705 

20 
18 

54.5 
63.2 

6.9 
8.1 0.05 2016 [39,41] 

CZTSe 
- 
- 

- 
- 

TiO2 

CdS 
- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

CZTSSeb 1.19 superstrate 
TiO2 

CdS 
Sputtering 

- 
20 nm 

- 
490 

- 
31.4 

- 
63 
- 

9.7 
- 

0.03 
- 

2022 
- 

[33] 
- 

CZTS 1.58 substrate 
TiO2 

TiO2 

CdS 

ALD 
ALD 
CBD 

20 nm 
20 nm 
70 nm 

465 
476 
555 

16.5 
17.7 
16.1 

39.1 
44.0 
59.7 

3.01c 

3.71c, 

d 

4.14 

0.11 2023 

[32] 
New 

Resultsf 

[32]  

a with anti-reflection coating (ARC). 
b silver refined kesterite (Cu,Ag)2ZnSn(S,Se)4 
c after 1 h light soaking 
d after 18 months of ageing 
e with Al2O3 interlayer; BL = Buffer Layer 
f The authors of this review report here the updated efficiencies after ageing process of their CZTS/TiO2 device already reported in reference [32] by the same 

authors. 
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promising candidates to substitute CdS. It is well known thanks to its 
transparency and cost-effectiveness and recent findings about its com-
bination with chalcogenide absorbers gave promising results. Both 
theoretical and experimental investigations demonstrated favorable 
band alignments and charge extraction properties and, despite the still 
low efficiencies compared to other alternative buffer layers, stability 
studies indicate improvements in device parameters over time. These 
findings suggest that TiO2 could be revolutionary in kesterite solar cells, 
with opportunities for further optimization and enhancement of device 
performance. 

What undoubtedly emerges is that, among all the reported deposi-
tion techniques, the ALD of buffer layers for kesterite solar cells can offer 
several advantages, such as the precise thickness control (ensuring 
uniformity and consistency across the entire solar cell), conformal 
coating (meaning the buffer layer can coat complex and rough surfaces 

evenly), passivation of defects (reducing recombination losses, 
improving carrier transport, and enhancing the overall efficiency of the 
device), tuning band alignment (improving charge extraction and 
reducing losses at the heterojunction interface), enhanced stability 
(providing protection against environmental degradation and moisture 
ingress), compatibility with large-scale production. Overall, ALD of 
buffer layers offers a promising approach to enhance the efficiency, 
stability, and scalability of kesterite solar cells, thus advancing their 
commercial viability as a clean energy technology. In conclusion, in this 
review we summarized the efforts and the improvements recorded by 
the scientific community working on alternative buffer layers for kes-
terites in the last ten years, with the aim to supply a landmark useful to 
design future experiments in a more efficient way and to push forward 
the related research activities, in order to fully overcome CdS limitations 
and to promote thin-film kesterite devices to higher performances. 

Fig. 9. Device architecture of the champion devices for each alternative buffer layer reported.  

Fig. 10. Power conversion efficiencies recorded with different Cd-free buffer layers for CZTSe, CZTSSe, CZTS thin-film solar cells (each colored spot corresponds to a 
work cited and described in the main text). 
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Therefore, in the future scenario of the “Terawatt Era”, PV will play a 
lead role in many applications, including PIPV, such as “wearables”, 
BIPV and VIPV, where light-weight thin-film technologies are manda-
tory, and Cd-free kesterite thin-film solar cells can emerge as the main 
candidate for an environmental-friendly energy production. 
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