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Abstract
Cu2ZnSn(SSe)4 (CZTSSe) semiconductor is quite promising to solar cell applications, recently
achieving a new record efficiency of 14.9%. Despite theoretical works have shown that
efficiencies higher than 20% are possible in this technology, there are some critical points that
should be carefully solved by the scientific community. In this review, it is presented a critical
analysis on the state-of-the-art of Cu2ZnSn(SSe)4 solar cells. First, we summarize advantages
and disadvantages of most used vacuum and non-vacuum thin film fabrication methods,
followed by the most important results in solar cell fabrication along with key factors in
performance improvement. Furthermore, the future experimental outlook is also analyzed with a
particular focus on kesterite material engineering and its grading band-gap engineering.
Likewise, the experimental state-of-the-art of CZTSSe device fabrication, a non-typical
contribution of this work to the literature it is the presentation and discussion of most important
theoretical results on solar cells. A particular attention is paid to results concerning numerical
and analytical approaches for the study of Cu2ZnSn(SSe)4 solar cells. Finally, theoretical results
concerning the potential use of nanostructured CZTSSe solar cells for achieving efficiencies
higher than that of the Shockley–Queisser limit are presented and discussed.
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1. Introduction

The second generation of solar cells consisting of thin films
have become more and more attractive to the scientific com-
munity for its promise in reducing the cost per watt-peak of
modules. In general, semiconductor materials from thin film
solar cells have been described by direct band gap transitions,
requiring lower material thicknesses in comparison to silicon
solar cells. Within the family of thin film solar cells, kesterite-
based compounds have gained significant attention. In partic-
ular, Cu2ZnSnSe4 (CZTSe), Cu2ZnSn(S,Se)4 (CZTSSe), and
Cu2ZnSnS4 (CZTS) have been the traditional ones, whose
properties have been extensively studied, with leading solar
cell efficiencies of 12.5% [1], 14.9% [2], and 12.1% [3],
respectively. These materials have shown properties compar-
able to other high-performance solar cell materials, such as
CuInGaSe2 (CIGS) [4], while being composed of abundant,
less toxic, economical elements, and direct tunable band-gap
values of 1.05–1.5 eV [5], resulting in absorption coefficients
that surpass 104 cm−1 [6, 7]. These properties make them suit-
able for efficiently capturing solar radiation across a broad
spectrum of wavelengths. The isoelectronic nature of kester-
ite in comparison to chalcopyrite results in various material
features, such as crystal structure and tensor properties, being
shared by kesterite and chalcopyrite semiconductors. This
guarantees that same preparation procedures may be used, and
photovoltaic devices can be successfully manufactured util-
izing the same device design, structure, and processing pro-
cesses as chalcopyrite solar cells [8].

Kesterite compound was identified as natural alloy in 1959
in the Këster deposit, in Russia [9, 10]. The CZTS quaternary
compound was obtained by chemical transport with iodine in
1966, published by Nitsche et al [11]; previously, Hahn and
Schulze had grown CZTSe single crystals for the first time in
1965 [12]. Nakazawa in 1988 reported the experimental pro-
cess of a heterojunction diode based on CdSnO transparent
conductive layer and CZTS layer, highlighting a voltage out-
put characteristic of 165 mV for the first time, although its
current output was practically null [13]. The initial J–V char-
acteristics analysis of CZTS solar cell was reported until 1996;
in this work, Katagiri et al demonstrated a voltage output and
efficiency of 400 mV and 0.66%, respectively [14]. A similar
efficiency was also reported by Friedlmeier et al by thermal
evaporation in high vacuum, achieving 570 mV of open circuit
voltage [15]. By 2001, Katagiri continued exploring distinct
procedures in this material with not much progress, inside the
variation of 522.4–735mV in open circuit voltage (Voc), 11.7–
14.11 mA cm−2 in short-circuit current density (Jsc), 0.29–
0.36 in fill factor (FF), with power conversion efficiency (PCE)
values ranging 2.49%–2.62% [16, 17]. Before 2003, only these
groups mentioned above had informed about the properties of
CZTS photovoltaic solar cells. After that, the most relevant
data was published by Katagiri in 2008, who showed Jsc, Voc,

FF, and efficiency values of 17.9 mA cm−2, 610 mV, 0.62, and
6.77%, respectively [18], followed by significant advancement
in the development of kesterite solar cells characterized by a
new efficiency record around the 10%, reported by IBM [19].
CZTSSe solar cell efficiencies reported before 2020 had not
been able to exceed the score of 12.6% in efficiency; one of
these records was published by IBM and Solar Frontier for
CZTSSe absorbers from hydrazine-based solution [20], with
Voc = 513.4 mV, Jsc = 35.21 mA cm−2, and FF = 0.698
values. Due to the complexity involved in the study of the
CZTSSe quaternary compound, multiple investigations about
optical and electrical properties were necessary during next
10 years; in general, the optimization of the kesterite absorber
material to enhance its light absorption and carrier transport
properties has been one of the most analyzed areas [21–23].
After almost 10 years with no significant progress, the report
of a new top certified efficiency of 13.8% for CZTSSe devices
in 2023 renews the interest in this inorganic cell [24]. Recently,
Li et al published the latest records [2]. In this work, a partic-
ular attention is paid to Voc losses owing to abundant second-
ary phases and defects, resulting in a high crystalline CZTSSe
material with a substantially lower defect density. The remark-
able PCE of 14.9% with a Voc of 576 mV in 2024 is the most
actual data for kesterite devices. CZTSSe solar cell efficiencies
behavior since 1996 to up to date are summarized in figure 1—
data were taken from reference [25]. Figure 1 illustrates that
an initial efficiency of 0.66% was promoted to 14.9%, demon-
strating the potential use of this absorber compound in solar
cells.

One of the principal reasons CZTSSe is deemed ideal for
solar absorption lies in its capability for high efficiency along-
side the utilization of earth-abundant, and non-toxic materi-
als. This synergy effectively addresses the sustainability and
environmental impact concerns associated with solar cell tech-
nologies. Moreover, CZTSSe adaptability to low-cost fabric-
ation methods stands to significantly bolster the commercial
viability of solar cells predicated on this material. Recent
scholarly contributions underscore CZTSSe thin-film solar
cells potentiality for heightened efficiency, focus on augment-
ing the material optoelectronic attributes, bolster its stability,
and refine efficient fabrication methodologies. These invest-
igations further emphasize the criticality of precise compos-
ition and property control in CZTSSe to fully leverage its
capabilities for photovoltaic applications [26–28]. CZTSSe
solar cells are increasingly recognized within the photovol-
taic domain for their potential to achieve high efficiency while
utilizing non-toxic and earth-abundant materials. This tech-
nology spans several critical areas: the specific composition
and properties of the compound, diverse fabrication method-
ologies, performance metrics, developmental challenges, and
avenues for future investigation. In this review, we present
the state-of-the-art of CZTSSe solar cells from not only an
experimental view but also from the theoretical perspective.
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Figure 1. Record efficiencies reported for inorganic CZTSSe solar
cells.

We take a glance to most important fabrication methods for
kesterite material, followed by the discussion on results repor-
ted in kesterite solar cells with particular emphasis on key
factors in performance improvement. Finally, numerical and
analytical results on kesterite solar cell simulation are presen-
ted, where the potential application of kesterite nanostructures
for achieving efficiencies higher than that of the Shockley–
Queisser limit is discussed.

2. Thin film fabrication methods

The fabrication of CZTSSe thin films can be executed through
various vacuum and non-vacuum methods as illustrated in
figure 2, each contributing uniquely to the material final prop-
erties and the cells overall performance. Techniques such as
sputtering and evaporation belong to typical vacuum pro-
cesses for kesterite thin film deposition. These methods allow
for precise control over the films composition and thickness
but may require high capital investment for equipment. On
the other hand, non-vacuum processes such as solution pro-
cessing, electrodeposition and nanoparticle ink-based depos-
ition are notable for their lower cost and potential for scal-
able production. They involve depositing a precursor solution
on a substrate followed by annealing to achieve the desired
CZTSSe phase. The advantages of both vacuum and non-
vacuum processes are often considered in the called hybrid
methods. Under the hybrid methods elements of both vacuum
and non-vacuum processes are combined to optimize the fab-
rication process, i.e. sputtering a metallic precursor followed
by a selenization process in a non-vacuum environment. There
are several works available in the literature focused on dis-
cussing the different experimental approaches for kesterite
thin film deposition. In this review, we summarized the most
important ones along with their characteristics as presented
below:

2.1. Vacuum processes

Vacuum co-evaporation is a pivotal fabrication technique for
CZTSSe solar cells, involving the concurrent evaporation of
Sn, Zn, Cu, S, and Se in a vacuum to deposit the thin film
onto a substrate. This method is renowned for its precise con-
trol over the stoichiometry and composition of the thin film, a
key parameter for solar cell efficiency optimization. However,
the high processing cost associated with this technique is an
important drawback. The potential use of co-evaporation tech-
nique for CZTS layer deposition was highlighted by Katagiri
et al in 2009 [29]. The fabrication of kesterite solar cells by
vacuum evaporation method on conducting substrates such as
Cu, Ag, AZO, and FTOwas also reported [30], suggesting that
improvements can be obtained in solar conversion efficiencies
with different substrate materials. Sputtering is also a poten-
tial technique for kesterite deposition. This technique allows
the formation of uniform layers along large surfaces. It enables
the deposition of intricate multicomponent films with exacting
control over their composition and thickness qualities needed
for optimizing CZTSSe solar cell performance. Nonetheless,
sputtering encounters challenges, notably inmaintaining a uni-
form distribution of elements. This necessitates the adoption
of sophisticated strategies for fine-tuning deposition paramet-
ers and target compositions, ensuring the method effective-
ness in fabricating high-efficiency CZTSSe solar cells. Gang
et al, in 2016 achieved a 9.24% efficiency for CZTSSe solar
cells fabricated via a green sputtering process without toxic
gases, presenting a pathway towards the industrialization of
environmentally friendly solar cells [31]. The impact of metal
precursors through sputtering was evaluated by Kim et al in
2018, achieving significant efficiencies [32]. In the same year,
it was published advancements and ongoing challenges in the
synthesis of CZTS via sputtering and annealing, emphasizing
the critical role of understanding material and device proper-
ties to overcome efficiency limitations [33]. A novel approach
employing double-pressure sputtering technology was pub-
lished in 2021, demonstrating the technique potentiality for
enhancing CZTS solar cell performance through the reduction
of interface state and deep level defects [34]. The advance-
ments in sputtering technique for kesterite solar cell fabrica-
tion was recently reported [35]. These references present rel-
evant information on the role of vacuum deposition techniques
on kesterite material and solar cell properties.

2.2. Non-vacuum processes

Among the different non-vacuum processes for kesterite
thin film deposition, electrodeposition stands for its cost-
effectiveness and scalability. Practical issues of electrode-
position process such as controlled composition and deposit
morphology were addressed by Ge & Yan, culminating in a
CZTSSe device efficiency of 7.4% [36]. The role of electro-
lyte pH inmanaging hydrogen evolution during Cu–Zn–Sn co-
electrodeposition was studied by Agasti et al, achieving dense
and compact CZTS films with optimal stoichiometry [37]. An
improved interface in CZTSSe solar cells has been reported
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Figure 2. Deposition methods commonly used for CZTSSe thin film fabrication.

via a thermal annealing process on co-electrodeposited layers,
resulting in the reduction of the voltage deficit issue caused
by interface recombination (IR). Applying a thermal anneal-
ing at 200 ◦C significantly enhanced the device’s efficiency by
32%, from 7.11% to 9.40%. This improvement is attributed
to increased conductivity and reduced nonradiative recombin-
ation due to Cd ion diffusion, suggesting thermal annealing
potential in advancing CZTSSe solar cell performance and its
applicability to other fabrication processes [26].

Improvements in CZTSSe solar cell efficiency deposited by
electrodeposition method have been reported by using cesium
treatments. The incorporation of cesium into kesterite material
favors grain boundary passivation and reduces non-radiative
recombination losses. Recently, Hwang et al, discussed the
effectiveness of cesium treatment during the electrodeposition
process for promoting CZTSSe solar cell efficiency [38]. A
detailed review on CZTSSe solar cells processed by electro-
chemical deposition (ED) was presented by Hwang et al [39],
where deposition qualities such as environmental friendliness
and cost-effectiveness are highlighted. However, rough mor-
phology and phase inhomogeneity are important drawbacks,
resulting in kesterite solar cell efficiencies lower than 10%.
The exploration of alternative external stimuli such as ultra-
sonication, the continue exploration on cesium treatments, the
development of advanced electrolyte compositions and the
integration of real-time monitoring system are highlighted as
future research directions for electrodeposited-CZTSSe solar

cell improvement. The attention to these opportunity areas
would push this technology to commercial viability and envir-
onmental sustainability.

Solution processes, such as spin-coating, inkjet print-
ing, and chemical bath deposition, have gained attention for
CZTSSe solar cell fabrication because of their low cost, sim-
plicity, and potential for large-scale production. These meth-
ods involve the deposition of precursor solutions contain-
ing Cu, Zn, Sn, S, and Se onto a substrate, and a sub-
sequent thermal annealing for CZTSSe thin film obtention.
However, achieving high efficiency and reproducibility with
solution processes can be challenging, and the control over
the film morphology and impurity incorporation is critical for
device performance. Recent research efforts have focused on
optimizing the precursor solution formulations, exploring new
solvent systems, and developing novel post-deposition treat-
ments to enhance CZTSSe quality. Advancements in solution
processing through bismuth doping and optimized seleniza-
tion was reported by Zhao et al [40], improving the CZTSSe
device efficiency to 7.27%, in comparison to the traditional
ones with an efficiency of 5.3%. The enhancement of CZTSSe
solar cell efficiency was reported by Wei et al in 2024, by
adding HCl to the precursor solution to improve material crys-
tallinity for better solar cell performance [41], achieving a
14% efficiency. This result constitutes an important step for
obtaining superior crystallinity and fewer defects in kester-
ite material, emphasizing the role of chemical modulation for
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high solar cell efficiency. Kesterite thin film deposition based
on nanoparticle ink is a novel proposal for processing CZTSSe
devices. A solar cell with 6.2% efficiency starting from CZTS
nanoparticles ink and eco-friendly solvents was presented by
Zhang et al in 2019 [42]. In this work a particular attention
is given to film crystallinity and grain growth, pointing out
the significance of non-toxic processes in achieving high effi-
ciency kesterite devices. Recently, performances of 9.3% and
9.4% in CZTSSe solar cells were reported by a hydrazine-free
approach [43]. By the structural and compositional studies on
the nanoparticle inks and their result in solar cell processing,
the authors proposed thismethod as suitable for obtaining scal-
able devices.

The key achievements and challenges in vacuum and non-
vacuum approaches for kesterite thin film deposition are
summarized in table 1. In particular, the precise control of
film composition, stoichiometry, crystallinity and secondary
phases are general key accomplishments of the vacuum tech-
niques, while non-vacuum techniques in general are low cost,
simple, and scalable. Among all vacuum and non-vacuum
techniques, solution processing is leading the highest efficien-
cies reported for kesterite solar cells. Furthermore, table 1 also
demonstrates that vacuum techniques such as co-evaporation
and sputtering are heading the best efficiencies under vacuum
conditions.

Properties of kesterite material such as urbach energy,
defect energy, defect concentration, defect capture cross-
section, carrier concentration, minority carrier lifetime, minor-
ity carrier diffusion length, carrier mobility, crystallite size and
lattice strain for representative vacuum and non-vacuum tech-
niques are summarized in table 2. The lowest urbach’s energy
values are found for spray pyrolysis and electrodeposition
techniques while sputtering and spin-coating retain the lowest
defect densities. The highest crystallite sizes, the lowest lattice
strain, and the lowest defect concentrations have been repor-
ted for kesterite deposited by spin-coating, which is in gen-
eral in good agreement with the highest efficiencies achieved
by this technique [2, 24]. It is also observed that sputtering
and electrodeposition are heading the best mobility values for
vacuum and non-vacuum techniques, while thermal evapor-
ation and spin-coating present the highest values of minor-
ity carrier diffusion length. In addition, vacuum techniques
present the biggest values of minority carrier lifetime.

3. Solar cell performance

CZTSSe solar cells have made remarkable strides, achieving
efficiencies over 14%, highlighting their potential in photovol-
taic applications. This progress is attributed to their capabil-
ity to form high-quality kesterite structures with minimal sec-
ondary phases and optimized properties for solar absorption,
positioning CZTSSe as a formidable competitor to established
CIGS and CdTe technologies. This advancement showcases
CZTSSe growing importance in the competitive landscape of
photovoltaics. Recently, Shi et al reported a study focused
on the optimization of CZTSSe solar cells, addressing the

challenges associated with deep defects that hamper efficiency
[77]. By identifying the dominant deep defect exhibiting donor
characteristics, the research proposes a novel elemental syn-
ergistic alloying approach. This strategy aims to facilitate the
kinetics of cation exchange by weakening the metal-chalcogen
bond strength, thus significantly reducing charge losses and
achieving an improved cell efficiency of over 14.6%. This
advancement not only enhances CZTSSe solar cell perform-
ance but also opens avenues for defect identification and regu-
lation in multinary inorganic compounds. CZTSSe solar cells,
despite having lower efficiency levels than CIGS and CdTe
technologies which exceed 20%, offer significant advantages
in terms of environmental impact and material availability.
The use of abundant and non-toxic materials it positions
CZTSSe as an alternative semiconductor with great poten-
tial to cost-effectiveness devices. The incorporation of Ge into
CZTSSe was recently studied, demonstrating the role of ZnSe
layer formed on the metal during selenization, resulting in a
more effective interface for carrier collection, thereby increas-
ing device efficiency [99]. It is emphasized the necessity of
precise control on selenization conditions to solar cell optimiz-
ation. On the other hand, a recent review paper onCd-free solar
cells highlighted the necessity of an environmentally friendly
buffer material to increase device performance [100]. This
review paper highlights the last progress in identifying suit-
able Cd-free buffer materials like Zn1−xSnxO and Zn(O,S) for
CZTS and CZTSSe, respectively, and discusses promising res-
ults with TiO2.

On the other hand, a novel strategy to enhance CZTSSe
device efficiency by modifying the sequence addition of
metal ion in the solution was proposed, achieving an effi-
ciency over 12% [78]. By employing a specific sequence
(S─Sn─Cu─Zn), the study enhances absorber quality, lead-
ing to large grain growth, reducing defects, and improving
interface quality. This method significantly increases Jsc and
FF, offering insights into the crystallization mechanism of
kesterite materials and directions for further material quality
enhancement. The incorporation of Eu ions into CZTSSe solar
cells was performed, aiming to overcome the limitations of
short carrier lifetimes onVoc and efficiency [79]. The incorpor-
ation of Eu results in the absorber quality improvement, hav-
ing larger grains and less defects, thereby increasing solar cell
efficiency from 10.6% to 13.3%, as a result of the carrier life-
time promotion. This type of studies opens up new opportunit-
ies for lanthanide cation doping for achieving higher CZTSSe
solar cell efficiencies.

A new review paper has critically examined CZTSSe solar
cells obtained by a solution process, focused on solvent and
precursor selection, device structure design, layer optimiza-
tion, and defect regulation [101]. It highlights the gap between
current CZTSSe cell efficiencies and their theoretical poten-
tial, stresses the importance of absorber layer quality for per-
formance enhancement. The review culminated in proposing
future directions for research to attain high-efficiency CZTSSe
cells, providing deep analyses on advancements and chal-
lenges in the field. Another interesting proposal for kesterite
device promotion it is Sb doping to favor growth and suppress

5



J.P
hys.

D
:A

ppl.
P
hys.58

(2025)
133001

TopicalR
eview

Table 1. Key achievements and challenges in vacuum and non-vacuum pathways for the development of CZTSSe thin-film solar cell technologies.

Route Technique Key accomplishments in thin film Challenges Key outcomes in devices References

Vacuum

Co-evaporation Precise control of film composition
and thickness; high control of
stoichiometry; crystallinity and
minimal secondary phases.

High capital investment; requires precise
temperature and pressure control.

Efficiencies up to 11.6% in CZTSe
achieved by IBM; exploration of
various uniform conducting
substrates (e.g. Cu, Ag, AZO,
FTO).

[29, 30]

Sputtering Scalable for large-area deposition;
compatible with industrial setups
for large-area applications;
environmentally friendly options
available (e.g. avoiding toxic
gases).

Maintaining uniform distribution of
elements; requires advanced target
compositions.

Efficiencies over 9%; green
methods; development of double
pressure sputtering technology to
reduce interface states and deep
level defects.

[31, 32, 34]

Pulsed laser
deposition

Precise stoichiometric control;
suitable for complex materials;
allows fine-tuned deposition of
ultra-thin films.

Micro-particle ejection and non-uniform
film growth; requires optimization of
annealing conditions.

Achieved ∼5.2% efficiency with an
ultra-thin (<450 nm) absorber.
Enhanced sulfurization processes
and pressure control reduced
surface defects, improving grain
size and device performance.

[44, 45]

Non-Vacuum

Solution
processing

Cost-effective and scalable; suitable
for roll-to-roll production; offers
flexibility in precursor composition.

Sensitive to precursor purity; challenges
with impurity incorporation and
reproducibility.

Efficiencies >14% achieved using
cesium doping to improve grain
boundaries and defect passivation.

[41]

Electrodeposition Low cost, scalable, and capable of
fine-tuning stoichiometry through
electrolyte control.

Phase purity issues; requires post-deposition
annealing for crystallinity enhancement

Achieved ∼9.4% efficiency using
thermal annealing and Cd diffusion
for improved conductivity;
optimization of electrolyte pH for
managing hydrogen evolution.

[37, 39]

Spin coating Simple and cost-effective setup;
ideal for small-scale production and
prototyping.

Limited scalability; uneven film
morphology at larger scales.

Optimized precursor solutions led
to ∼8% efficiency; post-annealing
improved film crystallinity and
uniformity.

[40]

Inkjet printing Highly customizable; minimal
material waste; ideal for research
on device geometry.

Poor reproducibility; requires advancements
in ink formulations to reduce roughness and
defects.

Efficiency improved to ∼7%
through enhanced precursor
formulations and bismuth doping.

[42]

Nanoparticle
ink-based

Eco-friendly and scalable approach,
avoiding hazardous solvents and
minimizing environmental impact.

Challenges in film uniformity and sintering. Efficiencies up to 9.4% achieved
via hydrazine-free approaches.

[43]

Spray pyrolysis Eco-friendly, cost-effective,
versatile, and scalable technique

Issues related to film uniformity, precursor
decomposition, and the reproducibility of
material properties

Efficiencies higher than 10%
achieved by tuning S/(S + Se)
compositional ratio

[46–49]
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Table 2. Physical properties of kesterite material deposited by representative vacuum and non-vacuum techniques.

Deposition
technique

Urbach
energy (meV)

Defect energy
(meV)

Defect
concentration
(cm−3)

Defect
capture cross-
section (cm2)

Carrier
concentra-
tion (cm−3)

Minority
carrier life-
time (ns)

Minority
carrier diffu-
sion length
(µm)

Mobility
(cm2 Vs−1)

Crystallite
size (nm) Strain References

Sputtering 33, 37–44 38–56,
100–150,
241–244, 311

1.11 × 1015–
2.66 × 1016

— 1 × 1015–
8.16 × 1017

0.89–8.0 0.19–0.35 0.2–30 32–37 0.0037–
0.0043

[34, 50–59]

Thermal
evaporation

4–27, 34–90 20, 110–160,
177–230,
310–330

1.3 × 1017–
2.1 × 1017

— 1 × 1013–
1.39 × 1019

2–7.8 0.35–2.1 0.6–12.9 16–67 0.0007–
0.009

[60–69]

Electrodeposition 28–33 85–87,
122–127

— — 4 × 1015–
5.87 × 1019

— — 3.79–79.25 6–62 0.00381–
0.0058

[38, 70–76]

Spin coating 21–27, 30–47 22, 50–
99 119–177,
270–327, 362,
500–535

2.53 × 1012–
3.22 × 1016

3.61× 10−21–
6.92 × 10−18

9.2 × 1014–
6.24 × 1018

0.2–6.58 0.203–1.38 0.22–5.99 25–73 0.00049–
0.00072

[40, 41, 77–90]

Spray-pyrolysis 15–22 47–85,
98–144,
148–211,
258–272, 367,
476

7.01 × 1014–
2 × 1019

4.9 × 10−22–
9.4 × 10−19

4.0 × 1015–
7.0 × 1018

0.16–2.34 0.11–0.171 0.6–29 22–43 0.0032–
0.0063

[46, 91–98]
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defects [102]. This study introduced an Sb doping strategy
to enhance CZTSSe solar cells by replacing Sn with Sb via
solution treatment. Sb doping promotes grain growth, results
in dense films with larger grains and reduced defects. The
optimal Sb doping level increased the Voc and PCE signi-
ficantly, showcasing the potential of Sb to improve CZTSSe
device efficiency. Despite the important advancements repor-
ted in CZTSSe solar cells, that make this technology competit-
ive to the traditional existing ones, it is important to keepwork-
ing on remaining opportunities areas—material and device
challenges—for solar cell improvements by proposing innov-
ative strategies.

Results presented in this section on recent reports on
CZTSSe solar cell fabrication are summarized in table 3
for comparison. It is note that most important recent reports
that present a significant efficiency enhancement in kester-
ite solar cells are mainly focused on improving the issue of
poor crystalline quality associated with defect formation and
the presence of small grains during crystal growth. In partic-
ular, the incorporation of Ag, Ge, Cd, Eu, and Sb elements
is demonstrated to be attractive proposals to promote device
performance. Consequently, further studies on these directions
are needed.

3.1. Key factors in performance improvement

The path for boosting CZTSSe solar cell efficiency involves
multifaceted research efforts. The chemical composition
optimization, tailoring the stoichiometry of CZTSSe to min-
imize defects and non-radiative recombination losses is an
important step. Zhao et al in 2024 have demonstrated high
efficiencies in kesterite devices processed by solution method
by suppressing surface and bulk defects [80]. This study
presents an innovative approach to enhance CZTSSe solar
cell efficiency by introducing a thin ammonium sulfide layer
for simultaneous interface and bulk defect passivation. This
method optimizes absorber surface quality, transforms det-
rimental defects into shallower beneficial ones, and signific-
antly reduces carrier recombination, leading to increased car-
rier lifetimes and device efficiency. The authors demonstrated
by a sulfurization annealing an efficiency increase to 13.19%
in CZTSSe solar cells. Areas such as buffer/absorber inter-
face quality and the necessity of advanced techniques such
as Atomic Layer Deposition (ALD) for interface engineering,
band-alignment engineering for better charge carrier transport,
appropriate buffer layers, and device architecture stand for
critical topics in CZTSSe solar cells for efficiency improve-
ments. These opportunities areas for CZTSSe solar cell effi-
ciency improvement are described below:

(a) Absorber/buffer interface quality: The enhancement of
interface quality is a required area for promoting CZTSSe
device performance. This objective could be accomplished
by incorporating very thin insulating layers at the junction
to reduce interface defects. On the other hand, since ALD
can help in the creation of interfaces with high quality at

the same time it guarantees a precise deposition of mater-
ial, this technique is quite promising for improving inter-
faces, reducing thereby carrier recombination, and con-
sequently increasing solar cell efficiency.

(b) Band-alignment engineering: Band alignment is a crit-
ical factor for carrier transport and separation. The appro-
priate selection of buffer layers with electron affinities and
band gap that favor electrons and holes transport is crucial
for the best efficiencies. It is pointed out that ALD can be
also used to improve band alignment between buffer and
CZTSSe layers.

(c) Appropriate buffer layer: Buffer layers should have rel-
atively high band-gap to guarantee photons get absorbed
at the CZTSSe material at the same time it facilitates
photogenerated carriers separation and facilitating carrier
transport through the appropriate band alignment, thereby
minimizing non-radiative recombination losses. Zn(O,S),
TiO2 and ZnSnO have been presented as potential propos-
als for replacing CdS layer since these materials fulfill the
required characteristics mentioned above.

(d) Device architecture: In order to guarantee optimal light
absorption and carrier transport, attention should be paid
to the layout and stacking order of layers conforming solar
cells. Besides, innovative proposals that result in higher
photon absorption and better carriers transport and their
collection, such as the use of nanostructures and tandem
structures can significantly promote device efficiency.

Although specific references from the recent search are
scant, ALD is expected to enhance CZTSSe solar cell effi-
ciency supported by its successful application in CIGS and
perovskite solar cells. The application ALD to deposited buf-
fer layers in kesterite solar cells has shown promising res-
ults. An efficiency of 8.6% was achieved in CZTSSe solar
cell by using ZnSnO buffer layer deposited by ALD, report-
ing an accurate control over the buffer layer composition and
thickness [103]. By optimizing the ALD process, the CZTSSe
device performance was significantly improved, resulting in
an 8.60% efficiency, surpassing the reference CdS/kesterite
solar cell. This achievement is attributed to an improvement
in band alignment at the buffer/absorber interface. The sur-
face passivation of CZTS solar cells was successfully repor-
ted by the incorporation of hydrogen from Al2O3 layer depos-
ition by ALD [104]. Better solar cell efficiencies were repor-
ted with higher hydrogen concentrations incorporated to the
CdS/CZTS interface by changing Al2O3 layer thicknesses.
Particularly, three ALD- Al2O3 cycles resulted in enhanced
Voc and in an increased efficiency to 8.08%, due to CZTS
surface passivation by hydrogen, constituting this proposal a
new opportunity area to be explored. After this work, res-
ults on semitransparent CZTSe solar cells by using V2Ox as
hole transport layer deposited by ALD were published [105],
informing a solar cell efficiency of 3.9%. Hydrofluoric acid
dips were used as a cleaning method to improve CZTSe sur-
face, emphasizing the potential of V2Ox for high efficiency
in semitransparent or bifacial solar cells. The ALD technique
was also introduced to depositing ZnSnO thin films to be
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Table 3. Brief summarize of recent reports (challenges, issues, proposal and key outcomes) on CZTSSe solar cells.

Current challenges Issues Proposals to solve the problem Key outcomes Year References

Defect control (Identification
and regulation)

SnZn antisite deep defect with
donor characteristics is identified
as responsible for charge loss in
kesterite solar cells.

Ag, Ge and Cd have been added
to regulate the CZTSSe
fabrication, facilitating the cation
exchange in the crystallization
process.

PCE = 14.6% (certified at
14.2%)

2024 [77]

Precise control of selenization
conditions

Negative impact of small grains,
defects and the detrimental effect
of grain boundaries

Incorporating Ge during the
selenization process at different
annealing time points

Larger grain sizes and reduced
grain boundaries
(PCE = 10.69%)

2024 [99]

Kesterite material quality Unsatisfactory material quality
due to poor crystallization and
various defects

The use of an optimal ion
addition sequence consisting of
S─Sn─Cu─Zn

Enhanced absorber and interface
quality, with large grains and
reduced defects (PCE= 12.15%)

2024 [78]

Kesterite material quality Poor crystalline quality (defects
formation and small grains)
resulting in short carrier lifetimes

Doping with Ag and Eu elements The formation of CuZn, CuSn and
SnZn defects is suppressed,
resulting in high-quality
absorber (PCE = 13.3%)

2024 [79]

Kesterite material quality Poor crystalline quality (defects
formation and small grains)

Doping with Sb element Sb doping promotes grain
growth, it results in dense films
with larger grains and reduced
SnZn defects and [2CuZn + SnZn]
defect clusters (PCE = 6.82%)

2023 [102]
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used as n-type buffer material of CZTSSe devices [106]. The
Zn/(Zn+ Sn) composition ratio impact on device performance
was studied. An optimal ratio of 0.76 led to a cell efficiency
of 8.54%, demonstrating significant improvements in device
parameters over conventional CdS buffers. The uniform ALD
process enhanced cell-to-cell uniformity, indicating ZnSnO
potential for CZTSSe device processing. In a recent report, a
novel dual treatment strategy is presented to overcome recom-
bination limitations associated to CuZn and SnZn defects [91].
This approach combines Ag-alloying within the absorber’s
bulk to significantlymitigate deep defects and employs Al2O3-
ALD to achieve defect passivation and a well-defined hetero-
junction. This synergistic method not only enhanced all device
parameters but notably increased the FF, attributed to the min-
imized element intermixing at the heterojunction, culminating
in a remarkable efficiency of 13.33%without requiring an anti-
reflection coating. This work pointed out the need for address-
ing simultaneous improvements at kesterite/buffer interface
and kesterite bulk for achieving high solar cell efficiency.

The most important results concerning the application of
ALD in kesterite solar cells are summarized in table 4. So far,
it has been demonstrated that ALD technique can provide bet-
ter absorber/buffer band alignment at the same time it can con-
tribute to surface passivation. Therefore, this technique should
be further explored in the kesterite solar cell processing.

3.1.1. Material and interface quality issues. Producing con-
sistent and high-quality CZTSSe thin films remains a promin-
ent challenge, mostly due to the material’s sensitivity to pro-
cessing conditions and its tendency to form undesired second-
ary phases. SnS phase impact on CZTS was analyzed by Ren
et al in 2017 [107]. The authors demonstrated by different
techniques that SnS accumulates at surfaces of CZTS layers
after thermal annealing under non-stoichiometric conditions.
However, SnS formation at the rear was identified as bene-
ficial, likely due to the interface passivation. This insightful
analysis not only deepens understanding the secondary phases
impact on kesterite devices, but also opens new avenues for
interface engineering to enhance photovoltaic performance.
Later, Gao et al delved into the critical role of interfaces in
CZTSe solar cells, which, despite being a potential proposal,
lags behind CIGS solar cell efficiency, primarily because
of recombination at interfaces [108]. The paper summarizes
the state of research focused on understanding and improv-
ing interfacial properties through various methodologies. Key
areas of progress include optimizing buffer/absorber interface
band alignment, and managing the thickness of MoS(e)2 layer
formed at the Mo/absorber interface, employing strategies for
the passivation of both rear and front interfaces. Additionally,
it discusses the importance of etching secondary phases to
enhance device performance. The review highlights the com-
prehensive efforts and strategies employed to tackle interfa-
cial challenges, offering insights into advancing CZTS(e) solar
cell efficiency closer to their theoretical potential. The pro-
gress and challenges in the CZTSSe solar cell fabrication were

presented in a review paper [109], where phase instability, sec-
ondary phases formation andmaterial defects were pointed out
as factors limiting efficiency. In this review, an in-depth ana-
lysis on CZTSSe processing techniques, buffer layer, device
structure, secondary phases, and defects was presented. On
the other hand, in 2021 a comprehensive review on defects
at interfaces and bulk in CZTSe material was presented [110],
pointing out the dominant role of bulk defects, back interface
voids, and dislocation defects at the front interface on solar
cell degradation. The crucial role of composition in reducing
defects in CZTSSe devices was discussed in the same year
[81]. A particular attention is paid to secondary phases, IR
and bulk defects to mitigate Voc deficit of CZTSSe devices. A
methodology for thin film quality optimization was presented,
resulting in an absorber free of secondary phases and with low
concentration of band tailing and interface defects, thereby
enhancing photovoltaic performance. A PCE of 11.5% was
reported for such optimized CZTSSe device. The CZTSSe
solar cell improvement by a thermal annealing process was
analyzed by Pakštas et al in 2022 [111]. The authors were able
to obtain CZTSSe films with low structural disorder and defect
density when annealed at 420 ◦C. These results remarked the
relevancy of the annealing temperature in achieving good crys-
tallinity in CZTSSe thin films.

3.1.1.1. Voltage deficits. Voltage deficit is among the main
critical challenges for boosting CZTSSe device efficiency.
Figure 3 summarizes the most important factors contribut-
ing to the Voc-deficit. In particular, kesterite material and
absorber/buffer interface quality constitute the most import-
ant Voc limiting factors. Experimental conditions for materials
deposition and their subsequent thermal annealing are directly
associated with the quality of materials and interfaces, determ-
ining the formation of bulk and interface defects, and material
grain quality. The presence of bulk defects negatively impacts
the electrical properties of carriers such as their mobility, dif-
fusion length and lifetime, thereby reducing device efficiency.
On the other hand, the use of buffer layers with different mater-
ial structure and lattice parameters to the ones of the absorber
it results in the formation of defects at the interface that act
as recombination centers. In addition, absorber/buffer band
alignment is crucial to the transport of carriers through the p–n
junction. Therefore, particular attention should be paid to all
these parameters for achieving the best solar cell efficiency.

In 2016, Hao et al [112] tackled a reduction of the voltage
deficit in pure sulfide kesterite CZTS devices by employing
innovative engineering at the absorber/buffer interface, result-
ing in a PCE of 9.2% with a Voc of 0.762 V. The main source
of voltage losses was associated to kesterite/CdS IR, because
of the cliff-like alignment. The authors reported that reduced
voltage deficit was due to a more favorable spike-like band
alignment formation along with a lower formation of inter-
face defects. By utilizing an optimized (Zn,Cd)(O,S) buffer
layer, the team significantly improved the buffer/CZTS inter-
face quality. This work not only elucidates the mechanisms
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Table 4. Results on the application of ALD in kesterite solar cells for different material deposition.

Structure

Material
deposited
by ALD Key outcomes

Jsc
(mA cm−2)

Voc

(mV) FF (%) PCE (%) Year References

Mo/CZTSSe/ZnSnO/
ZnO/ZnO:Al

ZnSnO An appropriate band alignment
between the CZTSSe and the ZnSnO
buffer was achieved, with an optimal
conduction band offset of 0.03 eV for
a Sn/(Zn + Sn) buffer compositional
ratio of 0.167.

34.1 414 60.8 8.6 2016 [103]

Mo/CZTS/Al2O3/
CdS/ZnO/ITO

Al2O3 ALD-Al2O3 layers were deposited on
CZTS absorbers prior to CdS
deposition, achieving an interface
passivation, as a result of the hydrogen
accumulation from the ALD process.

19.65 630 65.3 8.08 2018 [104]

FTO/V2Ox/CZTSe/
CdS/ZnO/ITO

V2Ox The use of V2O5 as a hole transport
layer increases the FF parameter and
consequently reduces the series
resistance of the solar cell. The use of
ALD results in a higher Voc associated
to rear surface passivation.

25.4 375 41.8 3.9 2021 [105]

Mo/CZTSSe/ZnSnO/
ZnO/ZnO:Al

ZnSnO Solar cell exhibited bigger Jsc values
than the ones of CdS reference cell
because of a lower photon parasitic
loss.

32.98 436 59 8.54 2022 [106]

Mo/ACZTSSe/Al2O3/
CdS/ZnO/ITO

Al2O3 Improvements in both the bulk
absorber and the heterojunction are
reported (by using Ag-alloying and
Al2O3-ALD, a reduction in deep
defects and the formation of a
well-defined p–n junction is obtained)

36.81 514.2 70.4 13.33 2023 [91]

Figure 3. Main causes of Voc-deficit in kesterite solar cells.
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behind Voc and efficiency enhancements but also introduces a
viable approach to mitigate the open-circuit voltage deficit in
CZTS devices, marking a significant stride towards advancing
kesterite-based photovoltaic technology. Grenet et al presen-
ted a comprehensive exploration to understand the bottlenecks
hindering the kesterite solar cell efficiency [113]. The authors
presented a deep review into the existing literature, conducting
a unique survey involving feedback from a consortium ofmore
than 15-expert leading universities, institutes and laboratories
which studies were partially dedicated to the kesterite thin film
technologies, a fieldwork in a research project aimed to dis-
cern and evaluate different causes of performance degradation
in devices collectively with a focus on the major issue being
the open circuit voltage deficit. This study utilized a Design
Failure Mode and Effects Analysis to not only document these
issues but also rank them in order of significance providing
valuable insights, for future studies aimed at systematically
addressing these obstacles. Also, this study highlighted the
significance of looking at particular failure modes to increase
the effectiveness of devices for commercial use, represent-
ing an advancement towards creating more eco-friendly solar
technologies without relying on essential raw materials and
harmful elements such as cadmium. In 2020, a detailed ana-
lysis was published on how to manipulate the CdS/CZTSSe
interface to reduce the Voc deficit [114]. This study looked
into the problem of high Voc deficit in CZTSSe devices, which
is a key obstacle preventing them from becoming a cost-
effective alternative to mature technologies. Furthermore, it
was observed that while CZTSSe shows promise as a mater-
ial for photovoltaics, its performance is controlled by the Voc

deficit. The review highlights the importance of charge separa-
tion and extraction to reduce voltage losses and increase PCE
of sunlight into energy. The authors pinpoint IR spurred by
the poor quality of the p–n junction, defects, and secondary
phases as key culprits for the technology inefficiency. They
discussed the detrimental impact of structural inhomogeneit-
ies, non-ideal band alignment, and a high interface defect
density, which foster dominant recombination pathways at the
interface. Addressing these issues, the review focuses on inter-
face engineering and modification strategies aimed at improv-
ing the absorber–buffer heterojunction quality. By examining
various approaches to develop favorable interface character-
istics, the work underscores the interface role in bridging the
performance gap between CZTSSe and the more mature CIGS
solar cell technology, providing a pathway to increase effi-
ciency in kesterite photovoltaics. In another work, the integ-
ration of In2S3 passivation layer at the CdS/CZTSSe inter-
face was proposed to increase solar cell efficiency by address-
ing the significant Voc deficit, attributed to severe interfacial
recombination owing to a high defect concentration and rough
CZTSSe surface [70]. The introduction of In2S3 layer allowed
an efficiency increase from 7.3% to 9.2%, attributed to more
uniform CdS growth along with reduced interface defects. A
combined post-deposition treatment considering LiF and AgF
was proposed by Liu et al in the same year to reduce Voc defi-
cit in CZTSSe solar cells [82]. These combined treatments

suppressed the SnZn defect formation and reduce band tail-
ing defects, thereby improving carrier lifetime. Under this pro-
posal, a PCE of 12.58% with a Voc of 0.507 V was informed.
More recently, Cao et al, explored an innovative approach to
enhancing CZTSSe device efficiency through the grain bound-
aries (GBs) passivation, which are known to significantly
impede efficiency due to severe non-radiative recombination
[83]. By incorporating a two-dimensional graphene additive
into the CZTSSe precursor solution, the authors successfully
integrate single-layer graphene into the GBs of the CZTSSe
absorbing layer. This incorporation of graphene, character-
ized by its high carrier mobility and electrical conductivity,
transforms the GBs into electrically benign zones, thus mit-
igating their role as high recombination sites for carriers.
This graphene passivation resulted in a remarkable improve-
ment in PCE, increasing from 10.40% to 12.90%, mark-
ing one of the highest efficiencies achieved for this type of
solar cell. This study not only shows graphene’s effective-
ness in passivating GBs but also paves the way for boost-
ing CZTSSe device efficiency through an additive engineering
process.

Table 5 summarizes the main causes of Voc-deficit in kes-
terite solar cells as well as the research directions proposed
to reduce it. Both bulk absorber and buffer/absorber inter-
face have been identified as critical points accounting for
Voc-deficit. On one hand, the consensus is that CdS/CZTSSe
interface is more detrimental due to the presence of interface
defects and non-ideal band alignment between the absorber
and buffer layer, while on the other hand a more important
role is given to kesterite material quality associated with GBs
recombination, bulk defects and band tails resulting in short
minority carrier lifetime, the formation of secondary phases
due to the narrow phase stability, structural inhomogeneities,
insufficient quasi-fermi level splitting, low carrier mobility,
etc. In order to solve these problems, interesting proposals that
go from the use of optimized buffer layers, the integration of
passivation layers, to innovative thermal annealing have been
discussed with promising results. Considering the advance-
ments achieved by these research directions, further studies
on these topics are encouraged to minimize the Voc-deficit.

3.1.1.2. Reproducibility issues. CZTSSe solar cells face
up reproducibility challenges due to differences in deposition
techniques, in addition to variation in experimental conditions
concerning material processing and their subsequent chem-
ical and/or thermal treatment, limiting their large-scale com-
mercialization as presented in figure 4. Furthermore, the pres-
ence of secondary phases, non-uniform element distribution
and defect formation at bulk and interfaces are limiting the
results reproducibility of kesterite solar cells.

A multiple selenization process for CZTSSe devices was
studied by Neuwirth et al in 2016, reporting uniform, compact
and defect free CZTSSe layer that resulted in stabilized values
of series resistance and Jsc, as well as a reproducible CZTSSe
conversion efficiency of 7.2% [115]. This type of study points
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Table 5. Main causes of Voc-deficit in kesterite solar cells and research directions proposed to reduce it.

Kesterite type Main causes of Voc-deficit Research directions to reduce Voc deficit Year References

CZTS CZTS/CdS interface recombination, because of
the cliff-like band alignment.

The use of an optimized (Zn,Cd) (O,S) buffer
layer, resulting in a spike-like band alignment and
a lower formation of interface defects

2016 [112]

CZTSSe Bulk absorber instead of interfaces Research priority on bulk absorber issues such as
short minority carrier lifetime, band tails,
insufficient quasi Fermi level splitting and low
carrier mobility

2018 [113]

CZTSSe CdS/CZTSSe interface recombination due to
interface (non-ideal band alignment, high
interface defect density) and material (bulk
defects, secondary phases, structural
inhomogeneities, narrow phase stability) issues

More attention to charge separation and
extraction at the absorber/buffer junction
(interface engineering of absorber-buffer
heterojunction)

2020 [114]

CZTSSe Interfacial recombination induced by the rough
surface of CZTSSe and numerous physical
defects.

The incorporation of In2S3 between the CZTSSe
and CdS as a passivation layer, suppressing
defects and improving surface morphology

2022 [70]

CZTSSe Defects such as SnZn in the bulk absorber A combined post-deposition treatment
considering LiF and AgF to suppress the SnZn
defect formation, resulting in the reduction of
band tailing defects, and an improved carrier
lifetime

2022 [82]

CZTSSe Non-radiative recombination at grain boundaries Grain boundary passivation by incorporating a
two-dimensional graphene additive into the
CZTSSe precursor solution, turning grain
boundaries into benign zones

2024 [83]

Figure 4. Main issues limiting the results reproducibility in kesterite solar cells.

out the potential of multiple selenization process for achiev-
ing consistent device characteristics in views of its scalability.
The correlation between CZTSSe chemical purity and solar
cell performance was studied in 2019 [84]. Utilizing high and
low purity chemical precursors for the absorber layers, the
research elucidates the material quality impact on kesterite
solar cell efficiency. Through comprehensive photolumines-
cence spectroscopy and deep level transient spectroscopy ana-
lyses, the study reveals significant insights into the presence
of shallow and deep defects, highlighting the role of qua-
ternary acceptor-pair defects in radiative recombination pro-
cesses. Notably, the research uncovers that despite improve-
ments in film quality with higher grade chemicals, the PCE
remained similar, around 5%, suggesting that factors beyond

bulk absorber defects may be limiting solar cell efficiency.
This pivotal work underscores the complexity of optimizing
kesterite-based photovoltaics and sets the stage for further
exploration of device architecture and surface recombination
pathways to enhance solar cell efficiency. A subsequent article
tackled the efficiency problems of CZTSSe devices, specific-
ally addressing the issues of Sn volatilization loss and thick
MoSe2 interfacial layer formation during selenization, which
have hindered the achievement of high PCE [116]. By employ-
ing a novel approach that utilizes SnSe2 vapor in seleniza-
tion processes, the team successfully demonstrated the sur-
face and back contact stabilization in CZTSSe devices. The
use of SnSe2 vapor not only mitigates Sn loss by adjusting
the partial pressure in the selenization atmosphere, but also

13



J. Phys. D: Appl. Phys. 58 (2025) 133001 Topical Review

optimizes Mo/absorber interface by preventing the formation
of a thick MoSe2 layer. This methodological innovation leads
to a notable solar cell efficiency of 10.85%. In another work,
Yixiong et al in 2024 reported a notable efficiency over 10%
without the use of anti-reflective coating [117]. The research
introduces a novel ZnO/AgNW/ZnO/AgNW (ZAZA) window
structure as an alternative to traditional indium tin oxide (ITO)
layers, addressing the challenge of Voc deficit owing to high-
density interface states. This proposal allows shorter carrier
collection paths as well as a homogeneous carrier lifetime in
the device. The proposed procedure for ITO replacement is
also a significant step for fabricating sustainable devices.

3.1.2. Challenges faced by CZTSSe solar cells. The main
challenges in kesterite devices should be addressed to improve
their efficiency, making them commercially viable. In a review
work, the role of alkali doping for defect passivation, thermal
annealing and band gap grading in solar cell efficiency promo-
tion was discussed [118]. This work also presented the import-
ance of band gap grading considering cation and anion alloy-
ing to optimize device performance, offering valuable insights
for the future research. In 2016, the importance of critically
controlling ZnS thickness during the sputtering deposition of
CZTSSe solar cells starting from ZnS, SnS and Cu sequen-
tial growth followed by a thermal annealing in Se atmosphere
was discussed by Kim et al [119]. The authors found a PCE of
9.1% for an optimal ZnS thickness. In addition, they concluded
that a careful control of ZnS thickness is essential for redu-
cing secondary phases formation, therefore advancing PCE of
CZTSSe devices. CZTSSe decomposition during device pro-
cessing is another important problem that results in high Voc

deficit and low FF as discussed by Xu et al [85]. The authors
proposed adding Sn vapor during the synthesis process, res-
ulting in reduced densities of ZnSn and CuZn defects as well
as in high quality CZTSSe thin films free from secondary
phases. In addition, this proposal inhibited CZTSSe decom-
position and favors a reduction in bulk and IR, achieving an
efficiency of 12.03%. A research paper aimed at enhancing
stability and efficiency of CZTSSe devices was presented by
Campbell et al [120]. Improvements in CdS/CZTSSe inter-
face and charge extraction were obtained by utilizing a thermal
annealing under low temperature, demonstrating the important
role of thermal annealing in promoting lifespan and efficiency
of devices. The progress of CZTSSe solar cells was recently
discussed in a review paper [121]. Opportunity areas for solar
cell efficiency promotion such as Kesterite absorber and inter-
face were discussed. Despite an efficiency of 14.9% has been
recently reported, this record is still far behind that of CIGS
mainly due to defects. Significant advance in the processing
of kesterite devices was reported in 2023, resulting in a certi-
fied PCE of 13.8% [24]. By controlling the chamber pressure,
the team expertly managed the selenium concentration during
the early stages of annealing, which reduced the chances of
collisions between kesterite precursors and selenium atoms.
As a result, high quality CZTSSe layers with fewer defects
were informed, emphasizing the need of accurate control of
selenization process for the kesterite phase formation. The

exciting potential of kesterite application into building-
integrated photovoltaics was demonstrated by Zhou et al by
developing CZTSSe solar cells on FTO [122]. An efficiency
enhancement from 7.02% to 9.56% was shown by adding a
MoO3 interlayer that improved crystallization, being this lat-
ter value further improved to a certified value of 11.43% by
Na and Ag doping. Results of this work stand for a milestone
for transparent kesterite solar cells. In short, important factors
such as material quality, defect formation, phase control, Voc

deficit and reproducibility must be addressed in order to push
forward CZTSSe solar cell technology for its future commer-
cialization. Further studies are required for a deep understand-
ing of these important challenges and the proposal of innovat-
ive solutions.

3.2. Future outlook and potentiality

Nowadays, research works on CZTSSe technology are mainly
focused on achieving efficiencies similar to the ones repor-
ted for CIGS and CdTe devices. By overcoming the actual
material and fabrication challenges, along with creative engin-
eering solutions, researchers aim to significantly boost per-
formance. The goal is to make CZTSSe a key player in the
renewable energy market, offering a sustainable and environ-
mentally friendly alternative. The future research directions
for achieving higher kesterite solar cell efficiencies are depic-
ted in figure 5. In particular, the optimization of the thermal
annealing process and material composition, joined with fur-
ther research on material and interface engineering are neces-
sary to take advantage of the promising potential of the kes-
terite absorber material. In addition, the cation substitution,
material doping and innovative proposals such as the use of
graded, tandem, flexible and nanostructured solar cells are
opportunity areas for device promotion.

A recent article [123] emphasized both the promise and
challenges of CZTSSe technology, highlighting its highest
recorded efficiency of 14.9%. Strategies like interface engin-
eering, cation substitution, and annealing processes show
promise for enhancing performance. The paper emphas-
izes the importance of understanding these mechanisms for
future development in kesterite solar cells. In another recent
review, the ED technique for fabricating CZTSSe devices
was discussed [39], highlighting its cost-effectiveness and
environmental friendliness. Despite the industrial appeal, elec-
trodeposited CZTSSe cells currently exhibit lower efficiency
(∼10%) due to phase inhomogeneity and rough morphology.
Strategies for intrinsic film control and extrinsic treatments
to enhance film quality and device performance are needed.
Future prospects of ED CZTSSe cells in applications like tan-
dem, flexible, and solar water-splitting devices are outlined,
offering insights into technical challenges and development
directions for high PCE in CZTSSe devices.

3.2.1. Material engineering. Developing newmaterial com-
positions, treatments for surface improvements, and doping
strategies are required to improve efficiency and stability. For
CZTSSe technology, it is pivotal improving their performance
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Figure 5. Future research directions for a further kesterite solar cell efficiency promotion.

and stability through the development of new material com-
positions and doping strategies. The germanium incorporation
into kesterite layers to address the Voc deficit issue in CZTSSe
photovoltaics is an interesting proposal [124]. By substitut-
ing Sn with Ge, they were able to control the CZTSSe band
gap, enhancing their photovoltaic application potential. The
optimal Ge doping level was determined to be 30%, resulting
in 4.8% of PCE, without using antireflection coating. Adding
Ge not only widened the absorber band gap but also improved
the crystallinity and grain structure of the films, especially
when the Ge content was between 20% and 40%. However,
at higher Ge doping levels, cracks and discontinuities in the
film emerged due to thermal expansion mismatch. The study
demonstrated that Ge doping is a viable strategy to enhance
the photovoltaic performance of CZTSSe-based solar cells by
adjusting the band gap and improving the material electrical
properties. A novel back contact engineering method was pro-
posed to increase CZTSSe device efficiency [125]. The study
revealed that applying mechanical exfoliation to devices with
absorber thickness around or below 1 µm, it results in signific-
ant Voc improvements, with increases up to 49 mV observed
for a 1 µm thick absorber and up to 61 mV when etching the

back CZTSSe surface with bromine-methanol. This strategy
offers a route to circumvent the Voc limitations of CZTSSe
devices by focusing on back contact optimization. In other
work, a novel surface modification strategy for CZTSSe solar
cells was developed by the Ag2ZnSnS4 layer integration to
achieve front gradient distribution and surface inversion [126].
This approach significantly improves the carrier transport and
separation, reducing electron-hole recombination. Moreover,
these enhancements lead to increasedVoc and Jsc, resulting in a
PCE of 12.55%. The innovation also reduces the Voc deficit to
306 mV. This progress in CZTSSe band engineering paves the
way for promising future solar technologies that are more effi-
cient and cost-effective. On the other hand, by 2022, research-
ers explored the impact of ex situ germanium (Ge) doping
to decrease the open-circuit voltage deficit, a key efficiency-
limiting factor. By incorporating Ge into Cu2ZnSnS4 nano-
crystals before selenization, this study improved grain struc-
ture and crystallinity without changing the bandgap, leading
to better Voc and overall conversion efficiency [127]. The
study demonstrated a more uniform electronic landscape, sug-
gesting a reduction in low work function Sn(II) chalcogen-
ide phase segregation. Ge doping proves to stabilize CZTSSe
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structures, suggesting a suppression of CuSn antisite defects
and associated recombination pathways, potentially via a Ge-
induced flux during selenization that promotes grain growth.
This research opens new avenues for optimizing CZTSSe
solar cells through doping strategies, focusing on interface
and bulk improvements to overcome the Voc deficit challenge.
These studies underscore the ongoing efforts and innovative
strategies in material engineering to overcome present limita-
tions in CZTSSe devices, aiming to unlock their full potential
for high-efficiency and stable photovoltaic applications.

3.2.2. Gradient band gap engineering. CZTSSe band gap
grading stands for a potential proposal for optimizing absorp-
tion of the solar spectrum and enhancing carrier transport and
separation, thereby increasing PCE. The partial replacement of
Cu+ by Li+ ions in CZTSSe was proposed in 2016 for band
gap tuning to improve CZTSSe/CdS interface band alignment
[128]. The impact of different Li/Cu ratios on lattice para-
meters, carrier concentration, and solar cell performance was
analyzed. This breakthrough suggests a promising route for
optimizing kesterite-based solar cell efficiency through alkali
metal doping. In the same year, a method using SeS2 for chal-
cogenization in CZTSSe solar cells to control S and Se con-
tents was introduced, obtaining a graded band gap [129]. This
approach increased Voc through band gap grading and sug-
gested mechanisms for Jsc enhancement. The introduction of
SeS2 during annealing resulted in a CZTSSe record PCE of
12.3%, showcasing a significant improvement in Voc deficit to
576 mV. The selenium annealing of CZTS to introduce sulfur-
selenium gradients was investigated [130]. Annealing CZTS
in selenium atmosphere aimed to substitute sulfur with selen-
ium, potentially forming gradients. However, practical chal-
lenges arose due to selenium incorporation correlation with
sodium distribution and its effect on CZTSSe grain growth.
Findings suggest sodium-assisted recrystallization limits the
practicality of achieving desired sulfur–selenium gradients,
highlighting the complexity of manipulating CZTSSe mater-
ial properties for improved solar cell efficiency. A theoret-
ical work focused on kesterite PCE enhancement through
graded band-gap was reported [131]. By simulating various
grading models, they found that modifying the inside graded
model could significantly enhance device performance, lead-
ing to a PCE of 15.6%. This efficiency boost is a result of
optimized recombination rates and current density enhance-
ments achieved by the graded band-gap profiles. The research
highlights the potential of band-gap engineering in enhan-
cing CZTSSe device efficiency. The incorporation of selen-
ium (Se) into CZTS was explored at temperatures higher and
lower than that of CZTSSe nucleation temperature [132]. It
was found that at 337 ◦C and 360 ◦C, Se diffusion is primarily
through GBs, with increased Se near the CZTS/Mo interface
suggesting grain boundary diffusion. At 409 ◦C, nucleation
and recrystallization of CZTSSe occur, facilitated by sodium
diffusion from the back contact. The research demonstrates
the challenges in achieving graded band gap by controlling
Se diffusion into CZTS, due to recrystallization dominating
Se incorporation. The effects of incorporating selenium into

CZTS precursors through compound co-sputtering, followed
by a thermal annealing in a mixed atmosphere of Ar, S, and Se
was studied [133]. The research found that selenium inclusion
allows for more rapid recrystallization at lower temperatures
and that precursors consisting of sulfur and selenium stack-
ing alternation can influence the absorber’s morphology and
the segregation of Zn(S,Se) secondary phase. Devices fabric-
ated from these absorbers showed a PCE ranging 2.0%–9.0%.
The study demonstrated the potential for selenium-containing
precursors to produce superior devices under certain condi-
tions. CZTSSe devices with enhanced PCE (10.04%) were
developed by optimizing the S/(S + Se) ratio through water-
based spray pyrolysis [46]. This adjustment improved solar
cell efficiency by theVoc deficit reduction, and the FF increase.
They observed increased surface compactness and shunt res-
istance with a moderate S/(S + Se) ratio, but excessive S-
alloying negatively affected performance. Sharp S–Se profiles
were successfully obtained in kesterite devices with a signific-
ant improvement in material quality by a new chalcogeniza-
tion process in 2019 [134]. This approach led to devices with
up to 9% efficiency and improved voltage performance, high-
lighting the potential of band gap grading profiles for enhan-
cing kesterite solar cell performance. This work constitutes
an important step for enhancing CZTSSe solar cell efficiency
through anionic band gap grading. In a subsequent work, the
same research group proposed the partial replacement of Sn
by Ge for band gap engineering, obtaining an improved effi-
ciency without the use of antireflection coatings or metallic
grids [135]. The impact of CZTSSe grading in solar cell effi-
ciencywas explored in 2020, finding that a sinusoidal band gap
grading can result in an efficiency enhancement from 12.6%
to 21.74% [136]. In another work, a two-step annealing pro-
cess was introduced to create a graded band gap, achieving
a solar cell improvement from 7.62% to 10.11% [86]. This
study not only proposes a simple and reproducible method
to enhance CZTSSe solar cell efficiency but also contributes
to the understanding of the effects of sulfur content grada-
tion within the thin-film structure on its electrical perform-
ance. A sharp surface bandgap gradient was created through
sputtering a very thin CZTS layer on CZTSSe absorber for
boosting CZTSSe device efficiency [58]. Improvements in Voc

and overall PCE were reported by modifying band alignment
and reducing carrier recombination. A proposal for increasing
CZTSSe device efficiency by creating a bandgap-graded struc-
ture through an annealing strategy during ZnO:Al deposition
was presented [137]. This approach promotes an ion exchange
reaction, modifying the p–n junction and forming a graded
bandgap that improves electron transport and reduces carrier
recombination. This method marks a significant advancement
in kesterite devices, with a certified PCE of 12.25%. A review
work published in 2022 delves into bandgap tailoring in kester-
ite devices to enhance their performance, focusing on graded
absorber layers [138]. They discussed the impact of differ-
ent types of gradings on Sb2S3, CdTe, CZTS, and CIGS solar
cell performance, emphasizing the importance of band gap
tuning to improve Voc, Jsc, and PCE. The article also out-
lines future directions and challenges in graded devices, high-
lighting the potential for significant advancements in solar
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cell efficiency through absorber layer bandgap optimization.
In another work, a proposal to control the anionic ratio and
gradient within kesterite technologies, specifically focusing
on CZTSSe and CZGSSe materials was discussed [139]. This
work, aimed at enhancing the physicochemical properties of
chalcogenide solid solutions, involves the sequential synthesis
of pure sulfide and selenide layers to achieve desired compos-
itional profiles. By controlling the thickness of different lay-
ers and fine-tuning processing conditions, this research shows
how the anionic composition in the absorber can be controlled,
creating either a uniform or graded distribution. This control
is a key factor for optimizing band gap engineering, improv-
ing interface quality, and forming carrier-selective contacts.
This method offers a step toward more efficient and repro-
ducible CZTSSe solar cell fabrication. The enhancement of
CZTS solar cells was also reported by replacing Sn by Ge for
band gap tunning [140], by means of sol–gel technique and
a subsequent thermal annealing. In particular, the addition of
KCl as a reactive chemical etching improved kesterite crys-
talline quality and favored the formation of compact grains. A
band gap gradingwas successfully created in CZTSSe by sput-
tering technique in 2023, offering a promisingmethod for fine-
tuning the kesterite device properties [59]. A double graded
CZTSSe band gap was introduced by incorporating K2S dur-
ing the preparation of the precursor film, achieving a max-
imum efficiency of 13.7%, because of enhanced carriers gen-
eration and collection [87]. A recent work explored Ge doping
effect into CZTSSe devices, having this element a crucial role
in controlling defect formation and grain growth [99], offering
relevant information on Ge role in the promotion of CZTSSe
device properties, and establishing new ways to optimize its
performance.

The main results on kesterite band-gap graded solar cells
are summarized in table 6. Different strategies including chan-
ging Li/Cu, S/Se, and Cu/Cd ratios have been used to obtain
the band gap grading in the kesterite absorber material. In par-
ticular, S/Se ratio changing it is presented as the most pop-
ular one as observed in table 6. The application of kester-
ite band-gap graded solar cells has shown promising results,
where efficiencies in the range of 2%–13.7%, with Jsc, Voc and
FF values in the ranges of 15–37.37 mA cm−2, 330–544 mV,
and 45%–68.48%, respectively have been reported. Therefore,
considering the experimental state of the art in kesterite solar
cells, strategies such as the use of kesterite graded solar cells
joined with ALD technique for surface passivation, along with
the presence of passivation layers, an optimized buffer layer
and last but not least an innovative thermal annealing should
be further explored since their combination are expected to
provide a kesterite solar cell efficiency higher than the current
record one of 14.9%.

4. The theoretical viewpoint: past, present, and
future

While characterization techniques of solar cells provide
important information on device performances in depend-
ence on experimental conditions, theoretical studies are also

required in order to achieve complete understanding of phys-
ical principles that govern the analyzed solar cells. The use
of modeling and simulation tools allows a deep knowledge
on mechanisms limiting solar cell efficiency, which results in
the material utilization reduction. In this sense, modeling and
simulation tools are powerful to reinforce the complete under-
standing of the working principles of device and helps finding
routes for efficiency promotion. For this purpose, the accur-
ate selection of model that reproduces the experimental data,
along with the justified choice of the input parameters for sim-
ulations are key points that guarantee the quality of simulation
results.

For CZTSSe solar cell simulation, different analytical and
numerical approaches have been used. While for the numer-
ical simulations typical semiconductor equations are solved
numerically considering boundary conditions, for analytical
methods certain useful conditions are proposed that allow
exact solutions to these equations. For numerical simulation
softwares like wxAMPS, Sentaurus, and SCAPS have been
considered. More information on numerical and analytical
simulations are presented below:

4.1. Numerical simulations

One of the first attempt to simulate CZTS solar cells by SCAPS
software was presented in 2012 [141]. The authors mainly
focused on the role of acceptor concentration, work func-
tion of back contact, and CZTS absorber thickness on solar
cell behavior. Despite this report opened the door for fur-
ther simulation works on kesterite solar cells, ideal mechan-
isms were assumed for calculations, being radiative and Auger
recombination overestimated for calculations. A more accur-
ate numerical study on CZTSSe solar cells was presented in
2014 by wxAMPS software [142]. In this paper, the authors
simulated kesterite-based device with a PCE of 12.6%, being
able to replicate the experimental observations. A particu-
lar attention was paid to CZTSSe bulk defects rather than
CZTSSe/CdS interface, thereby suggesting that CZTSSe/CdS
interface defects could be neglected. Furthermore, band tailing
was presented as the main cause of Voc losses. The CZTSSe
band tailing impact on devices has been also discussed [143,
144]. Under the authors experimental conditions, interface
defects neglection is acceptable since appropriate band align-
ment between CZTSSe and CdS (transition from cliff-type
band alignment to spike-type band alignment) that reduce IR is
achieved, as will be explained later by analytical approaches.
However, in most CZTSSe solar cells the consideration of
interface defects is necessary to achieve the accurate exper-
imental data reproduction. Numerical simulations on CZTS,
CZTSe and CZTSSe solar cell performances were presen-
ted by Simya et al in 2015 [145], with a particular focus on
the optimization of resistances, metallic work function and
thickness properties under radiative and Auger recombina-
tion mechanisms. A theoretical study on CZTS photovolta-
ics was proposed by Firsk et al in 2016, where IR and dif-
fusion length were assumed as important; calculations were
performed by SCAPS [146]. The authors concluded that IR
has the dominant role followed by the bulk recombination.
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Table 6. Main results on kesterite graded solar cells.

Structure Proposal to realize the band gap grading Jsc (mA cm–2) Voc (mV) FF (%) PCE (%) Year References

Mo/LixCu2−xZnSn(S,Se)4/CdS/i-ZnO/ITO/Al Li/Cu ratio 25.86 408 63.5 6.7 2016 [128]
Mo/CZTSSe/CdS/i-ZnO/ZnO:Al SeS2/Se weight ratio 34.98 521 67.2 12.3 2016 [129]
Mo/CZTSSe/CdS/i-ZnO/ZnO:Al S/Se ratio 15–32 330–500 45–65 2–9 2018 [133]
Mo/CZTSSe/CdS/i-ZnO/ITO S/Se ratio 30.69 524 62.38 10.04 2019 [46]
Mo/CZTSSe/CdS/i-ZnO/ITO S/Se ratio 31.6 444 65. 8 9.23 2019 [134]
Mo/CZTGSe/CdS/i-ZnO/ITO Sn/Ge ratio 29.9 471 65.1 9.2 2020 [135]
Mo/CZTSSe/CdS/i-ZnO/ITO S/Se ratio 32.41 531.25 58.73 10.11 2022 [86]
Mo/CZTSSe/CZTS/CdS/i-ZnO/ITO S/Se ratio 35.26 450 62.73 9.9 2022 [58]
Mo/CZTSSe/ CdS/i-ZnO/ZnO:Al Cu and Cd interchange 37.37 484.75 67.69 12.25 2022 [137]
Mo/CZTSSe/ CdS/i-ZnO/ITO S/Se ratio 25.59 509 56 7.30 2023 [59]
Mo/CZTSSe/ CdS/ITO S/Se ratio 36.73 544 68.48 13.70 2024 [87]
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At the same time, Meher et al studied the effect of inhomo-
geneity in CZTS solar cells from a randomly graded absorber
layer [147]. The role of secondary phases and material proper-
ties on open-circuit voltage deficit was evaluated by Kanevcen
et al [148]. The authors validated the model by comparing its
results with the experimental data, and were able to conclude
that despite IR and carrier lifetime are the main sources of
Voc deficit, the presence of secondary phases could be another
factor for Voc deficit, depending on their location and type.
That is, secondary phases at the heterojunction interface are
more detrimental since might increase IR. In addition, the
authors found that experimental data can only be explained
by 2D models when incorporating secondary phases. In 2020
Minbashi et al deepen into the CZTSSe solar cell efficiency
enhancement by meticulously examining various potential
defects within the absorber layer using a combination of elec-
trical and optical approaches via the Finite Element Method
[149]. By validating their simulation results against experi-
mental data, the researchers established clear guidelines for
enhancing cell performance. They highlighted the critical role
of defect management and secondary phase control in per-
formance improvement. The study underscores that synthesis
techniques adjusting Na-doping, Zn/Sn, Cu/(Zn + Sn), and
S/(S+ Se) ratios significantlymitigate trap-assisted recombin-
ation, thereby boosting efficiency. By categorizing defects into
benign (Nt < 1016 cm−3) and detrimental (Nt > 1016 cm−3)
based on their energy positions, the research identifies detri-
mental defects as the primary efficiency detractors in kesterite
solar cells. By reducing these detrimental defects and over-
all defect densities, a PCE of 19.06% was achieved, position-
ing kesterite devices as a promising technology for industrial
application, especially considering their non-toxic, environ-
mentally friendly, and cost-effective attributes.

An important research direction for kesterite solar cell effi-
ciency improvement is the replacement of CdS as buffer layer.
Alternative buffer layers to CdS have been experimentally
studied to mitigate IR. Traditional CdS presents the inconveni-
ent of Cd toxicity and on the other hand it forms non-ideal band
alignment with CZTS material (cliff-like alignment) and also
participates in photon parasitic losses due to its low band-gap.
These mentioned points have been the most important ones
considered when proposing alternative buffer layer materials.
In particular, ZnSnO and Zn(O,S) have been highlighted in a
review work as promising low-cost nontoxic alternative buffer
layers [150], where ZnSnO/CZTS heterojunction has demon-
strated efficiencies comparable to the ones of CdS/CZTS. The
potential of replacing the traditionally used CdS in kester-
ite devices with a ZnSnO (ZTO) layer deposited via sput-
tering was also evaluated [151]. This approach is motivated
by the dual benefits of avoiding toxic cadmium and improv-
ing device performance through a better-suited buffer layer
for CZTS absorbers. The research demonstrates that adjusting
the sputtering deposition power it allows for the manipulation
of ZTO’s metallic composition, thereby enhancing the opto-
electronic properties. Experiments with reactive sputtering
using either Ar:O2 or Ar:SF6 mixtures were conducted to fur-
ther optimize the ZTO layers’ characteristics. The integration
of optimized ZTO buffer layers into Mo/CZTS/ZTO/ZnO:Al

solar cell configurations, followed by thermal treatment and
deposition condition adjustments, resulted in a notable pro-
motion of PCE to 5.2%, surpassing the reference CdS-based
solar cells by 0.6%. This improvement is attributed to min-
imized absorber damage through low deposition power and a
two-stage sputtering process. The study underscores the signi-
ficance of buffer layer composition and deposition techniques
in enhancing CZTSSe device efficiency, showcasing a prom-
ising direction to developing Cd-free photovoltaic devices. On
the other hand, among the different proposals, experimental
and numerical results have presented TiO2 buffer layer as a
suite candidate for CZTS solar cells [152–156]. Theoretical
calculations performed by Bencherif et al have demonstrated
that an increase in Voc for TiO2/CZTS solar cells is expec-
ted in comparison to typical CdS/CZTS solar cells, being
able the optimal device to achieve an efficiency of 14.5%
[155]. A spike-like alignment between amorphous-TiO2 and
CZTS described by a conduction band offset of 0.17 eV was
reported [153]. Among the nontoxic proposals, zinc-based
buffer layers such as ZnMgO have been studied for its wider
and adjustable band-gap that reduce optical losses at short-
wavelengths [157]. The author showed that a spike-like align-
ment with nearly flat-band is formed by controlling Zn/Mg
compositional ratio, favoring carrier transport at the interface.
CdZnS buffer has been also proposed as alternative layer to
replace CdS, which is able to reduce the Cd concentration
and parasitic losses [158]. Efficiencies around 11.2% were
obtained for CdZnS with 60% Zn, while the use of ZnS results
in poor device efficiencies. In other work, GaSe was proposed
as an alternative buffer layer, reporting a better band align-
ment and therefore the absence of Cd-toxic element [159].
Other interesting experimental and theoretical proposals are
the use of bi-layers such as CdS/Zn(O,S), CdS/In2S3, and
CdS/ZnS as buffer in kesterite solar cells [160–162]. Authors
have shown better performances in kesterite devices by using
bilayers, since this proposal reduces cadmium amount in lay-
ers, while improving interface quality, however, further theor-
etical works are required to understand their impact on kester-
ite solar cells. A recent reviewwork on alternative Cd-free buf-
fer layers analyzes with detail buffer layers effect on CZTSSe
devices [100]. Among the different proposals, the authors paid
particular attention to Zn(O,S), ZnSnO, In2S3, and TiO2 buffer
layers as potential candidates for CZTSSe devices.

Aside from the problem of kesterite/buffer interface, kes-
terite bulk defects have been identified as dominant in this
type of technology. In 2021 Sravani et al performed an ana-
lysis on CZTS and CZTSe loss mechanism effect on devices
from numerical simulations [163]. In particular, different traps
and defects forming band tails with Gaussian distribution were
analyzed, observing an efficiency degradation due to defects.
In another work, the same authors studied CZTS and CZTSe
GBs effect on devices by numerical simulations [164], high-
lighting their role in carrier losses. The critical challenge for
enhancing CZTSSe device efficiency by the control and min-
imization of secondary phases and lattice defects was experi-
mentally and theoretically analyzed [165]. The findings under-
score the potential of achieving a maximum efficiency of
18.47% by strategically reducing defects, particularly those
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near the electron Fermi level and the band gap midpoint. This
work not only advances the understanding of defect engineer-
ing in solar cell materials but also sets a foundation for devel-
oping more cost-effective and efficient CZTSSe solar cells
suitable for larger-scale applications. The use of a back sur-
face field (BSF) layer (p+ layer) based on kesterite and SnS
in kesterite solar cells have been also analyzed by numer-
ical simulations [166–168], demonstrating the potential use
of these layers as BSF for reducing carrier recombination.
A recent work presents theoretical results on CZTSSe device
efficiency enhancement using SCAPS-1D software by incor-
porating a SnS-BSF layer [169]. The SnS-BSF layer increased
PCE from 12.54% to 15.84%, with a further optimization
to 20.17% by changing doping concentration and absorber
thickness. Efficiency was further increased to 24.10% under
10 suns concentration. Experimental validation confirmed the
simulation predictions, highlighting the potential of kester-
ite devices with BSF layers under concentrator applications.
The use of kesterite-graded for improving carrier transport
in solar cells is also an interesting proposal. Despite some
experimental works have performed the fabrication of kester-
ite graded solar cells as mentioned earlier, only few works can
be found in the literature regarding theoretical proposals for
graded solar cells [131, 136, 170–172]. This topic is still open
research. Another interesting proposition for kesterite applic-
ation is tandem solar cells, which have been mainly studied
by numerical simulations. A CZTS/CZTSe tandem solar cell
was proposed in 2017, showing that under optimized band-
gap an efficiency of 21.4% is expected by replacing CdS by
ZnS as buffer layer [173]. Another work demonstrated that
efficiencies of 20% can be achieved in kesterite tandem solar
cells by using CZTSSe in the bottom cell and CZTS as the
top cell [174]. Figure 6 presents a typical two-junction solar
cell based on CZTS and CZTSSe absorber materials, where
photons with energies higher than 1.4 eV are expected to be
absorbed in the CZTS, while photons with energies between
1.0–1.4 eV can be absorbed in the CZTSSe—depending on
the anionic composition. In general, some theoretical works
on tandem devices based on kesterite/kesterite [175–179], per-
ovskite/kesterite [180–182] and kesterite/silicon [183, 184]
have been studied, achieving promising results, thereby the
exploration on the application of kesterites to different types
of tandem solar cells is an emerging field.

4.2. Analytical simulations

The analytical procedures are very useful for a better under-
standing of device physics. In a very brief explanation, for
analytical calculations the current density–voltage depend-
ence (J–V characteristics), which is expressed by an equation
based on double or more diodes with the superposition of the
term of photo-current density given by the absorption of the
incident light is commonly assumed as a good approximation
[185–192]. In this equation, the diode terms accounts to losses
owing to the different ideal and non-ideal carrier loss mechan-
isms like radiative recombination, diffusion, thermionic emis-
sion, and non-radiative recombination, being the latter due

Figure 6. Tandem solar cell based on CZTSSe materials.

to interface defects or bulk defects. Non-radiative recom-
bination is based on the Shockley-Read-Hall (SRH) theory.
Under certain conditions, recombination through defects (non-
radiative recombination) can be enhanced with the assistance
of an electric field, being this mechanism often called as trap-
assisted tunneling recombination (TATR) or simply tunnel-
ing enhanced recombination. Another important part is pho-
tocurrent density calculation, being necessary in a first step to
calculate external quantum efficiency (EQE) dependence on
wavelength for quasi-neutral and depletion zones of the device
[185–192]. In this way, J–V and EQE characteristics can be
obtained from calculations and compared to the experimental
data to conclude on the dominant loss mechanisms, thereby
validating the model. Analytical approaches are less available
for kesterite solar cells in comparison to numerical proced-
ures. This can be understood from the point that there are some
available softwares for numerical simulations while analytical
calculations require to state the adequate model to continue
with the programing of equations, variables, and constants in
chosen platforms such as Wolfram Mathematica, Matlab etc.
The first proposals to study analytically CZTSe and CZTS
devices were presented by Courel et al [186–188, 190]. In fact,
these works are the first reports presenting a deep analysis on
each loss mechanism effect on kesterite devices. The schem-
atic representation of CZTS and CZTSe devices band diagram
is presented in figure 7, where each carrier loss mechanism is
presented.

In the diffusion mechanisms, majority carriers (holes in
p-type semiconductor and electrons in the n-type semicon-
ductor) are injected over the potential barrier into n-type and
p-type semiconductors, respectively, due to a gradient of con-
centration, diffusing away from the junction until they recom-
bine in bulk or at interface. In heterojunctions such as CZTSe
and CZTS devices, in addition to potential barrier at the junc-
tion, the band offsets prevent carriers diffusion, making this
mechanism less likely in comparison to homojunction such
as typical silicon solar cells [185–187]. Under the thermionic
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Figure 7. Carrier loss mechanisms in CZTS (a) and CZTSe (b) solar cells. Reprinted from [187], with the permission of AIP Publishing.
Reprinted from [190], Copyright (2016), with permission from Elsevier.

emission, majority carriers are more likely to overcome the
potential barrier due to thermal energy. However, the band-
offset in addition to built-in potential make this loss mech-
anism less likely on kesterite solar cells when comparing
model results with the experimental data [185–187]. Since
radiative recombination is an ideal mechanism where only
losses through band-to-band transitions take place, the best
solar cell performances are expected under this mechanism as
published before [185–187]. On the other hand, it has been
shown that recombination due to bulk defects (non-radiative
recombination) is a more realistic proposal since mid-gap state
defects such as CuSn and SnZn for kesterite and VCd for CdS
have been predicted [193, 194]. In fact, simulations based on
non-radiative recombination have resulted in solar cell per-
formances near to the experimental reported ones [185–187,
190]. Recombination through bulk defects in the depletion
zone can be increased via tunneling process, that is, major-
ity carriers might tunnel to energy states within the band gap
under forward-biased junctions, where they partially loss their
energy until completing the non-radiative recombination pro-
cess with the opposite charge as originally proposed by Hurkx
et al [195, 196]; this process in shown in figure 7. TATR
presented by Hurkx and collaborators is mainly based on the
traditional SRH theory, with a small perturbation added to
SRH equation, which mainly depends on electric field intens-
ity, consequently, higher recombination losses are obtained
under high electric field, while for low electric field it turns into
SRH theory. In kesterite devices, tunneling enhanced recom-
bination was highlighted as dominant, being able to explain
the experimental data [185–187, 190]. Shallow traps such
as VZn, ZnSn, VCu, and CuZn have been reported for kester-
ite material [193] while for CdS shallow traps such as Cdi
and CdS have been identified [194], making likely tunneling
recombination of majority carriers thereby increasing non-
radiative recombination. An important advantage from the
analytical approaches is that mechanisms such as tunneling
enhanced recombination can be studied in detail, while often
used numerical softwares do not facilitate this type of study.
In addition to the previously mentioned loss mechanisms,
interfaces often play a dominant role in carrier recombination

due to lattice and thermal expansion mismatches along with
band alignment. Figure 7 shows a cliff-like band alignment
for CZTS devices, while a spike-like alignment is observed
for CZTSe devices. The cliff-like band alignment is the most
harmful since carriers at the interface require an energy shorten
than band gap to recombine. IR at CdS/kesterite was also
demonstrated to be dominant in these types of solar cells
[185–187]. However, losses at CdS/CZTSe interface are quite
shorter than the ones of CdS/CZTS interface [185–188, 190].
Previous analytical analyses have introduced IR and TATR as
the most important mechanisms to explain the experimental
data [185–188, 190]. The effect of tunneling mechanism can
vary from cell to cell depending on electric field at the junction,
this result is in good agreement with other works that emphas-
ize bulk and interface defects as the dominant ones. Interface
losses and tunneling enhanced recombination were also iden-
tified as dominant in CZTS processed devices [94].

Reverse dark current density (J0) is also an important para-
meter. For most numerical approaches, this parameter is not
available as an output result, this explains whymost theoretical
studies performed by numerical analysis do not provide results
on J0. On the contrary, another advantage of analytical pro-
cedures in comparison to the numerical ones is that J0 can be
straightforward evaluated. The role of minority carrier lifetime
and CdS/CZTS IR on PCE, Voc and J0 was evaluated [188],
results are presented in figure 8. It is important to increase
minority carrier lifetime along with reducing CdS/CZTS IR
for boosting CZTS device performance, being these mechan-
isms detrimental forVoc. It was also pointed out that maximum
efficiency reported were under the effect of IR and TATR.
Despite TATR is presented as dominant, figure 8(c) shows that
the increase of minority carrier lifetime to values higher than
10 ns results in the reduction of TATR, turning IR as the dom-
inant loss mechanisms. In the case of CZTSe solar cells, this
occurs for minority carrier lifetime higher than 100 ns [188],
thereby indicating lower losses at CdS/CZTSe interface and
consequently higher efficiency can be obtained only focusing
on reducing the effect of CZTSe bulk defects.

The effect of minority carrier lifetime and IR on PCE and
Voc of CZTS and CZTSe is shown in figure 9. CdS/CZTSe
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Figure 8. Efficiency dependence on interface recombination speed and minority carrier lifetime (a), Voc dependence on interface
recombination speed and minority carrier lifetime (b), J0 dependence on minority carrier lifetime (c), and J0 dependence on interface
recombination speed and minority carrier lifetime (d) for CZTS solar cells. Reproduced from [188]. © IOP Publishing Ltd. All rights
reserved.

IR is almost negligible for CZTSe minority carrier lifetimes
shorten than 5 ns. The analytical results have shown that an
efficiency of 18% is expected for both technologies, however,
these results point out that bulk defects andCdS/kesterite inter-
face are still one of the main problems of Voc deficit, which
is in good correspondence with the experimental information
discussed before [34, 37, 70, 77, 79–82, 85, 108, 110, 112,
114].

The identification of trap assisted tunneling recombina-
tion as dominant mechanism allows explaining an interesting
experimental result concerning CZTSe solar cells, working as
a Metal-Insulator-Semiconductor (MIS) structure rather than
traditional p–n junction [197]. Solar cells under traditional
p–n junction theory support that higher solar cell efficien-
cies are obtained when increasing CdS donor concentration
and thereby its conductivity, since it results in higher deple-
tion region width in the absorber material, thereby increas-
ing carrier separation and recollection. However, the oppos-
ite results were reported experimentally for CZTSe solar cells
[197], where the authors found that very resistive layers are
obtained for CdS films doped with Cu, which result in a Voc

increase higher than Jsc reduction, and consequently in bigger
CZTSe solar cell efficiencies. A very thin and resistive CdS
layer behaves as an insulator material, while TCO and CZTSe
films stand for conducting (metal) and semiconductor, respect-
ively, thereby having device aMIS structure. Under the domin-
ant role of TATR, for higher CdS layer resistivity values, lower
electric field intensities are obtained, consequently reducing
losses through tunneling mechanism. Therefore, higher Voc

and efficiency values are expected despite the reduction in Jsc.
In fact, a CZTSe solar cell efficiency near 20% is expected by
reducing CdS thickness and increasing its resistivity, without
paying attention to CZTSe bulk defects and CdS/CZTSe inter-
face defects [190]. The use of more resistive CdS layers have
also resulted in enhanced efficiencies in CdTe solar cells by
the Voc enlargement [198–200]. In this sense, depositing very
thin and resistive CdS layers it could be an attractive solution
to achieve higher experimental efficiencies in kesterite solar
cells.

Numerical and analytical results on kesterite solar cells
are summarized in table 7. An increased interest in theor-
etical studies on kesterite solar cells are clearly observed in
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Figure 9. Efficiency and Voc dependence on interface recombination speed and minority carrier lifetime for CZTS and CZTSe solar cells.
Reproduced from [188]. © IOP Publishing Ltd. All rights reserved.

the recent years. In general, interesting proposals such as
the use of different buffer layers, BSF layers, cationic alloy-
ing, graded devices, and tandem structures have been studied,
showing promising device results. These works demonstrate
that numerical and analytical simulations are powerful tools
helping in identifying the main issues limiting kesterite solar
cells at the same time they provide interesting routes for the
device promotion to be implemented at laboratories.

4.3. Nanostructured solar cells based on kesterite compound

Using nanostructures in photovoltaics is an attractive pro-
posal for high efficiency devices. By controlling nanostructure
size, electrical and optical properties can be tailored through
the discretization of energy states due to quantum confine-
ment (QC), which is translated into better tunning of incident
light utilization. The term “quantum confinement” describes
the occurrence in which the characteristics of particles, spe-
cifically electrons, are restricted and impacted by their con-
finement within structures at the nanoscale. This confinement
allows energy discretization and modifies physical proper-
ties in comparison to larger-scale materials. The observed

phenomenon is attributed to characteristics exhibited by
quantum systems like nano wires, quantum dots (QDs) and
quantumwells (QWs), which possess dimensions on the nano-
meter scale. Confinement induces discrete energy states rather
than continuous energy bands, giving rise to distinct optical,
electrical, and chemical properties that play a critical role in
diverse applications within the fields of nanotechnology and
quantum physics [243]. Quantum confined (QC) structures are
categorized into 1D, 2D and 0D material based on the degree
of freedom for particle movement in different directions. A
1D material refers to a structure that is constrained, allowing
particles to move in only one direction. In other words, the
confinement of the particles is imposed in the remaining two
directions.

4.3.1. Quantum well solar cells. QWs stand for the most
proposed nanostructures in kesterite solar cells. QW solar cells
consist of p–i–n structures where QWs are embedded withing
the intrinsic region. Since a type-I heterojunction is formed at
CZTS/CZTSe with 70% of conduction band offset, by chan-
ging S/(S + Se) compositional ratio it is possible to have
a continue variation of well depth and barrier height as a
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Table 7. Numerical and analytical simulation results on kesterite solar cells.

DEVICE STRUCTURE SOFTWARE/METHOD Jsc (mA cm−2) Voc (V) FF (%) PCE (%) Year References

Mo/CZTS/CdS/ZnO:Al SCAPS 19.31 1.002 75.81 14.7 2012 [141]
Mo/CZTS/CdS/ZnO AMPS-ID 23.04 0.87 83.0 16.38 2012 [201]
Mo/CZTSSe/CdS/ZnO/TCO wxAMPS 35 0.54 70 13.23 2014 [142]
Mo/CZTS/CdS/ZnO/ZnO:Al ANALYTICAL METHOD 20.3 0.661 62.7 8.4 2014 [187]
Mo/CZTSSe/CdS/ZnO SCAPS 31.98 0.7615 64.73 15.77 2015 [145]
Mo/CZTSe/CdS/ZnO/ZnO:Al SENTAURUS 37.4 0.377 64.9 9.15 2015 [148]
Mo/CZTS/CdS/ZnO/ZnO:Al ANALYTICAL METHOD 22.4 0.633 58.3 8.26 2015 [186]
Mo/CZTSSe/CdS/ZnO/TCO ADEPT 35.6 0.4 68 9.68 2016 [143]
Mo/CZTSe/CdS/ZnO/TCO/ MgF2 ADEPT 35.2 0.4 66.2 9.3 2016 [144]
Mo/CZTS/CdS/ZnO/ZnO:Al SCAPS 23.1 1.114 82.5 21.3 2016 [146]
Mo/CZTS/CdS/ZnO/ZnO:Al SCAPS 18.68 1.009 77.29 14.57 2016 [147]
Mo/CZTS/CdS/ZnO/ZnO:Al ANALYTICAL METHOD 22.7 0.775 63.8 11.2 2016 [188]
Mo/CZTSe/CdS/ZnO/ITO ANALYTICAL METHOD 40.9 0.733 75.4 22.6 2016 [190]
Mo/CZTSSe/ZnS/ZnO SCAPS 23.96 0.64 65.2 10.0 2017 [202]
Mo/CZTSSe/CdS/ZnO/ZnO:Al SCAPS 38.81 0.67 60.48 15.60 2017 [131]
Mo/CZTSe/ZnS/ZnO/TJ∗/CZTS/ZnS/ZnO/AZO ANSYS LUMERICAL FDTD 19.59 1.492 73.4 21.44 2017 [173]
Mo/CZTSe(p+)/ACZTSe/ZnS/ZnO/ITO/CZTS/ZnS/
ZnO/FTO/CBTSSe/ ZnS/ZnO/ZnO:Al

ANSYS LUMERICAL FDTD 17.88 2.73 73.7 36.04 2017 [203]

Mo/CZTS/CdS/ZnO SCAPS 44.87 0.64 82.54 23.72 2018 [204]
Mo/CZTS/CdS/ZnO/ZnO:Al SCAPS 21.88 0.921 71.6 14.4 2018 [167]
Mo/MoS(e)2/CZTSSe/SnS2/ZnO/ZnO:Al SCAPS 27.98 0.5230 67.34 12.57 2018 [205]
Mo/ CZTSe/CdS/ZnO/ZnO:Al/CZTS/CdS/ZnO/ZnO:Al SCAPS 20.98 1.324 78.2 21.7 2018 [206]
Mo/CZTS/CdS/ZnO/TCO ANALYTICAL METHOD 28.5 0.889 65.9 16.9 2018 [207]
ITO/CZTS/ACZTS/ZnS/ZnO/ZnO:Al/MgF2 ANSYS LUMERICAL FDTD 26.57 0.975 76.70 19.86 2018 [208]
Mo/CZTSSe/CdS/ZnO/ITO ANALYTICAL METHOD 41.2 0.59 72 17.5 2018 [185]
Mo/ CZGS/CdS/ZnO/ZnO:Al ANALYTICAL METHOD 17.98 1.619 91.91 12.08 2018 [61]
Mo/MoS2/CZTS/CdZnS/ZnO/ITO SCAPS 28.25 0.54 70 10.69 2019 [158]
Mo/CZTSSe/CdS/ZnO/CZTS/CdS/ZnO/TCO ANALYTICAL METHOD 19.8 1.42 71.5 20.03 2019 [174]

(Continued.)
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Table 7. (Continued.)

Mo/ACZTSe/CdS/ZnO/ZnO:Al SCAPS 28.1 0.619 64.5 11.2 2019 [209]
Mo/CZTSe/CdS/ZnO/ITO ANALYTICAL METHOD 34 1.0 88 29.9 2019 [210]
Mo/MoSSe/CZTSSe/CdS/ZnO/ZnO:Al/MgF2 FINITE ELEMENT METHOD 35.34 0.501 65.62 11.62 2020 [149]
Mo/CZTS/CdS/ZnO SCAPS 22.91 0.78 78.8 16.28 2020 [211]
Mo/MoSSe/CZT(S,Se)/CdS/ZnO/AZO/MgF2 SCAPS 38.1 0.631 76.8 18.47 2020 [165]
Mo/CZTSSe/CZTS/CdS/ZnO/ZnO:Al SCAPS 25.84 0.986 69.87 17.81 2020 [168]
Mo/MoSSe/CZTSSe/CdS/ZnO/AZO/MgF2 DIFERENCIAL EVOLUTION

ALGORITHM (DEA)
37.39 0.772 75.2 21.74 2020 [136]

Mo/SnS/CZTSe/CdS/ZnO/TJ∗/SnS/CZTS/CdS/ZnO FINITE ELEMENT METHOD 23 1.72 72.69 28.86 2020 [212]
Mo/CZTSSe/CdS/ZnO/ZnO:Al SCAPS 42.64 0.724 74.96 23.16 2020 [213]
Mo/SnS/CBTSSe/CdS/ZnO/ITO SCAPS 16.986 0.867 49.63 7.31 2020 [214]
Ni/SnS/CZTS/TiO2/ITO/Al SCAPS 31.89 1.099 87.85 30.79 2021 [154]
Mo/CZT(S,Se)/CdS/ZnO/ZnO:Al SILVACO ATLAS (TCAD) 13.32 0.998 85.28 11.34 2021 [163]
Mo/CZT(S,Se)/CdS/ZnO/ZnO:Al SILVACO ATLAS (TCAD) 40.66 0.640 81.17 21.15 2021 [164]
Glass/ITO/CZTSe(p+)/ACZTSe/ CdS/AZO/MgF2 ANSYS LUMERICAL FDTD 38.99 0.6467 73.89 18.63 2021 [166]
Mo/CZTSe/CZTS/CdS/ZnO/ZnO:Al wxAMPs 21.58 0.883 89.02 21.1 2021 [170]
Mo/CZTS/CdS/ZnO/ZnO:Al wxAMPS 29.18 0.8514 63.41 15.04 2021 [172]
Mo/CZTSSe/CdS/TCO/CZTS/CdS/ZnO SCAPS 18.6 1.21 66 15.12 2021 [175]
Si(p+)/Si/Si(n+)/CZTS/ZnMgO/ZnO/ZnO:Al SCAPS 19.38 1.4 83.5 22.9 2021 [215]
Mo/CZTSSe/CdS/ZnO/ZnO:Al/TJ∗/CZTS/
CdS/ZnO/ZnO:Al

SCAPS 20.40 1.10 81.30 19.25 2021 [216]

ITO/CZTS(p+)/CZTS/ZnOS/ZnMgO:Ga SCAPS 27.74 1.040 71.40 20.6 2021 [217]
Mo/CZTS/MoS2/ZnO:Al SCAPS 28.96 0.84 85 23.69 2021 [218]
Mo/CZTSe/CZTS/CdS/ZnO/FTO SCAPS 35.18 1.01 83.86 29.86 2021 [219]
Ni/SnSe/CZT(S0.4Se0.6)4/ Zn(O0.3S0.7)/i-ZnO/AZO SCAPS 35.25 0.640 77.52 17.55 2021 [220]
Mo/MoSe2/CZTSe/CdS/ZnO:Al SCAPS 42.44 0.745 79.31 25.40 2021 [221]
Mo/CZTSSe/CdS/ZnO/ZnO:Al SCAPS 30.03 0.73 69.17 15.35 2021 [222]
Mo/CZTSe/CZTS/ZnSe/ZnO/ZnO:Al SCAPS 22.26 1.14 83.28 21.17 2021 [223]
Mo/CZTSSe/CdS/ZnO/ITO SILVACO ATLAS 44 0.45 62.7 12.2 2021 [224]
Mo/MoS2/CZTS/TiO2/ITO AMPS-1D 18.75 0.87 85.85 14.5 2022 [155]

(Continued.)
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Table 7. (Continued.)

DEVICE STRUCTURE SOFTWARE/METHOD Jsc (mA cm−2) Voc (V) FF (%) PCE (%) Year References

Mo/CZTSSe/GaSe/n-ZnO SCAPS 36.45 0.685 81.7 20.4 2022 [159]
Mo/ACZTSe/ZnSe/ZnO/TJ∗/CZTS/ZnOS/ZnMgO:Ga SCAPS 17.3 1.37 68.3 16.2 2022 [176]
Mo/CZTSe/CdS/ZnO/ZnO:Al /CZTS/CdS/ZnO/ZnO:Al SCAPS 20.33 1.48 75.94 22.91 2022 [177]
Mo/CZTSe/CdS/ZnO/ITO /CZTS/CdS/ZnO/ZnO:Al SCAPS 16.67 1.28 78 23.83 2022 [178]
Mo/CZTSSe/CdS/ITO/Spiro/CsPbI3/ZnS/ZnO/ITO COMSOL — — — 32.35 2022 [182]
Ni/Zn3P2/CZTSSe/ZTO/
ZnO/ZnO:Al/Zn3P2/CZTS/ZMO/ ZnO/ZnO:Al

SCAPS 21.09 1.52 74 23.99 2022 [225]

Mo/ACZTS/CZTS/CdS/ZnO/ZnO:Al SCAPS 37.17 0.93 68.15 23.50 2022 [226]
Au/CuI/CZTS/ZnS/ZnO/ZnO:Al SCAPS 23.89 0.93 69.6 15.53 2022 [227]
Mo/CZTS-II/CZTS-I/ZnS/ZnO/ZnO:Al SCAPS 26.44 1.04 74 20.34 2022 [228]
Mo/CMTS/SnS2/ZnO/ZnO:Al SCAPS 26.44 1.12 68.33 20.26 2022 [229]
Pt/CZTSe/CZTS/ SnS2/ZnO:Al/FTO SCAPS 50.76 0.9926 64.59 32.55 2022 [230]
Mo/CZTS(p+)/CZTS/CdS/GZO SCAPS 21.12 0.756 66.87 10. 68 2022 [231]
Mo/CZTS/ZrS2/ZnO:Al SCAPS 27.75 0.776 84.75 17.61 2022 [232]
Mo/AMTSSe/ZnSe/ZnO/ZnO:Al SCAPS 36.20 0.774 76.20 21.35 2022 [233]
Mo/MoSe2/CNGS/CdS/ZnO/ZnO:Al SCAPS 29.039 0.648 58.07 10.94 2022 [234]
Mo/CCTS/CdS/ZnO:Al SILVACO TCAD 26.3 0.988 81.6 21.2 2022 [235]
Mo/CZTSSe/CdZnS/ZnO SCAPS 35.60 0.6700 77.61 14.59 2023 [236]
Mo/CZTSSe/In(O,S)/ZnO/ITO TCAD simulator 43.43 0.574 66.08 16.48 2023 [237]
Sn2S3/CZTSSe/CdS/ZnO/ZnO:Al
NiO/Cs2AgBi0.75Sb0.25Br6/PCBM/ SnO2

SCAPS 14.9 1.7 65.3 16.58 2023 [180]

Mo/CZTSSe/ZnSe/ZnO/ZnO:Al/Cu2O/
Cs2AgBi0.75Sb0.25Br6/ZnS

SCAPS 17.90 2.31 69 28.42 2023 [181]

Al/Si(p+)/Si/Si(n+)/CZGSSe(p+)/CZGSSe/
CdS/ZnO/ITO/Al2O3

SCAPS 17.32 1.961 84.3 28.63 2023 [183]

Al/Si(p+)/Si/Si(n+)/CFTS/CdS/ITO SCAPS 22.22 1.81 87.61 35.23 2023 [184]
Mo/(ACC)ZTSSe/CdS/ZnO/ZnO:Al SCAPS 32.6 0.75 79 19.3 2023 [238]
Mo/MoSe2/CCGS/CdS/ZnO/ZnO:Al SCAPS 25.09 0.93 64.06 15.1 2023 [239]
Mo/MoSe2/CNGS/CdZnS/ZnO/ZnO:Al SCAPS 29.67 0.983 66.77 20.05 2023 [240]
Mo/CZTS/ZMO/ZnO/ITO SCAPS 27.25 1.115 64 22.5 2024 [157]
Mo/SnS/CZTSSe/CdS/ZnO/ZnO:Al SCAPS 38.287 0.847 74.50 24.1 2024 [169]
MoSe2/CZTSSe/WS2/i-ZnO/ZnO:Al SCAPS 24.96 0.6920 83.28 14.38 2024 [171]
Mo/CZTSe/ACZTSe/ZnSe/ZnO/
ZnO:Al/ACZTS/CZTS/ ZnMnO/SnMnO2

SCAPS 20.29 1.64 72.05 23.96 2024 [179]

Mo/CZTSe/CZTS/ZnS/ZnO:Al SCAPS 28.2 1.05 85.4 24.7 2024 [241]
Ni/CNTS/CZTS/WS2/FTO/Al SCAPS 31.75 1.08 88.04 30.26 2025 [242]

TJ∗ tunneling junction.
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Figure 10. Energy band diagram of multiple quantum well solar
cells. © [2021] IEEE. Reprinted, with permission, from [246].

function of composition [4]. In particular, barriers based on
CZTS are desirable to keep the highest Voc reported for
CZTSSe compound [118, 121], while the incorporation of
QWs based on CZTSSe would guarantee an extra photon
absorption in comparison to traditional CZTS solar cells, that
could result in higher efficiencies. The selection of the QW
material is typically based on its narrower bandgap energy
in comparison to the barrier layers that surround it. This
feature facilitates discrete energy levels formation at QWs,
thereby improving absorption and emission processes [244–
246]. Figure 10 illustrates the schematic representation of
energy band diagram and the carrier separation mechanism in
Multiple QWs (MQWs).

In order to minimize carrier recombination, it is imperative
that the QW material possesses favorable electronic proper-
ties. The barrier material must have a bandgap energy that is
greater than that of theQWmaterial. The purpose of thismech-
anism is to establish an energy barrier that effectively restricts
the charge carrier movement in QWs. The barrier material is
essential for preventing carrier leakage and ensuring effect-
ive confinement [247]. In instances where electron and hole
incoming energy exceeds the barrier bandgap, the QWSC
operates similarly to a conventional p–i–n device. Within this
specified range, the material exhibits conventional behavior
by effectively absorbing photons and subsequently converting
their energy into electricity through standard processes [247,
248]. Photons within the energy range spanning from the bar-
rier bandgap to the QW bandgap undergo absorption by the
QWs. The enhancement of photon absorption is attributed to
the quantized energy levels present within the QW (figure 10).
When photons are absorbed, they have the ability to stimulate
the creation of excitons within the QWs by exciting electron–
hole pairs [248]. The carrier in an excited state will experience
escape mechanisms, such as thermionic emission and tunnel-
ing through the barrier, assisted by the junction electric field
[248].

The first proposal on QWSC was presented by Barnham
and Duggan in 1990 [249] followed by some scientific pivotal

works concerning the implementation of MQWs based on
different materials in solar cells. In the first work of Barnham
and Duggan [249] they introduced a novel method for enhan-
cing the efficiency of multiband gap solar cells through
the use of MQW or superlattice (SL) systems. By modify-
ing the QW thickness, it is possible to tune band gap to
achieve the best efficiencies. This method enables the fine-
tuning of current and voltage production factors individually,
which could result in increased efficiencies. According to the
study, structures utilizing the AlGaAs/GaAs/InGaAs system
have the potential to achieve efficiencies that go beyond cur-
rent single-band-gap limits, with maximum values surpassing
40%. Challenges involve maintaining resonant conditions for
electrons and ensuring efficient charge separation and collec-
tion. This study emphasizes the possibility of utilizing QWs
as the main absorber system in photovoltaics, specifically
in InGaAs/GaAs and AlGaAs/GaAs MQW or SL. Anderson
[245] devised and compared a suitable framework for QW
solar cells with a framework tailored for bulk homojunction
cells. The investigation examined the influence of terminal
properties on both cell and QW parameters. The model used
the QW and barrier band gaps as inputs to determine Voc, Jsc,
and PCE. The model’s conclusions were congruent with the
actual data, yielding a full comprehension of the functioning of
QW solar cells. The research presented a model that especially
focuses on carrier creation and recombination within QWs.
In another work, Barnham et al [250] examined both theor-
etical and practical aspects of QW solar cells to offer context
for the more detailed pieces in these proceedings. This article
explores the role that QWs play in enhancing efficiency in fully
realized lattice-matchedmaterial systems. It also dives into the
basic studies of radiative recombination that are relevant to fig-
uring out whether comparable improvements may be attained
in perfect cells. Bushnell et al [251] presented the effect of
adding more QWs in strain-compensated, multiquantum-well
solar cells, using GaInP for the upper cell and GaAs for the
lower cell. The study showed a steady increase in the dark cur-
rent level as the number of wells increased near the operating
point. Besides, Jsc in the AM0 spectrum increased in a linear
fashion with the addition of more QWs, allowing the device to
keep a steady Voc regardless of the well number. This adjusta-
bility could be advantageous for replacing the GaAs junction
in tandem and triple-junction cells, helping to align current
levels with the upper junction without sacrificing voltage per-
formance. The study suggested that incorporating rear sur-
face distributed Bragg reflectors could improve current levels
and efficiency. The influence of electric field on absorption
and tunneling processes in QWSCs was studied by Jani and
Honsberg [252]. It was found that electric field favors tunnel-
ing mechanism of photogenerated carriers being carrier trans-
port improved.

Creating semiconductor structures for MQWSC requires
using various advancedmethods, each with unique benefits for
managing material characteristics and device efficiency. With
its precise deposition of atoms or molecules onto a substrate
in ultrahigh vacuum conditions, Molecular Beam Epitaxy
(MBE) is a standout technique [253, 254]. With this method,
researcher have exceptional control over layer thickness and
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composition, making it perfect for growing the alternating
semiconductor layers needed for MQWSC structures [255,
256]. Throughmeticulous manipulation of these layers, engin-
eers can customize the bandgap and other characteristics to
enhance PCE [257]. Utilized in the production of epitaxial lay-
ers of semiconductor materials, Metalorganic Chemical Vapor
Deposition (MOCVD) is a commonly employed technique
[258, 259]. Through the use of metalorganic precursors and
gases on a heated substrate, MOCVD allows for the cre-
ation of thin layers of semiconductor material with excep-
tional uniformity and consistency [260, 261]. This technique is
ideal for the large-scale production of semiconductor devices
such asMQWSC, ensuring consistent performance throughout
extensive production cycles [262]. Utilizing hydrogen chlor-
ide as a carrier gas, hydride vapor phase epitaxy (HVPE)
is another growth technique [263]. HVPE is ideal for grow-
ing III–V semiconductor compounds and forming QW struc-
tures in solar cells [264]. This technique provides benefits like
rapid growth rates and accurate regulation of layer thickness,
which are valuable for effectively producing MQWSC [265].
Metalorganic vapor phase epitaxy (MOVPE), also referred
to as organometallic vapor phase epitaxy [266, 267], is akin
to MOCVD but employs distinct precursors [268]. With this
method, one can create advanced semiconductor layers while
maintaining precise control over doping levels and material
characteristics [269].

4.3.2. QC solar cells based on kesterite material. Kesterite
material has garnered global interest due to its potential use in
solar cells for high efficiency. Currently, there is a strong focus
on researching high-performance CZTSSe solar cells in the
realms of material engineering and architectural design. The
CZTSSe devices have achieved amaximumPCE of 14.9% [2].
Although the PCE is low, higher values could be even achieved
by incorporating kesterite QC structures because of its band
gap tuning and strong absorption capabilities [270]. This
section delves into the latest research findings on implement-
ing QC structure using kesterite material among researchers.
In order to increase efficiency via improved photon absorp-
tion, especially for photons with energy lower than the cor-
responding band gaps, theoretical research suggests integrat-
ing QCs into Kesterite solar cells. In a research conducted by
Arul et al [271], they detailed the synthesis and analysis of
kesterite phase CZTS nanospheres using a solvothermal tech-
nique. Several analytical methods such as XPS, XRD, SEM,
HRTEM, and UV-vis absorption spectroscopy were utilized to
validate the structure and properties of the nanospheres. The
CZTS nanospheres displayed QC effects, featuring a band gap
of 1.84 eV. By integrating them into organic photovoltaic cells,
there was a substantial boost in PCE to 0.952%, surpassing the
PCE of cells lacking CZTS nanospheres (0.120%). Indications
point to CZTS nanospheres showing potential for advanced
third-generation photovoltaic devices. The first proposal on
the QWs incorporation into kesterite devices was presented by
Courel [272]. The theoretical results showed significant pro-
gress in efficiency, with an expected increase of 45.8%, along
with enhancements in current density by 30.5% and voltage

by 10.7% compared to devices without nanostructures. In this
work, it was suggested utilizing 50 wells with varying thick-
nesses from 20 to 80 nm. When QWs are added to Kesterite
cells, there is potential for efficiency gains of 45.8%. In par-
ticular, by adding 50 wells, keeping barrier and well thick-
nesses of 5 and 90 nm, respectively, the best solar cell effi-
ciency was achieved. Despite this first proposal was based on
QWs, this work opened up opportunity areas for other type of
nanostructures for higher PCE compared to devices without
nanostructures. The incorporation of QWs to improve kester-
ite devices was also evaluated by Sravani et al [273], obtain-
ing a substantial increase in carrier photogeneration when
using 100 wells. An efficiency of 24.8%, a FF of 79.8%, and
an EQE higher than 80% were reported for kesterite devices
with 50 wells, corroborating the effectiveness of nanostruc-
tures such as QWs in promoting solar cell efficiency. These
works set a new research direction on nanostructured kester-
ite solar cell with a particular focus on device design and its
processing. Another interesting proposal to increase kesterite
solar cell efficiency was presented by Sahoo et al, by incor-
porating CZTSe QDs into CZTS barrier material [274]. This
research studied the optical and electrical performance, focus-
ing on carrier quantization effects and trap-assisted recombin-
ation. An efficiency of 11.27% was demonstrated for kesterite
solar cells with CZTS/CZTSe QDs under IR losses, making
this proposal attractive for experimental applications. The use
of quantum engineering in CZTSSe devices was explored by
Chandrasekar et al [246]. In this study the incorporation of
QWs was proposed, adjusting Se and S content with the pur-
pose of achieving the device efficiency improvement. By fine
tuning the S/(S + Se) composition, a solar cell efficiency of
38% was found, with a FF value of 88%. This work also high-
lights that the increase of well number has a negative impact on
Voc. On the other hand, in order to solve typical issues of kes-
terite solar cells—absorber/buffer interface, poor absorption
of photons with long wavelengths, and non-ohmic contact—
a study focused on the incorporation of Cd-free buffer layer
consisting of Zn(O,S), multiple QWs based on CZTSSe to
enhance photon absorption, and the use of SnSe as BSF to
reduce contact resistance effect from the theoretical point of
view was presented [275]. Through the optimization of the
device, it was pointed out that solar cell efficiency over 20%
can be achieved.

A detailed study on the influence of CZTSSe QW incor-
poration into CZTSSe devices was recently reported by
Rodriguez–Osorio et al in 2023 under the radiative limit
[276]. The authors evaluated in a first step the highest PCE of
CZTSSe bulk solar cells, followed by the estimation of device
efficiency when incorporating QWs under different condi-
tions. The influence of well thickness and number on PCE,
Voc and Jsc is shown in figure 11. While a maximum PCE of
29.7% is expected in kesterite devices without nanostructures
[272], the QW incorporation allows a high PCE value of
36.3% (figure 11(a)), which is a consequence of the high Jsc
observed (48 mA cm−2) due to the extra photon absorption by
wells (figures 11(b)) and a Voc about 867 mV, dominated by
bulk CZTS material (figure 11(c)). An important result from
figure 11 is that well thickness plays a dominant role rather
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Figure 11. Contour plots of PCE (a), Jsc (b), and Voc (c) as functions of well number and thickness. Reproduced from [276]. CC BY 4.0.

than well number, since higher well thicknesses imply higher
discrete energy formations and consequently bigger absorp-
tion. This work also points out that a thickness bigger than
20 nm is required to achieve performances higher than that
of devices without nanostructures. In particular, a 36.3% is
expected when 36 wells of 50 nm are used.

The study on the role of well and barrier compositions was
also performed by Rodriguez–Osorio et al under the radiat-
ive limit; results are presented in figure 12 [276]. A change in
S/(S + Se) composition from 0 to 1 implies changing from
CZTSe to CZTS properties. Consequently, the lowest well
compositions are translated into the highest Jsc due to the
presence of deep wells favoring photon absorption, while the
highest barrier composition results in the biggest Voc due to
higher separation of quasi-fermi levels. This mentioned trade-
off between Jsc and Voc yields to a maximum efficiency of
37.5% for well composition about 0.25 and a barrier of CZTS
(composition of 1) as shown in figure 12. In this sense, it is
corroborated the hypothesis for CZTSSe nanostructured solar
cells, where the use of CZTS as barrier material would guaran-
tee keeping the highest reported Voc for this technology while
increasing photon absorption due to the use of CZTSSe well
material, thereby promoting solar cell efficiency.

Most important results on the use of nanostructured kes-
terite for its application into photovoltaics are presented in
table 8. Efficiencies reported refers to either absolute values
or relative values when compared to solar cells without nano-
structures. Furthermore, information on the type of QC (0D

and 2D), the material, and the nature of the study (experi-
mental or theoretical) are also given in table 8. Cited exper-
imental and theoretical works remark the potential use of
nanostructures in kesterite solar cells for efficiency promo-
tion. Therefore, this emerging field is an open research, being
necessary further experimental and theoretical studies that
provide conditions for efficiency enlargement.

The utilization of kesterite materials in QWSCs is a highly
fascinating avenue for researchers. Although the potential of
QWSCs is clear, the use of kesterite materials brings about
new challenges and possibilities for further research in fabric-
ation techniques. Compounds like Kesterite, such as CZTS,
CZTSSe, or similar alloys, have several benefits including
their abundance, non-toxic nature, and compatibility with
affordable processing techniques. The insight knowledge on
material properties, phase purity, defect engineering and inter-
face control it is a first important step to achieve the goal
of optimizing the fabrication process for kesterite QW solar
cells. The scientific community is currently studying different
methods such as solution-based techniques, vacuum depos-
ition, and hybrid approaches in search for the fine control
of structure, composition and morphology of kesterite thin
films. The goal is to enhance carrier transport and light absorp-
tion in QWSCs. In addition, researchers are investigating vari-
ous strategies to reduce recombination losses and improve the
performance of devices. These include bandgap engineering,
interface passivation, and surface modification. This ongoing
research highlights the promising potential of kesterite-based
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Figure 12. Contour plots of PCE (a), Jsc (b), and Voc (c) as functions of barrier and well compositions. Reproduced from [276]. CC BY 4.0.

Table 8. Comparing kesterite-based QC structures in terms of their achieved efficiency, materials, and confinement methods.

Authors Year Materials η (%) QC Study

Xu et al [277] 2012 CZTS 3.73 0D Experimental
Cao et al [278] 2013 CZTSSe 3.01 0D Experimental
Arul et al [271]. 2013 CZTS 0.95 0D Experimental
Gu et al [279] 2014 CZTS 0.27 0D Experimental
Mahajan et al [280] 2018 CZTS 2.08 0D Experimental
He et al [281] 2019 CZTSSe 3.54 0D Experimental
Das et al [282] 2019 CZTS — 0D Experimental
Das et al [283] 2019 CZTS — 0D Experimental
Courel [272] 2019 CZTSSe 45.8 2D Theoretical
Zhou et al [284] 2019 CZTS 4.84 0D Experimental
Das et al [285] 2020 CZTS 4.12 0D Experimental
Sravani et al [273] 2020 CZTSe 24.8 2D Theoretical
Sahoo et al [274] 2021 CZTSe 11.27 0D Theoretical
Chandrasekar et al [246] 2021 CZTSSe 38 2D Theoretical
Das and Mahanandia [286] 2022 AZTS 6.28 0D Experimental
Das et al [287] 2022 CZTS 6.11 0D Experimental
Palanisamy et al [288] 2023 CZTSSe 9.6 2D Theoretical
Chandrasekar et al [289] 2023 CZTSSe 21 0D/2D Theoretical
Rodriguez–Osorio et al [276] 2023 CZTSSe 37.5 2D Theoretical
Chris et al [290] 2023 CZGSSe 29 2D Theoretical

QWSCs as a viable solution for sustainable and cost-effective
solar energy conversion. In general, QC-based kesterite solar
cells have shown great potential for enhancing kesterite solar
cell efficiency. However, there is still a need for technolo-
gical advancements in the fabrication of QWSCs using kes-
terite materials. Although there has been significant advance-
ment in QD-based configurations, the fabrication techniques
for QWSCs still pose challenges. To guarantee the control of

very thin thickness and composition of kesterite materials in
QWs, a precise deposition technique such as MBE is required.
So far, there is only few experimental works reported on the
fabrication of kesterite material byMBE [291–297]. However,
very low deposition rates of 1 Å s−1 reported for CZTSSe
growth [292, 293], open the way for future fabrication of very
thin kesterite layers with the precise composition control for
well and barriers materials.
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5. Conclusions and perspectives

In short, the ongoing research on CZTSSe photovoltaics is
focused on several key areas that aim to enhance performance
and viability of this technology. One of the primary research
areas is material engineering, where efforts are being made
for enhancing CZTSSe composition and properties to optim-
ize device efficiency. Recent studies have shown promising
results in tailoring the bandgap of CZTSSe to better match the
solar spectrum, thereby improving light absorption and over-
all efficiency. Interface and bulk defect passivation are cru-
cial for improving CZTSSe solar cell performance and stabil-
ity. In particular, advanced interface materials and passivation
layers have shown promising results in reducing recombina-
tion losses. The optimization of CZTSSe solar cells is also an
opportunity area for further efficiency enhancement, with par-
ticular emphasis on material designs, interface engineering,
and innovative proposals that boost photon absorption, car-
riers recollection and reduce parasitic losses. Recent results
have shown the potential of advanced device architectures to
enhancing solar cell efficiency and stability. Particularly, the
use of band gap gradings is potentially attractive for improv-
ing photon absorption and carrier transport, however, more
works are needed to the complete understanding of the poten-
tial and challenges of this proposal. Recently, the application
of CZTSSe material into tandem solar cells has been presen-
ted as an emerging field. The combination of CZTSSe subcells
with other such as perovskite or silicon are quite promising for
boosting solar cell efficiency. Furthermore, the use of nano-
structured kesterite material into solar cells is also an interest-
ing area for the next generation of solar cells. By controlling
nanostructure properties such as size and composition it is pos-
sible to achieve higher photon absorption that could result in
bigger solar cell efficiency. In particular, experimental and the-
oretical works on the use of QWs and QDs into solar cells
have demonstrated not only higher efficiency than devices
without nanostructures but also the potential to overcome the
Shockley–Queisser limit. However, for achieving efficiency
higher than 30% with the use of this type of nanostructures,
future experimental works should be focused not only on mit-
igating bulk and interface defects but also on the fine con-
trol of MBE technique that result in very thin layers with
the required compositions. With the effective development of
nanostructured devices such as QWSCs and tandem, it would
be possible to make a step forwards the fabrication of tan-
dem devices with the incorporation of nanostructures, which
are expected to result in efficiency values higher than 50%.
Overall, the future research directions for CZTSSe photovol-
taics are characterized by a multidisciplinary approach that
encompasses material engineering, defect passivation, device
architecture optimization, and the exploration of novel propos-
als such as nanostructured and tandem solar cells. Recent tech-
nological advancements and research findings provide a strong
foundation for continued progress in these research areas, pos-
itioning CZTSSe devices as a promising photovoltaic tech-
nology with the potential for high efficiency and widespread
commercialization.
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