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ABSTRACT

Cu,ZnSnS4 (CZTS) is a promising kesterite semiconductor for sustainable photovoltaic applications, offering advantages such as high optical
absorption, bandgap tunability, and eco-friendly, earth-abundant elements. However, while solution-processed CZTS has shown potential,
key gaps remain in understanding their optoelectronic properties, particularly how sulfur (S) and selenium (Se) influence phase segregation
and bandgap grading. Furthermore, the wide-bandgap CZTS suffers from a significant open-circuit voltage (Voc) deficit, limiting its effi-
ciency. In this study, we fabricated solution-processed wide-bandgap Ago.1(Cugg)2 ZnSnS, solar cells, achieving a remarkably high Voc of
770 mV [58.5% of (Voc ?)]. We compared the pure-sulfide wide-bandgap films, which formed a single kesterite layer, with narrow-bandgap
Ago.1(Cugo)2ZnSn(S,Se)s films, which exhibited a dual-layer structure. Advanced characterization techniques, including scanning electron
microscopy and scanning transmission electron microscopy, revealed Zn-rich and Sn-rich phase segregation for narrow-bandgap films, while
back-side Raman spectroscopy showed depth-dependent compositional gradients. The incorporation of Se in the narrow-bandgap films led
to improved carrier dynamics, reduced defect density, and enhanced device performance, with a significant increase in efficiency compared
to the wide-bandgap films. These findings emphasize how S and Se tuning can modulate phase behavior, enabling the design of CZTSSe
materials with tailored bandgaps and optimized optoelectronic properties for high-efficiency, environmentally sustainable solar cells.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0325153
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INTRODUCTION

Progressive energy demand and limited stock of conventional
energy sources have created an urgency to develop techniques that
can harness alternative energy sources. Among the available renew-
able energy sources, solar energy stands out as a prominent and
reliable option for large-scale energy generation. To address the
energy demand with solar energy, solar cells are employed to con-
vert sunlight into electricity, the most utilizable form of energy.’
Photovoltaic (PV) technologies have traditionally been dominated

by crystalline silicon; however, the field is rapidly evolving toward
application-specific systems that extend beyond rigid, utility-scale
modules.”” In particular, emerging applications, such as building-
integrated photovoltaics (BIPV), portable electronics, and indoor
energy harvesting, are driving the development of lightweight,
flexible, and low-cost solar cell technologies.*

Thin-film photovoltaic technologies are well positioned to
address these emerging demands due to their low material consump-
tion, compatibility with large-area deposition, and potential for
integration onto flexible and unconventional substrates.”* Within
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this context, kesterite has emerged as a promising absorber material
owing to its composition of earth-abundant, non-toxic elements and
its favorable optoelectronic properties, including a high absorption
coefficient and a tunable direct bandgap.”” Beyond these intrin-
sic advantages, kesterite materials are particularly attractive for
next-generation PV applications because they are compatible with
solution-based and low-temperature fabrication routes, enabling
scalable deposition on lightweight and flexible substrates.””

Recent advances have further highlighted the potential of
kesterite absorbers for flexible and integrated photovoltaic systems.
Solution-processable precursor chemistries enable scalable deposi-
tion techniques such as spin coating, printing, and spray coating,
which are compatible with roll-to-roll manufacturing and large-area
production.”” These attributes make kesterite a strong candidate
for urban-integrated energy systems, where conformability, weight
reduction, and cost-effective manufacturing are critical." Concur-
rently, significant progress in device engineering has led to a rapid
improvement in power conversion efficiencies, with recent reports
exceeding the 15% threshold, marking an important milestone in the
development of kesterite photovoltaics.” Tandem solar cells require
a stack of narrow and wide bandgap solar cells. Narrow-bandgap
kesterite absorbers have undergone extensive optimization, result-
ing in a substantial improvement in power conversion efficiency
from 13.86% to 15.45%'" and certified 15.1% device efficiency.'! In
contrast, wide-bandgap kesterite solar cells remain comparatively
underexplored, with performance historically plateauing at ~11%. "
Only recently has progress been reported, with certified total-area
efficiencies reaching ~13.2%."

Despite these advances, the performance of kesterite solar cells
remains fundamentally limited by a large open-circuit voltage (Voc)
deficit, particularly in wide-bandgap compositions required for tan-
dem and indoor photovoltaic applications.” In CZTS compounds,
antisite defects, such as Cu atoms occupying Sn sites (Cuss ")
and Sn atoms occupying Zn sites (Snz,,2+), tend to form deep
electronic states within the bandgap.'* These defects also have rel-
atively low formation energies in stoichiometric CZTS, particularly
when they associate with other energetically favorable compensat-
ing defects and they are believed to contribute significantly to carrier
recombination losses and limiting achievable device efficiencies.'*

To mitigate these limitations, compositional engineering strate-
gies, such as cation substitution, and alloying have been widely
explored to suppress defect formation and optimize the electronic
structure of the absorber layer.'"'” These concepts could be eas-
ily explored via solution processing techniques with suitable ele-
ments from the Periodic Table, such as Li, Ag, Cd, Ge, and many
more. In this regard, solution processing offers a unique advantage
over vacuum-based fabrication methods by enabling molecular-
level mixing of precursor species, allowing precise control over
composition, defect chemistry, and film formation kinetics. Further-
more, solution-based approaches provide flexibility in tuning crys-
tallization behavior, grain growth, and interface properties, which
are critical for improving device performance.® Importantly, these
methods are inherently compatible with scalable manufacturing
processes and offer a pathway toward low-cost, large-area, and flex-
ible photovoltaic technologies suitable for next-generation energy
applications.'®

Building on the advantages of solution-processable kesterite
absorbers for scalable and application-specific photovoltaics, this

pubs.aip.org/aip/ape

work systematically investigates both narrow- and wide-bandgap
kesterite solar cells fabricated via a unified solution-based approach.
A molecular ink strategy, based on metal salts, thiourea, and 2-
methoxyethanol, is employed to enable homogeneous precursor
formation and precise compositional control. In this context, the
primary objective of this work is to perform a comparative evalu-
ation of the structural and optoelectronic properties of ink-derived
kesterite absorbers with narrow and wide bandgaps. By employing a
unified ink-based deposition strategy, this study aims to establish a
direct correlation between processing pathways and optoelectronic
properties, thereby providing insights relevant to bandgap engi-
neering and the development of kesterite materials for tandem and
application-specific photovoltaic technologies. For narrow-bandgap
absorbers, Ag-alloyed Cu,ZnSn(S,Se)s (ACZTSSe) thin-films are
realized through selenization of spin-coated precursor layers, fol-
lowing established high-efficiency processing routes.” In contrast,
wide-bandgap Ag-Cu,ZnSnS, (ACZTS) absorbers are obtained via
sulfurization under H,S atmosphere, allowing direct comparison of
chalcogen-dependent crystallization pathways within the same pro-
cessing framework. Importantly, the use of H,S gas as a sulfur source
enables enhanced control over film formation, yielding improved
compositional uniformity and reduced defect density compared to
conventional sulfur powder-based approaches.'* >’ This controlled
sulfurization environment also provides a unique opportunity to
modulate reaction kinetics, as the slower crystallization dynamics
facilitate partial decoupling of nucleation and grain growth pro-
cesses. Such control is particularly relevant for defect engineering in
wide-bandgap kesterite, where recombination losses remain a criti-
cal limitation. The insights gained from this comparative study not
only advance the understanding of chalcogen-dependent crystalliza-
tion mechanisms in solution-processed kesterite systems but also
establish a versatile pathway for tailoring absorber properties toward
high-efficiency, lightweight, and potentially flexible photovoltaic
applications.

EXPERIMENTAL DETAILS
Chemicals

Copper(I) chloride (CuCl, >99.995%, Sigma-Aldrich), sil-
ver(I) chloride (AgCl, 99.999%, Sigma-Aldrich), zinc(II) acetate
[Zn(Ac)2, 99.99%, Sigma-Aldrich], tin(IV) chloride (SnCly,
99.995%, Sigma-Aldrich), thiourea (TU, 99.1%, analytical reagent),
2-methoxyethanol (2-ME, 99.8%, anhydrous, Sigma-Aldrich),
selenium-pellets, and H,S-gas (>99.5, Praxair NV) were used as
received without further purification.

Device fabrication

A molecular ink was prepared following the method reported
by Zhou et al.'” In brief, 717.76 mg of CuCl and 115.45 mg of AgCl
were dissolved in 5 ml of 2-ME containing 2100 mg of TU (ink-
1). In a separate vial (ink-2), 1040.6 mg of Zn(Ac), and SnCly were
dissolved in 5 ml of 2-ME. Both solutions were stirred at room tem-
perature until complete dissolution of the precursors. Subsequently,
the two solutions were combined to obtain a final precursor ink
(10 ml total volume). The final ink composition was adjusted to
achieve the following stoichiometry: [Ag]/[Ag] + [Cu] = 0.1, ([Ag]
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Step 1 : Film Processing
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Ag(1)Cl, Cu(1)cl, Zn(11)(Ac),,
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FIG. 1. Schematic illustration of ACZTS and ACZTSSe thin-film fabrication.

+ [Cu])/([Zn] + [Sn]) = 0.75, [Zn]/[Sn] = 1.12, and [TU]/[metals]
=2.25.

The Mo-coated soda-lime glass (SLG/Mo) substrates were
sequentially cleaned by ultrasonication (10 min each) in detergent
solution, deionized water, acetone, and isopropanol. The precursor
ink was then spin-coated onto the substrates at 3000 rpm for 40 s.
After each coating cycle, the films were dried on a hot plate at 260 °C
for 2 min. This process was repeated six times to achieve the desired
thickness.

All thermal treatments were carried out using a rapid ther-
mal processing (RTP) system in Annealsys AS-One system. For the
fabrication of narrow-bandgap absorbers, the precursor films were
selenized in a graphite box containing 100 mg of Se pellets. The sam-
ples were heated to 500 °C at a ramp rate of 0.7 °C s™' and held for
20 min. For wide-bandgap absorbers, sulfurization was performed
under an H,S-containing atmosphere. A diluted H,S/N; gas mix-
ture (H,S:N» = 1:20) was used as the sulfur source at a total pressure
of 800 mbar. For safety reasons, the H»S flow was carefully regu-
lated using mass flow controllers and operated under continuous
ventilation with appropriate gas scrubbing to ensure safe exhaust
handling. The temperature was ramped at a rate of 0.7°C s™' up
to 550 °C, held for 1 h to ensure complete crystallization and sulfur
incorporation into the kesterite lattice. After annealing, the system
was allowed to cool naturally to room temperature under the same
controlled atmosphere to avoid thermal shock and preserve film
integrity. The samples of Ag-doped Cu,ZnSn(S,Se)s and Ag-doped
Cu,ZnSnS, thin-films are hereafter referred to as ACZTSSe and
ACZTS, respectively. A schematic illustration of the thin-film fab-
rication process is shown in Fig. 1. To fabricate the solar cells, 50 nm
of the cadmium sulfide (CdS) layer was deposited on the kesterite
films via the chemical bath deposition (CBD) method. Subsequently,

60 nm of the intrinsic zinc oxide (i-ZnO) layer and 150 nm of the
indium tin oxide (ITO) layer were deposited via sputtering using the
recipe mentioned elsewhere.”! The full stack architecture for device
is Mo/absorber/CdS/i-ZnO/ITO. No additional metallic grid was
used; thus, the series resistance is partially influenced by the sheet
resistance of the ITO layer.

Characterization methods

X-ray diffraction (XRD) was carried out using a Bruker D8
diffractometer using Cu Ka radiation (A = 0.15406 nm) to iden-
tify the crystal structure of the ACZTS and ACZTSSe. Furthermore,
Raman spectroscopy was conducted using a 532 nm laser on a
HORIBA Jobin spectrometer equipped with a Symphony detector
to investigate structural changes. For optical properties measure-
ment, steady-state photoluminescence (PL) was measured using a
PicoQuant FluoTime 300 setup, covering the range of 600-1400 nm.
Time-resolved photoluminescence (TRPL) was measured at 980 and
1160 nm for ACZTS and ACZTSSe films, respectively, with an
excitation wavelength of 532 nm (25 ps, 3 MHz). The surface mor-
phology and cross-sectional structure of the kesterite thin films were
examined using scanning electron microscopy (SEM, VEGA3 TES-
CAN). The elemental compositional study was performed using an
energy-dispersive x-ray (EDX, Bruker) detector integrated with the
SEM tool. The High-Angle Annular Dark-Field Scanning Transmis-
sion Electron Microscopy (HAADF STEM) analysis of the device
was conducted using a FEI Titan G3 Cubed Themis, operating at
200 kV. Energy dispersive x-ray spectroscopy (EDS) analysis was
performed through a double-corrected FEI Titan G3 Cubed Themis
equipped with a Super-X EDX System, at 200 kV. EDS line pro-
files for the Cu, Zn, Sn, S, Se, and Mo were plotted, using the
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following spectrum lines: Cu Ka = 8.04 keV, Zn La = 1.01 keV, Sn
La = 3.44 keV, S Ka = 2.31 keV, Se Ka = 11.22 keV, and Mo L«
=2.29 keV. The performance of the solar cells was analyzed by mea-
suring current density—voltage (J-V) curves using a 4-point probe
setup (Keithley 2401 SourceMeter) and an Oriel solar simulator to
replicate the AM1.5G illumination spectrum. External quantum effi-
ciency (EQE) measurements were performed on a Bentham PVE300
PV tool, covering the range of 350-1300 nm with a 10 nm step.

RESULTS AND DISCUSSION

The surface morphology of ACZTS and ACZTSSe thin-films
was investigated using top-view SEM imaging, as shown in Figs. 2(a)
and 2(b), respectively. The SEM images reveal significant differences
in surface morphology and grain size between the two samples. Sta-
tistical analysis using Image] yields an average grain size of 1.085 ym
for ACZTS and 1.859 ym for ACZTSSe. The larger grain size in
ACZTSSe can be attributed to enhanced crystallization kinetics
during selenization, which promotes grain growth compared to sul-
furization. Both films exhibit dense and compact morphologies with
uniform surface coverage. However, the ACZTSSe film consists of
larger, irregularly shaped grains, whereas the ACZTS film shows
comparatively smaller and more uniformly distributed grains with
a near-equiaxed morphology. The cross-sectional SEM images of
ACZTS and ACZTSSe samples, shown in Figs. 2(c) and 2(d), reveal
distinct differences in morphology and grain size. The ACZTS sam-
ple [Fig. 2(c)] exhibits a single-layer structure, where some grains
span the entire thickness of the layer, extending from the top to the
bottom. This layer, deposited on Mo-coated glass, has a thickness of
~1.0 ym. In contrast, the ACZTSSe sample displays a double-layer
structure, consisting of a top layer with large grains and a bottom
layer with smaller grains, as illustrated in Fig. 2(d). The combined
thickness of these layers is ~1.2 ym, with each layer contributing
roughly half of the total thickness. The top layer is Se-rich, while the
bottom layer remains S-rich, likely due to the insufficient penetra-
tion of Se vapor during the selenization process. This limited diffu-
sion prevents complete S replacement in the lower region, resulting

FIG. 2. SEM images showing the top view of (a) ACZTS and (b) ACZTSSe films,
and the cross-sectional view of (c) ACZTS and (d) ACZTSSe films.

pubs.aip.org/aip/ape

TABLE I. EDS estimated composition analysis of ACZTS and ACZTSSe thin-films.

[Agl/ ([Ag] + [Cu])/ [S1/([S]
Films ([Ag] + [Cu]) ([Zn]+[Sn]) [Zn]/[Sn]  + [Se])
Precursor 0.09 0.72 1.24 1.0
ACZTS 0.08 0.94 1.13 1.0
ACZTSSe 0.11 0.76 1.17 0.17

in the observed layered morphology. The cross-sectional morphol-
ogy of the ACZTSSe sample suggests that a high Se vapor partial
pressure promotes the formation of large, compact grains in the top
layer during selenization. However, this compact structure impedes
the diffusion of Se to the bottom layer and the upward diffusion of
Zn to the surface. Consequently, poor crystallization and Se defi-
ciency occur in the lower region of the ACZTSSe film, contributing
to the formation of the distinct double-layer structure.””

The estimated chemical compositions of two thin-film sam-
ples, ACZTSSe and ACZTS, as determined by EDX analysis, are
presented in Table I. Both samples exhibit Cu-poor [Cu/(Zn +
Sn) < 1] and Zn-rich (Zn/Sn > 1) compositions. The composition
of the precursor films closely matched the prepared ink compo-
sition, as detailed in the experimental section. The Cu,ZnSnS,
precursor films successfully meet the Zn-rich composition require-
ment following sulfurization. Similarly, the metal stoichiometry of
the ACZTSSe films was well preserved, aligning closely with that
of the precursor films. In contrast, the ACZTS films exhibited
slight deviations in stoichiometry due to the loss of Zn and Sn
elements, which form volatile secondary phases during the sulfur-
ization process.””! Beyond metal stoichiometry, EDX analysis pro-
vided valuable insights into the chalcogen ratio, specifically [S]/([S]
+ [Se]), which indicated the extent of S replacement by Se. This
substitution not only alters the composition but also results in
a narrower bandgap, enabling enhanced absorption of a broader
spectrum of sunlight and thereby improving overall device perfor-
mance.”” The higher formation energy of Cuz, defects in ACZTS
compared to Vcy makes Cu-poor/Zn-rich compositions advanta-
geous for improving carrier transport efficiency. Excessive Cu con-
tent can lead to the formation of Cu,S secondary phases, which,
while highly conductive, significantly increase the risk of short-
circuiting. Under Cu-poor conditions, Vcu becomes the dominant
defect, effectively suppressing the creation of deep-level defect pairs,
such as (Cuzn + Snzs) and (2Cuz, + Snzn). This suppression
enhances carrier transport and improves the device’s photoelectric
conversion efficiency (PCE). In addition, under Zn-rich conditions,
the formation of secondary phases, such as Cu,SnS3, which has alow
optical bandgap and promotes carrier recombination, is minimized.
This reduction in recombination further contributes to efficient car-
rier dynamics. Therefore, adopting Zn-rich conditions during the
preparation of ACZTS thin-films is essential for achieving higher
PCE in devices.

XRD was used to investigate the crystalline properties of the
thin films, and the results are illustrated in Fig. 3(a). The XRD
pattern of the ACZTS film, indexed according to JCPDS No. 26-
0575, confirms the formation of the kesterite phase, with prominent
diffraction peaks located at 28.32°, 47.00°, and 55.74°, correspond-
ing to the (112), (220), and (312) crystallographic, respectively.”®
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FIG. 3. (a) XRD patterns, (b) magnified view of the (112) diffraction peaks, (c) normalized Raman spectra, and (d) enlarged Raman peaks of ACZTS and ACZTSSe films.

A weak additional peak at 44.10° is attributed to the presence of
minor Ag,ZnSnS, secondary phase.”” The intense peak at 40° cor-
responds to the (110) reflection of the Mo substrate. Figure 3(a)
displays the XRD pattern of the ACZTSSe sample, the (112) diffrac-
tion peak shifts to a lower angle compared to the ACZTS thin-film,
which is indicative of the incorporation of Se?~ ions into the kesterite
lattice. The larger ionic radius of Se’~ compared to S*~ causes an
expansion of the lattice constant, leading to the observed peak shift.
Notably, the shift of the (112) peak from 28.32° to 27.20° [as illus-
trated in Fig. 3(b)], the (220) peak from 47.00° to 45.26°, and the
(312) peak from 55.74° to 53.51° in the ACZTSSe film further con-
firms the successful incorporation of Se into the kesterite lattice,
which aligns with the EDX results. In addition, after the incorpo-
ration of Se, the impurity phase Cu,_xS was replaced by Cu,—_xSe.
This may suggest that, in the presence of both S and Se in the reac-
tion medium, they compete to react with metal ions, particularly Cu,
forming Cu-based binary compounds. The preferential formation of
Cu-based secondary phases can be attributed to the higher reactiv-
ity and relatively high mobility of Cu ions compared to Sn and Zn
ions.”® We note that the minor Cu-S/Se peaks in our XRD likely
arise from localized Cu excess and limited reaction kinetics. Recent
studies show that low S/Se ratios or insufficient annealing strongly
favor the formation of binary Cu chalcogenides. For example, Xu
et al. found that under low Se vapor, Cu,Se (and associated CuxSe

phases) form instead of kesterite.”” Similarly, the elemental mapping
of high-efficiency CZTSe cells revealed Cu-rich grains (Cu,_xSe) at
the Mo interface.”” These conductive Cu-chalcogen phases intro-
duce shunt paths and deep trap states, reducing Voc and fill factor
(FF). Importantly, Li et al. demonstrated that blocking Cu diffusion
to Mo (via a 1-nm Al,O3 layer) suppressed Cu,_xSe formation and
improved Voc by ~90 mV.’! We, therefore, attribute our observed
Cuz—xS(e) to residual Cu-rich regions and limited reaction kinetics.
The following strategies can mitigate the formation of such phases:
controlling stoichiometry to be Cu-poor [Cu/(Zn + Sn) ~ 0.85-0.90]
to prevent Cuy—«S crystallization,32 increasing the sulfurization tem-
perature and time to drive complete reaction (prevents Cu,S phase
formation when sulfurizing at >550 °C*’), and applying a short KCN
etch as a surface treatment.

To further validate the phase formation, Raman spectroscopy
was conducted. Figure 3(c) shows the Raman spectrum of the
ACZTS sample. It revealed an intense peak at 337 cm™, accompa-
nied by two shoulders at 285 and 375 cm ™', which correspond to
the main vibrational modes of the CZTS phase.’ The strongest peak
at 337 cm™! is attributed to the A symmetry mode, while 285 and
375 cm™" peaks are assigned to the B and/or E symmetry modes.
The Raman spectrum of the ACZTSSe sample displayed three main
peaks at 173, 196, and 233 cm ™Y, which is shown in Fig. 3(c). The
peak at 196 cm™! is assigned to the A; symmetry mode, while the
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weaker peak at 232 cm™" corresponds to the B and/or E symme-
try modes. An additional peak at 330 cm™' was observed in the
ACZTSSe sample, which is related to vibrations of the S atoms in the
lattice. Due to the coexistence of S and Se in the tetragonal unit cell,
the main peak of pure CZTSe, typically observed at 192 cm™, shifted
to a higher frequency at 196 cm ™', while the characteristic peak of
ACZTS at 336 cm ™ shifted to a lower wavenumber of 330 cm ™}, as
shown in Fig. 3(d). These shifts are consistent with the XRD results
and aligns with the findings of Dimitrievska et al., who attributed
the shift to the substitution of ~80% of S with Se”*** Together, these
results indicate the successful incorporation of both S and Se into the
kesterite structure.

Figure 4 shows representative HAADF STEM and STEM-EDS
mapping images of both absorber layers deposited on Mo-coated
glass. The ACZTSSe thin-film exhibits a double layer structure com-
patible with the SEM images, with a low [S]/([S] + [Se]) in the
upper region and a S-rich region on the bottom, in contrast with
the homogeneous distribution of S observed for the ACZTS sam-
ple. Moreover, from the STEM-EDS mapping analysis, it can be seen
that Se is widely distributed throughout the ACZTSSe layer, even
though there were challenges in introducing S. It is important to
mention that the S Ka line value is near the Mo L« line, as illustrated
in Fig. 4, and this should be considered to prevent any misleading
conclusions.

Even though the element distribution seems balanced, a closer
look at the Cu, Zn, and Sn maps shows that there are Cu-rich
areas, having noticeably lower levels of Zn and Sn in the ACZTSSe
absorber, while for ACZTS one, in contrast, Sn is widely found
throughout the Cu-rich zone. This suggests that the addition of Se
alters the distribution of Zn, shifting it from the Cu-rich area in
the ACZTS sample to the Cu-poor area in ACZTSSe. In addition,
when examining the distribution of Cu and Se or §, it becomes evi-
dent that the elemental distribution may promote the formation of
Cuz—«S and Cu,_Se, for ACZTS and ACZTSSe, respectively, which
aligns with the XRD results mentioned earlier.

The PL and TRPL analyses were performed at room tempera-
ture to evaluate the optical properties of the ACZTS and ACZTSSe
thin-films. The PL results, presented in Fig. 5(a), reveal that the
ACZTSSe films exhibit significantly higher PL intensity than the

Sample
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ACZTS films. This disparity is attributed to a higher defect density
in the ACZTS films, as defects promote non-radiative recombina-
tion, thereby suppressing PL intensity. In semiconductor films, PL
intensity is governed by the balance between radiative and non-
radiative relaxation pathways of excited carriers.” A higher defect
density enhances non-radiative relaxation, resulting in lower PL
intensity.” ** The introduction of selenium into the kesterite lat-
tice not only increased the PL intensity but also caused a red shift
in the PL peak from 930 nm (1.33 eV) in ACZTS to 1132 nm
(1.1 eV) in ACZTSSe, suggesting a reduction in bandgap energy
upon selenization. The improved PL intensity in ACZTSSe films
is indicative of reduced defect density, particularly a reduction in
Sn-Zn-poor defects, which is linked to the incorporation of the
larger selenium atom.'””* Furthermore, this could also be explained
by a lower Cu/(Zn + Sn) ratio in the ACZTSSe films, as selenization
prevents Zn and Sn losses observed in the ACZTS films. The reduced
Cu/(Zn + Sn) ratio effectively narrows the bandgap of the ACZTSSe
films.

To further investigate carrier dynamics, TRPL measurements
were performed, with results depicted in Fig. 5(b). The TRPL decay
curves were fitted using an exponential model as Eq. (1),

1(t) = e, 1)

where Iy represents the initial PL intensity, t is the delay time,
and 7 is the carrier lifetime.”” The average carrier lifetime of the
ACZTS films was measured at 1.05 ns, significantly shorter than
the 2.49 ns observed for the ACZTSSe films. This extension in
carrier lifetime after selenization corresponds to a reduction in non-
radiative recombination centers, further corroborating the lower
defect density in the ACZTSSe films. It emphasizes the improved
carrier dynamics in the ACZTSSe films, reflecting the reduced
prevalence of non-radiative recombination centers. These findings
collectively demonstrate that ACZTSSe films exhibit superior optical
properties, attributable to enhanced structural quality and reduced
defect density compared to ACZTS films. The measured TRPL life-
times are comparable to prior reports for similar films. Although
some record-efficiency kesterites show lifetimes >5 ns, those cases
typically involve additional defect passivation. Importantly, recent

Se

Serich
S rich
Mo
ACZTSSe

Pure sulfur

ACZTS

FIG. 4. HAADF STEM and STEM-EDS mapping images for different elements of ACZTSSe (top) and ACZTS (bottom) thin-films. The accompanying schematic illustrates a

comparison of the layer structures of these two samples.
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FIG. 5. (a) PL and (b) TRPL spectra of ACZTS and ACZTSSe thin-films. (c) J-V curves with, (d) EQE spectra with first derivatives to determine bandgaps, (e) UE, and (f)

bandgap differences (EqE% — E4™) for ACZTS and ACZTSSe devices.

studies note that TRPL lifetimes in CZTSSe do not directly correlate
with device performance because trapping dominates the decay.’’
Thus, our double-exponential fits represent trap-limited effective
lifetimes, confirming significant defect-mediated recombination in
the bulk and interfaces. Recent literature emphasizes that kesterite
cells suffer from persistent deficits due to Cu-Zn antisite disorder,
Sn-related defect complexes, and band-tail states.”’ High-efficiency

kesterite devices have largely suppressed band-tail losses, but deep
defects and grain-boundary/interface recombination remain the
dominant loss mechanisms.

Solar cell devices were fabricated using a substrate configura-
tion of Mo/absorber/CdS/i-ZnO/ITO, where the absorber layer con-
sists of either ACZTS or ACZTSSe thin films. Device performance
was evaluated using J-V measurements. The J-V characteristics of
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the ACZTS and ACZTSSe devices are shown in Fig. 5(c), measured
over an active area of 0.16 cm”. The ACZTSSe-based device achieved
a PCE 0f 9.35%, with an V¢ of 486 mV, a short-circuit current den-
sity (Jsc) of 34.0 mA/cm?, and a fill factor (FF) of 56.7%. In contrast,
the ACZTS-based device demonstrated significantly lower perfor-
mance, with a PCE of 2.35%, Voc of 770 mV, Jsc of 15.3 mA/cm?,
and FF of 23.3%. Notably, the Voc of 770 mV is among the high-
est reported for kesterite-based solar cells and notably higher than
that of the ACZTSSe device."”"" Despite the relatively high Voc
of the ACZTS device, its low Jsc and FF may indicate that car-
rier extraction is severely limited. This combination suggests that,
although a functional p-n junction is formed, the device perfor-
mance may be dominated by transport-related losses rather than
purely bulk recombination. It is reported in the literature that non-
ideal band alignment (cliff) at the CdS/ACZTS interface introduces
a barrier for electron extraction, leading to suppressed current col-
lection and reduced FE.”"**” Such behavior is often associated with
transport barriers or interface recombination, where a sufficiently
high built-in potential supports a high Voc, while inefficient car-
rier extraction limits Jsc and FF. Therefore, the device performance
suggests that interface energetics and transport limitations, rather
than only intrinsic defect density, play a dominant role in limiting
the efficiency of the ACZTS device. Wide bandgap kesterite requires
alternative buffer layers, such as Zn(O, S), ZnSnO,* or gradient
interface approaches.'” In addition, the ACZTS cell shows series
resistance and shunt resistance, confirming its low FF. No addi-
tional metallic grid was used; thus, the series resistance is partially
influenced by the sheet resistance of the ITO layer. No distinct S-
shaped kink is present, but the increased series resistance values
imply a significant contact barrier. In kesterite cells, thick MoS; at
the Mo interface is known to increase the series resistance and sup-
press FF.*” Conversely, a thin Ag layer in ACZTS has been reported
to suppress MoS, and reduce transport resistance.’”"* Interface pas-
sivation layers (e.g., Al,O3) often increase Voc while reducing FF
due to increased series resistance.”’ These observations suggest that

pubs.aip.org/aip/ape

the very low FF in our ACZTS device arises from residual trans-
port limitations (back-contact/interfacial resistance) in addition to
defect-related recombination.

Figure 5(d) presents the EQE spectra, from which the optical
bandgaps were estimated. The ACZTS film exhibits 1.61 eV, which
is higher than the 1.16 eV bandgap of the ACZTSSe film. The EQE
and PL measurements of our kesterite-based solar cell show a dis-
crepancy, with the EQE onset at 750 nm (1.65 eV) and the PL
peak at 930 nm (1.33 eV). This difference is primarily attributed
to significant band tailing in the absorber, arising from localized
states extending into the nominal bandgap, as well as cation disor-
der between Zn and Cu atoms. While EQE reflects carrier generation
and transport across extended states, PL is dominated by radiative
recombination from band-tail states.”’ As a result, PL underesti-
mates the optical bandgap, whereas EQE provides a more accurate
representation of the transport gap relevant for device operation.
The higher bandgap of the ACZTS thin film contributes to the
enhanced Voc. Despite the higher Voc, the overall performance of
the ACZTS device was inferior to that of the ACZTSSe device. One
of the reasons for performance disparity may be explained by the
lower formation energy of Cu-Zn antisite defects in the ACZTS
films, as reported in previous studies, which leads to the creation
of numerous defects.’”” ** These defects likely reduced low carrier
lifetime and contributed to the observed inferior J-V performance.
Moreover, the presence of a high concentration of defects in the
ACZTS films likely resulted in the formation of deep energy lev-
els within the bandgap. These defect-related states can be probed
by calculating the Urbach energy (UE) at the tail states of the EQE
spectrum.” The calculated UE for the ACZTS device was 226 meV,
significantly higher than the 49 meV measured for the ACZTSSe
devices, as shown in the bar graph in Fig. 5(¢). This large discrep-
ancy in UE values further support the notion of defect-related states
impeding the performance of the ACZTS devices. The calculated dif-
ference between the bandgap of the films and their radiative bandgap
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ACZTS device, the difference was 273 meV, while for the ACZTSSe
devices, it was only 61 meV, as shown in Fig. 5(f). These results
consistently indicate that increased band tailing and defect-related
states play a critical role in limiting the performance of the ACZTS
device.

This observation is in strong agreement with recent literature,’
which identifies key bottlenecks in kesterite photovoltaics, includ-
ing the Voc deficit, band tailing, cation disorder, defect complex
formation, and the influence of compositional grading. Addressing
these limitations through interface engineering, crystallization con-
trol, and defect management represents a critical pathway toward
improving wide-bandgap kesterite device performance.

To evaluate the quality of the fabricated films relative to the
global state-of-the-art, the Voc deficit was assessed by calculat-
ing the ratio of the measured Voc to the theoretical limit Vo
predicted by the Shockley-Queisser (SQ) model.”* This metric pro-
vides a robust comparison of solar cells with different bandgaps.
The Voc/Voc? values achieved by high-performance kesterite solar
cells and their corresponding Eg"?" are presented in Fig. 6(a).
Notably, reported wide- and narrow-bandgap devices have achieved
Voc/Voc™? values exceeding 50%, with global champion values
reaching 63.8% for pure S devices'” and 64.2% for S-Se devices.”’
In this study, the Voc/Voc ? values for the ACZTS and ACZTSSe
devices were 58.4% and 56.0%, respectively, closely approaching the
reported global champion values. Since Voc is directly linked to
carrier dynamics, the quality of the films was further validated by
comparing the carrier lifetimes obtained in this work with the life-
times corresponding to reported high-performance devices, which
is shown in Fig. 6(b). It illustrates the correlation between reported
carrier lifetimes and Voc for both bare films and complete devices.
The typical carrier lifetime range for high-performing wide- and
narrow-bandgap materials lies between 1 and 10 ns. In addition,
the carrier lifetimes associated with the reported champion devices’
Voc were ~5.44 ns for narrow-bandgap thin-films and 5.8 ns for
wide-bandgap thin-films.'””> The carrier lifetimes for the ACZTS
and ACZTSSe films in this work are 1.05 and 2.49 ns, respectively.
These values fall within the reported range for high-performing
films, further demonstrating the competitive quality of the fabricated
devices.

CONCLUSION

This study highlights the impact of Se incorporation on the
optoelectronic properties and device performance of ACZTS and
ACZTSSe thin-films for kesterite-based solar cells. XRD and Raman
analyses confirmed successful Se incorporation, resulting in lattice
expansion and red-shifted Raman and PL peaks, in accordance with
a change in composition that also leads to a reducing bandgap from
1.61 eV (ACZTS) to 1.16 eV (ACZTSSe). Surprisingly, SEM and
STEM images show films that are rather non-uniform distribution
of phases that are typically not identified in XRD and Raman. PL and
TRPL measurements revealed higher PL intensity and longer carrier
lifetimes for ACZTSSe films, reflecting improved crystallinity and
reduced non-radiative recombination. J-V measurements demon-
strated a significant increase in efficiency from 2.35% (ACZTS)
to 9.35% (ACZTSSe), attributed to lower defect density, reduced
EU, and enhanced carrier dynamics, as evidenced by higher life-
times and smaller energy gap differences between radiative and

pubs.aip.org/aip/ape

non-radiative recombination. Although ACZTS exhibited a higher
Voc, the superior performance of ACZTSSe devices highlights the
role of Se in defect passivation and carrier transport. The calcu-
lated Voc/VocSQ values for ACZTS and ACZTSSe devices closely
approach globally reported champion values, reaffirming the com-
petitiveness of these materials. This work provides critical insights
into optimizing kesterite thin-films, emphasizing the importance of
compositional control, defect mitigation, and carrier dynamics to
achieve high-efficiency solar cells.
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