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Abstract.Organic–inorganic halide perovskites are naturally unstable when exposed to various environmental
conditions, and the presence of lead raises significant ecological concerns. Herein, calcium zirconium oxysulfide,
CaZrO3-xSx, a lead-free oxychalcogenide perovskite, is investigated as a potential alternative for optoelectronic
and photovoltaic applications. The environmental aging of CaZrO3-xSx thin films was systematically
investigated under various external stress conditions, including humidity, temperature, and illumination.
Structural and optical investigations indicate that the film retains its crystallinity and remains optically
responsive up to 350 °C, without detectable degradation or phase transformation. Under high (80%) humidity
conditions, the film remains stable for a few days before gradually converting into the oxide phase. The
demonstrated environmental and thermal stability of CaZrO3-xSx highlights its potential as a promising,
intrinsically stable, and lead-free material for durable photovoltaic and optoelectronic applications.
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1 Introduction

In recent years, halide perovskites have emerged as a well-
established class of materials for photovoltaic and
optoelectronic applications, owing to their unique combi-
nation of properties, such as high visible-light absorption,
long carrier diffusion lengths, and a relatively benign defect
landscape, even when films are processed at low temper-
atures [1–5]. These attributes enable effective charge
generation and extraction in photovoltaic and photo-
detection devices, hence promoting rapid enhancements in
performance [6,7]. However, converting these outstanding
performances into reliable devices raises challenges due to
the limited operational stability of many halide perovskites
[8–12]. Their relatively soft and ionic lattices allow efficient
ion migration [13,14], while their chemical reactivity makes
them prone to moisture- and oxygen-induced degradation,
interfacial interactions with transport layers, and photo-
thermal stress under continuous illumination. Along with
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stability concerns, the toxicity of lead further motivates the
community to look for alternative materials. One promis-
ing class of candidates is chalcogenide perovskites (CPs).

In comparison to (lead-)halide perovskites, chalcogen-
ide perovskites (ABX3 with X= S, Se, or Te) represent an
interesting class of lead-free absorbers [15–21]. Their
substantially greater ionic bonding is anticipated to block
anion migration, thus reducing degradation mechanisms
induced by moisture and light exposure [22]. BaZrS3 (BZS)
is the front-runner of the CPmaterial class, rapidly gaining
in research interest and having the largest body of existing
literature, making it a valuable reference for our discussion.
According to first principles calculations, BZS has been
identified as an extremely stable optoelectronic material
compared with halide perovskites due to its strong Ba-S
and Zr-S covalent bonds, high anion migration barriers,
and weak interaction with oxygen [22]. A few experimental
studies have shown that CPs exhibit excellent structural
and optical stability against different environmental
conditions. For instance, Perera et al. reported that BZS
maintains its crystal structure and optical properties even
after 7 months’ exposure to air, which confirms its long-
term environmental stability [18]. Furthermore, BZS
showed enhanced stability relative to MAPbI3 (MAPI),
retaining approximately 50% of its initial PL intensity after
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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5 weeks of exposure to 80% relative humidity, whereas
MAPI lost nearly all of its PL intensity within only 2 weeks
under the same conditions [22]. Meng et al. and Ravi et al.
also reported that BZS shows high thermal and structural
stability, maintaining its phase up to about 300°C and
retaining its structure essentially unchanged under simu-
lated sunlight for 90 min in anhydrous air [23,24].

While BaZrS3 is widely studied, CaZrS3 (CZS) is
emerging as a promising chalcogenide perovskite with
excellent optoelectronic properties and a suitable bandgap
for optoelectronic and photovoltaic applications. It
exhibits a direct bandgap of about 1.8 eV and crystallizes
in an orthorhombic structure [18,25–28]. Clearfield first
reported the synthesis of CZS through the sulfurization of
CaZrO3 using CS2 gas. It was observed that higher
sulfurization temperatures improve sulfur incorporation
and crystalline ordering [29]. Later, Perera et al. proved
that CZS exhibits a direct bandgap ∼1.9 eV in the visible
range [18]. In our recent work, we demonstrated that
controlling the oxygen-to-sulfur ratio in CaZrO3-xSx
(CZOS) thin films enables systematic tuning of the
bandgap (4.2 to 2.3 eV), thereby tailoring the optical
response for a wide range of applications. This approach
also offers the advantage of direct growth at lower
temperatures and safer processing conditions [30].
Although the exact degradation pathway of CZOS has
not yet been experimentally confirmed, insights can be
drawn from related system, such as BZS. The process of
degradation in such systems typically involves oxidation
[31] and the formation of sulfur vacancies (V_S) [23],
where sulfide ions (S2�) can be oxidized upon exposure to
air or humidity to form elemental sulfur (So) and sulfate
species (SO4

�2), resulting in sulfur depletion and the
generation of sulfur vacancies within the lattice [23]. The
accumulation of such defects progressively destabilizes the
perovskite framework, ultimately causing the formation of
oxide-rich secondary phases [32].

When it comes to photovoltaic applications. CZS-based
solar cells remain at an early stage, with no experimental
reports to date. Initial numerical studies established the
feasibility of this material as a photovoltaic absorber, with
earlydevice simulationsyieldingpower conversionefficiencies
(PCEs) of approximately 15.87%. After optimizing the
absorbing layer, efficiencies had improved significantly,
reaching 20.55% [33]. A further advancement was made
through transport layer engineering; for example, optimiza-
tion of the hole transport layer enabled PCEs of 21.25% [34],
which highlights the importance of efficient charge extraction
and band alignment. Overall, CZS-based solar cells represent
a promising class of lead-free photovoltaic materials with
significant potential for future PV applications.

In the present work, we investigate the stability and
aging pathway of CZOS thin films by systematically
monitoring their structural, morphological, compositional,
and optical evolution against various stress conditions,
including humidity, temperature, illumination, and ambi-
ent exposure. By correlating time-dependent phase and
optical responses, we identify the conditions under which
the CZOS thin films maintain their structural integrity and
optoelectronic functionality, highlighting their potential
for durable PV applications.
2 Materials and methods

Thin films of CZOS were grown by pulsed laser deposition
(PLD) using a sulfur-rich target prepared from CaS and
ZrS2 precursors. Specifically, CaS powder (2 g, 99.9%
purity;ThermoFisherScientific) andZrS2powder (4.3063 g,
99.9% purity; StanfordAdvancedMaterials)were thorough-
lymixed inamortar to ensure compositionaluniformity.The
resultingmixturewas consolidated by cold isostatic pressing
(MIT Corporation, YLJ-CIP-500M-30) into a 1-inch
diameter pellet, which was directly mounted in the PLD
chamberwithoutanyadditional processing.This fabrication
route enables the formation of a dense and compositionally
uniform sulfur-rich targetwhile avoiding post-annealing in a
sulfur-rich atmosphere, an approach that typically requires
specialized equipment and additional safety precautions.
Thin films were deposited on single-crystal LaAlO3(001)
(LAO) substrates (Crystal GmbH) by PLD using a KrF
excimer laser (l= 248 nm). The laser was operated at a
repetition rate of 10 Hz with a fluence of 1–2 J cm�2.
Depositions were performed at a substrate temperature of
800°Cunderhighvacuum(typically5� 10�6 to1� 10�5mbar
during growth) to maintain the sulfur content and minimize
the potential oxidation. After deposition, the films were
naturally cooled down to room temperature overnight under
vacuum.The target-to-substrate distancewasfixedat 55mm.
The deposited films were structurally characterized using a
Rigaku SmartLab X-ray diffractometer equipped with a
monochromatic Cu Ka1 radiation source (l= 0.1540 nm),
operated at 45 kV and 200 mA. Optical hemispherical
transmission spectra were collected using a PerkinElmer
Lambda 19 UV–Vis spectrophotometer with reference to air.
For better viewing purposes, they are displayed in the figures
as absorbance by neglecting the reflectance of the samples
(A= 1�T), The absorption coefficient is calculated via the

formula:a ¼ 1
d In

T s

T sþf

� �
,whered is thefilmthicknessmeasured

via ellipsometry spectroscopy, T s and T sþf are the trans-
mittances of the substrate and film+substrate, respectively.
The optical bandgap was determined from Tauc plots,
assuming the direct bandgap [18], using (aE)2 versus
E. A linear fit was used in the region where the data exhibits
the highest linearity. Several fitting windows were tested, and
the final range was selected based on the highest
R2 value (0.90–1.00). Additional optical characterization,
including film thickness determination, was performed by
spectroscopic ellipsometry (SE) using a HORIBA Uvisel Lt
M200 FGMS system. The spectra were fitted following our
previously reported approach [30], using a substrate/effective
CZOS layer model incorporating both oxide-rich and sulfide-
rich optical contributions.These contributionswere described
usingtripleanddoubleTauc-Lorentzdispersionfunctions [35],
respectively. The resultingfitting parameters are summarized
in Table S1 of the supplementary information (SI). Surface
morphology and elemental composition were examined by
scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) using a JEOL JSM-IT200LA
microscope. Prior to SEM/EDS measurements, the samples
were carbon coated using a Cressington carbon coater
(108carbon/A). Humidity aging tests were performed using
a homemade setup based on a controlled climatic chamber



Fig. 1. Structural and optical stability assessment of CZOS/LAO(001) thin films under 80% RH at room temperature at different
aging times: (a) XRD patterns, (b) UV–Vis absorbance spectra, and (c) optical bandgap values extracted from Tauc plot analysis.
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operated at a relative humidity (RH) of 80% and room
temperature unless specified otherwise. Combined humid-
ity and temperature aging tests were performed in the
same chamber by heating the substrate on a heating plate
at 80°C. Illumination stability tests were performed in a
controlled dry environment using an Oriel Apex illumi-
nator, Newport model 7128. The illumination intensity
was maintained at 100 mW cm�2 (equivalent to 1 Sun),
while the ambient temperature was kept at 25± 2°C. The
measurements were conducted inside a dry enclosure to
exclude any influence of humidity.
3 Results and discussion

We prepared five different CZOS samples in the same
conditions as described above. The thicknesses of the films,
listed in Table S2 of SI, were in the range of 33.8–48.8 nm.
SE also enabled the determination of the optical constants,
including the real and imaginary parts of the dielectric
function. A good agreement between the experimental and
fitted spectra was obtained, with a fit quality of x2= 0.71,
as shown in Figure S1a of SI. Each aging test was carried
out on a dedicated sample grown in similar conditions.
Details on the specific properties of such samples are
reported in our previous work in [30]. Each sample was
dedicated to a specific aging procedure as follows:
(i) exposure to 80% RH; (ii) exposure to 80% RH while
maintaining the sample at 80°C; (iii) thermal annealing up
to 600°C until complete film degradation; (iv) exposure to 1
sun illumination; and (v) a control sample stored in
ambient desk conditions. X-ray diffraction (XRD) was
measured directly after fabrication for all samples and
performed on aged samples at selected intervals to assess
the evolution of the structural properties of the films. For
each aging condition, we regularly monitored the evolution
of the absorbance of the samples and extracted the optical
bandgap from the well-known Tauc-plot method.
The results presented in this work correspond to films
fabricated during the initial optimization stage, which
exhibit an optical bandgap of approximately 3.0 eV. This
value is relatively high due to the mixed O/S content in the
films, as discussed in [30]. Further optimization of the
growth parameters can yield films with a reduced bandgap
of around 2.3 eV, representing a significant improvement
toward achieving suitable values for tandem solar cell
applications. The following sections present a detailed
analysis of the degradation pathways and stability
response of these pre-optimized CZOS films under various
environmental and thermal stress conditions. In addition,
supplementary aging tests were conducted on an optimized
sample with a bandgap of approximately 2.2 eV to assess
the consistency of the primary degradation patterns.

3.1 Stability under Relative Humidity

Figure 1 presents an evaluation of the structural and
optical aging of a CZOS thin film grown on LAO(001)
substrates and exposed to 80% RH at room temperature.
The XRD patterns shown in Figure 1a correspond to
exposure times of 0, 10, and 30 days of RH (degradation
was first observed in absorbance on day 10). The as-grown
film exhibits the CZOS (220) and (440) reflections,
consistent with an oxygen-rich phase derived from
orthorhombic CaZrS3 (ICDD: 04-007-5509), as described
in detail in [30]. All remaining diffraction peaks originate
from the LAO (001) substrate. After 10 days, a slight 0.02°
shift toward higher 2u values is observed in the (220) peak
(inset of Fig. 1a), indicating initial oxygen incorporation
into the lattice. The peak area determined via Lorentz fit is
reduced by a factor of six. After 30 days, the CZOS peaks
disappear entirely, suggesting a dramatic degradation and
loss of crystallinity. Similar structural observation has also
been observed in other chalcogenide perovskites like BZS
[31]. Figure 1b presents the UV–Vis absorbance spectra as
a function of exposure time, and the extracted optical



Fig. 2. Structural and optical evolution of CZOS/LAO(001) thin films under 80% RH at 80°C: (a) XRD patterns recorded for the as-
grown film and after 30 days of exposure, (b) corresponding UV–Vis absorbance spectra measured as a function of aging time, and (c)
optical bandgap values versus exposure time.
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bandgap values are presented in Figure 1c. The as-grown
CZOS film exhibits an initial optical bandgap of approxi-
mately 3.2 eV. The absorption spectra remain stable during
the first 100 h. A comparable evolution is observed in the
ellipsometry-derived extinction coefficient (k) measured
over an exposure period up to ∼100 h (Fig. S1b). Beyond
this period, a progressive reduction in absorbance and a
blue shift in the absorption edge are observed. The
corresponding extracted bandgap (see Tauc plots in Fig.
S2a of the SI) increases from nearly 3.2 eV to values
between 3.90 and 4.5 eV after 480 h, consistent with the
formation of a CaZrO3 oxide phase, as reported by Hkiri
et al. [36]. This compositional change reduces the density of
states near the valence band and consequently increases
the overall bandgap, producing the observed blue shift in
the absorption edge [23]. The further increase of the
bandgap to ∼5.4 eV likely reflects that the LAO substrate
value is dominating the measurement, as LAO has a
bandgap of 5.5 eV [37]. SEM observations reveal that the
film undergoes pronounced surface degradation, develop-
ing a porous and discontinuous morphology. In addition,
EDS analysis after 720 h shows no detectable Ca, Zr, or S
signals, indicating advanced degradation of the CZOS layer
and dominant contribution from the LAO substrate in the
detected signal (Fig. S3 of SI). This interpretation is
consistent with the vanishing of the XRD peaks and the
intense reduction in film thickness, from 48 nm in the as-
grown film to 41 nm after 20 h and to 6.6 nm after 480 h. At
such low thickness, especially with a porous and discontin-
uous morphology, the residual film falls below the EDS
detection limit. By contrast, UV–Vis can still detect weak
absorption from a highly thinned or partially amorphous
film. In addition, we believe that the degraded layer does
not disappear by volatility but rather undergoes disinte-
gration and partial delamination during aging. Therefore,
the weak residual absorbance after prolonged exposure
suggests that the film is not fully removed but remains as a
severelydegraded thin remnantonthesubstrate.Despite the
severe degradation of thefilm, we can conclude that CZOS is
remarkably robust comparedwith halide perovskites such as
MAPbI3, which undergo irreversible degradation in just a
few hours under similar conditions [38].

3.2 Combined humidity–temperature stress

A common further aging test is to combine the effect of RH
and temperature. In contrast to the pronounced structural
degradation observed under 80% RH at room temperature,
the combined exposure to temperature and humidity (80%
RHat80°C) results in amarkedlydifferent agingbehavior. It
should be noted that the temperature was applied locally to
the sample, whereas the chamber atmosphere was main-
tained under 80% RH. As shown in Figure 2a, the XRD
patterns recorded for the as-grown film and after 30 days of
humid-thermalexposure remainessentiallyunchanged,with
nodetectable peak shifts, peakbroadening, or disappearance
of CZOS peak reflections. Elevated temperature effectively
suppresses humidity-driven structural degradation, consis-
tent with observations reported for WO3 thin films aged
under combined high humidity and temperature conditions
[39]. Indeed, at elevated temperature, water adsorption is
strongly reduced, thereby limiting oxygen-assisted hydroly-
sis and moisture retention within the film [39].

In line with the preserved structural characteristics, the
optical response of the films shows only limited evolution
with aging time. The absorbance spectra (Fig. 2b) exhibit
much more limited variations in amplitude, and there is no
noticeable shift of the absorption edge (note the different
scale compared with Fig. 1b). The optical bandgap values
extracted from the Tauc plot (Figure 2c and Fig. S2b of SI)
display a non-significant increase of approximately 0.01 eV
over 240 h of exposure, a variation comparable to the
experimental uncertainty of themeasurement. Throughout
the aging period, the bandgap remains within the range



Fig. 3. Structural and optical evolution of CZOS/LAO(001) thin films upon thermal annealing in air up to 650°C: (a) XRD patterns of
the as-grown and annealed samples, (b) UV–Vis absorbance spectra, and (c) optical bandgap values as a function of annealing
temperature.
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expected for the oxysulfide phase, with no indication of a
transition toward oxide phase or ternary sulfites. In our
setup, the heating was applied locally through a hot plate
under the sample rather than heating the water vapor. This
probably elevated the film surface temperature over the
chamber atmosphere, which reduced the amount of
adsorbed water on the surface. In line with the recent
BZS study, which showed that degradation starts with
favorable water adsorption and then proceeds through
oxidation of surface S2-, the reduced interfacial water
coverage in our configuration likely suppressed this initial
sulfur-oxidation pathway [23]. Thus, the non-observable
degradation at 80% RH and 80°C can be attributed to
limited water adsorption on the CZOS surface. To further
confirm this result, we also performed the same test on an
optimized sample with a bandgap of ∼2.2 eV, for which no
observable degradation was detected up to 150 h, further
supporting our initial conclusion. As discussed in the next
section, the relatively low temperature of 80°C is not
sufficient to induce significant changes in the films, in
agreement with previous observations in other chalcogenide
perovskite thin films under similar aging conditions [24].

3.3 Thermal annealed assessment

Figure 3 presents the thermal stability assessment of CZOS
thin films exposed to air annealing over a temperature
range from 60°C up to 650°C, with each annealing step
maintained for 1 h. The XRD patterns shown in Figure 3a
indicate that the film retains its crystalline structure up to
350 °C, with no significant changes in peak position or the
area under the peak, similar to the behavior reported for
BaZrS3 [40], which remains phase-stable when annealed
between 200 °C and 400 °C under ambient conditions. This
thermal resilience in both materials is attributed to the
strong Zr-S bonds (Do= 546 kJ/mol), which are nearly
three times stronger than the Pb-I bonds (Do= 197 kJ/mol)
present in lead-halide perovskites, making both chalcogen-
ide perovskites far more resistant to thermal degradation
[31]. At 450°C, a high-angle shift of 0.8° in the (220)
diffraction peak is observed, accompanied by an integrated
area drop by a factor of two, which aligns with the CZO
oxide phase (ICDDNo. 00-035-0790). Upon further heating
to 650°C, the XRD peaks are nearly extinguished, with no
detectable signatures of either CZS or CZO phases,
indicating severe structural degradation and loss of
crystallinity. These structural changes are corroborated
by SEM-EDS compositional analysis (shown in Figure S4).
In the as-grown film, Ca, Zr, O and S are present in the film
with a ratio of 1:0.93:1.17:1.83, confirming the stoichiome-
try of the oxy-chalcogenide phase. However, after anneal-
ing at 450°C, the S content drops sharply by half, with
increased O content. At 600°C, S and other elements are no
longer detected. These compositional changes align with
the structural transformation observed in XRD and
confirm the transformation of the CZOS oxysulfide
phase into CaZrO3 oxide phase and the eventual loss of
the active film. A similar annealing study was also
carried out on the optimized sample with a bandgap
of ∼2.2 eV, which shows the same overall degradation
pathway, starting above 300°C and the film essentially
vanishes at 600°C.

To further assist in identifying the aging pathway, the
optical analysis in Figures 3b and 3c complements the
structural and compositional findings obtained from XRD
and EDX. The CZOS film maintains a stable optical
bandgap of ∼3.2 eV up to 350°C, as extracted from the
Tauc plots (Fig. S2c), indicating that the structure remains
largely preserved within this temperature range. Upon
increasing the temperature from 350°C to 550°C, the
bandgap gradually rises to nearly 5.0 eV, suggesting the
oxide phase formation. At 600°C, the bandgap reaches
approximately 5.5 eV, consistent with optical dominance of
the underlying LAO substrate [37]. This clear trend
supports the conclusion that the active layer undergoes
complete structural and functional degradation at elevated
temperatures. Still, the fact that the CZOS films are stable
up to 350°C indicates that many intermediate-temperature



Fig. 4. Structural and optical stability of CZOS/LAO(001) thin films under continuous illumination (100 mW/cm2) in air at room
temperature: (a) XRD patterns recorded for the as-grown film and after 125 h of light exposure, (b) corresponding UV–Vis absorbance
spectra measured as a function of illumination time, and (c) optical bandgap values versus exposure time.
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post-deposition processes can be performed on this
material and that the effect of heating under exposure to
solar illumination should not degrade the material.

3.4 Photostability under continuous illumination

We now study the effect of solar-like illumination on the
samples. The XRD patterns recorded as a function of
exposure time (up to 125 h; Fig. 4a) show no detectable shift
of the CZOS (220) and (440) diffraction peaks after
illumination, indicating no change in out-of-plane spacing.
In particular, the invariance of the 2u positions confirms that
light exposure does not induce significant lattice expansion
or structure transformation into intermediate or secondary
phases. A gradual reduction in crystallinity is nevertheless
observed, as indicated by a decrease in the apparent
crystallite size from 5.0±0.21 to 3.8±0.11 nm. This
evolution suggests the development of localized structural
disorder or microstrain within the crystalline domains while
preserving the overall crystal structure [41]. Regarding the
optical properties, the absorption edge position remains
essentially unchanged, with only subtle intensity variations
at low wavelengths over 125 h, as shown in Figure 4b. The
optical bandgap extracted from the Tauc plot (Fig. 4c)
remains constant at approximately 3.20 eV throughout the
exposure period, indicating that photo-induced structural
changes do not significantly affect the electronic band
structure. Overall, these results confirm that exposure to
light (1 sun) in dry air does not induce detectable structural
or optical degradation of the CZOS perovskite thin films
within the investigated time scale.

3.5 Stability against ambient conditions

We now monitor the evolution of the films under ambient
storage conditions, representing typical on-desk exposure
without environmental control. The CZOS thin films
exhibited outstanding structural and optical stability over
a prolonged period of 28 days. As shown in Figure 5a, the
diffraction patterns of the as-grown film and the film after
28 days largely overlap, with the CZOS (220) and (440)
reflections remaining at the same positions. Only a slight
reduction of around 16% in integrated area is observed;
however, this variation is not significant and can be
attributed to minor differences in sample positioning and
alignment during XRD measurements. Similar ambient
stability has been established for BaZrS3, with no
detectable structural change observed after exposure to
air for 10 days. In both cases, the high ambient stability is
attributed to the relatively strong metal–chalcogen bonds.
Measurements of the absorbance (Fig. 5b) further confirm
this stability, showing a closely invariant optical bandgap
of ∼3.20 eV throughout the exposure period (Fig. 5c). This
consistent optical response indicates that the CZOS lattice
maintains its electronic structure even under prolonged
ambient exposure. It is also worth noting that the film with
a thickness of 33.8 nm described in this part does not show
the additional absorption edge observed in thicker films,
indicating that this feature is likely due to thickness-
dependent optical transitions of the film [42]. When stored
under vacuum conditions, the films retained their struc-
tural and optical properties even after 335 days, with no
detectable change in diffraction peak positions, as shown in
Figure S4. This result provides further evidence of the
remarkable long-term stability of CZOS and its strong
resistance to atmospheric degradation. In contrast, hybrid
halide perovskites such as MAPbI3 or FAPbI3 typically
degrade within tens of hours under ambient conditions due
to hydrolysis and organic component volatilization [43,44].
The high stability of CZOS is primarily attributed to its
strongmetal–chalcogen bonding and the absence of organic
constituents, which effectively limit water adsorption and



Fig. 5. Structural and optical evolution of CZOS/LAO(001) thin films under ambient condition: (a) XRD patterns recorded for the
as-grown film, and after 2 and 3 weeks of exposure, (b) corresponding UV–Vis absorbance spectra measured as a function of aging time,
and (c) optical bandgap values versus exposure time.

Fig. 6. Time-dependent evolution of the normalized peak
absorbance at 350 nm for CZOS thin films during aging at 80%
RH, compared with MAPI perovskite reference data reported by
Bahtiar et al. [45].
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suppress degradation pathways such as hydrolysis and ion
migration.

3.6 Quantitative evaluation of absorbance stability

To further assess the environmental aging of CZOS films,
time-dependent evolution of their optical properties was
quantitatively analyzed under different external stress
conditions. In Figure 6, the normalized absorbance
(DA=A(l, time)/A(l, time= 0)) was evaluated at specific
wavelengths near the optical band edge (corresponding to
3.2 eV for CZOS and 1.6 eV for MAPI) corresponding to
their principal electronic transitions. MAPI films exhibit a
rapid decrease in normalized absorbance, losing approxi-
mately 25% within 24 h [45]. In contrast, the CZOS thin
film maintains more than 95% of its initial optical response
even after 100 h of continuous exposure.
The evolution of normalized absorbance of CZOS under
thermal, illumination, and combined humidity–tempera-
ture conditions is summarized in Figure S6. Under thermal
annealing, the normalized absorbance remains essentially
unchanged up to 200°C, followed by a gradual reduction
beyond 350°C and a more pronounced decrease above
400°C. This confirms that CZOS maintains both its
structural and optical integrity up to around 350°C,
highlighting remarkable thermal stability that is highly
promising for a wide range of applications. Under
continuous illumination, the normalized absorbance near
the band edge remains effectively constant (DA ∼ 1) for
more than 120 h, confirming excellent photostability. Even
under combined humidity–temperature stress, the films
maintain high absorbance stability up to 200°C, with only
moderate losses at elevated temperatures; notably, nearly
70% of the initial absorbance is preserved after exposure to
500°C. These quantitative results are in line with the
chemical composition, structural, and bandgap evolution
analyses, collectively confirming the relatively good
environmental stability of CZOS compared with MAPI.
This superior durability arises from its robust metal–
chalcogen bonding and fully inorganic compositions, which
effectively mitigate susceptibility to hydrolysis and oxida-
tion processes that commonly undermine the long-term
stability of halide perovskites [46,47].
4 Conclusion

In conclusion, we systematically investigate the most
common degradation pathways affecting thin films,
including humidity, combined humidity–temperature
stress, elevated temperature, illumination, and ambient
storage. The results reveal that CZOS thin films maintain
both structural and optical integrity up to 350°C, with no
detectable phase transformation or morphological degra-
dation. When exposed to 80% humidity, the films remain
stable for several days before gradually transforming into
an oxide phase after approximately 10 days. The material’s
stability is further confirmed by optical absorption
measurements; the normalized absorbance remains above
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0.9 even after 90 h under humid conditions, whereas
conventional hybrid perovskites such as MAPI exhibit
significant optical loss and degradation within only a few
hours under similar conditions. Overall, these results
demonstrate the strong environmental and thermal
stability of CZOS thin films, highlighting their potential
as durable and intrinsically stable photoactive materials.
Future efforts should focus on fabricating and testing
complete solar cell devices, as well as on assessing
operational stability under continuous illumination, ther-
mal stress, and electrical bias, to further validate the long-
term performance and reliability of this oxy-sulfide
perovskite system.
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