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Flexible kesterite thin-film solar cells under stress
Ha Kyung Park1, Yunae Cho1, Juran Kim1, Sammi Kim2, Sungjun Kim3, Jeha Kim3, Kee-Jeong Yang2✉, Dae-Hwan Kim2,
Jin-Kyu Kang2 and William Jo 1✉

Understanding the stress-induced phenomena is essential for improving the long-term application of flexible solar cells to non-flat
surfaces. Here, we investigated the electronic band structure and carrier transport mechanism of Cu2ZnSn(S,Se)4 (CZTSSe)
photovoltaic devices under mechanical stress. Highly efficient flexible CZTSSe devices were fabricated controlling the Na
incorporation. The electronic structure of CZTSSe was deformed with stress as the band gap, valence band edge, and work function
changed. Electrical properties of the bent CZTSSe surface were probed by Kelvin probe force microscopy and the CZTSSe with Na
showed less degraded carrier transport compared to the CZTSSe without Na. The local open-circuit voltage (VOC) on the bent
CZTSSe surface decreased due to limited carrier excitation. The reduction of local VOC occurred larger with convex bending than in
concave bending, which is consistent with the degradation of device parameters. This study paves the way for understanding the
stress-induced optoelectronic changes in flexible photovoltaic devices.
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INTRODUCTION
Flexible and lightweight thin-film solar cells hold great promise to
be applied as a power source for stretchable, bendable, and
foldable electronic devices1. Wide research on flexible photo-
voltaic devices led to the development of the highly efficient and
bending tolerant crystalline silicon (c-Si)2, chalcopyrite3–5, and
perovskite6–8 based flexible solar cells. Investigation of various
flexible substrate materials, such as polymers, flexible glasses, and
metal foils, has been conducted to improve the flexibility and
functionality of flexible solar cells9,10. Furthermore, stable light-
absorbing materials have drawn attention as candidates for
durable devices11. Additionally, electrical properties in bent
photovoltaic devices should be studied to maximize the
performance of stable and highly efficient flexible devices.
Earth-abundant kesterite materials [Cu2ZnSnS4 (CZTS),

Cu2ZnSnSe4 (CZTSe), and Cu2ZnSn(S,Se)4 (CZTSSe)] are promising
alternatives to c-Si and Cu(In,Ga)(S,Se)2 (CIGS) for lightweight thin-
film solar cells owing to their nontoxicity and low cost. The band
gap of these materials can be tuned (from 1.0 to 1.5 eV) by
adjusting the ratio of S and Se, and their absorption coefficient
(approximately 104 cm−1) is high12,13. Kesterite CZTSSe thin-film
solar cells have reached power conversion efficiencies (PCE) of
12.6% with a two-step hydrazine-based non-vacuum fabrication
process and that of 12.62% with sputtering14,15. In addition, CZTSe
thin-film solar cells have recorded PCE of 12.5% by sputtering
metallic precursors16.
However, the narrow phase stability of kesterite materials

results in the formation of secondary phases and defects, which
adversely affect the performance of the device. Hence, controlling
the secondary phases and defects is crucial to improving
efficiency17–21. Therefore, research has focused on the positive
effect of alkali dopants to overcome these limitations; it revealed
that they could suppress the formation of intrinsic defects22–24.
Additionally, artificial doping with alkali elements was found to be
effective in improving the cell performance in a flexible substrate
that does not contain an alkali element25–27. Particularly, using Na

as a dopant and optimizing the doping conditions increases the
efficiency of flexible CZTSSe thin-film solar cells significantly28,29.
In our previous study, the efficiency of flexible CZTSSe solar cells
with an additional sodium fluoride (NaF) doping layer was as high
as 11.19%30. For more wide applications of highly efficient flexible
CZTSSe devices, it is crucial to understand the stress-induced
change in device characteristics under various bending conditions.
This study investigated the implications of Na on the electrical

characteristics of flexible CZTSSe photovoltaic devices under
mechanical stress. Flexible CZTSSe photovoltaic devices using a
metallic precursor with the Sn/Cu/Zn stacking order were
prepared on a Mo-coated Mo-foil substrate with and without
the additional NaF layer. We applied the mechanical stress to the
flexible CZTSSe thin-film solar cells by bending the samples during
the measurements. Changes in charge barriers and carrier
behavior at the bent material surface were studied by analyzing
the local electrical properties. Moreover, the loss of local open-
circuit voltage (VOC) in the bending mode was investigated by the
carrier excitation mechanism. Furthermore, the degradation of
photovoltaic parameters due to the bending (either concave or
convex) was explained.

RESULTS AND DISCUSSION
Electronic band structure of CZTSSe with stress
Changes in the electronic band structure of CZTSSe were studied
to investigate the effect of mechanical bending on material
properties. CZTSSe thin-film samples were in the mechanically
bending states with the uniform strain for all measurements
(Supplementary Fig. 1). The optical band gap was changed under
the mechanical bending state compared to the planar state
(Fig. 1a, b). The band gap of Na-doped CZTSSe was slightly smaller
than that of Na-undoped CZTSSe30. For both Na-doped and
undoped CZTSSe samples, the band gap decreased in the concave
bending state and increased in the convex bending state. Band
gap change of Na-undoped CZTSSe in concave and convex
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bending state was −0.008 and 0.003 eV, respectively, and that of
Na-doped CZTSSe in concave and convex bending state was
−0.008 and 0.008 eV, respectively. The band gap of CZTS under
biaxial strains can be changed significantly however, the change
rate of band gap due to bending of polycrystalline thin film was
smaller than 1% of their initial band gap for both samples31.
Changes in band gap varied with the direction of the bending
since the type of the strain (either tensile or compressive) is
determined by the increase or decrease of the lattice constant.
Figure 1c, d shows the work function and valence band

maximum (VBM) obtained from ultra-violet photoelectron spectro-
scopy (UPS). The work function of Na-doped CZTSSe was slightly
smaller than that of undoped CZTSSe due to the surface dipoles
induced by Na32. Both samples showed a decrement in work
function under a concave bending state. However, the work
function of Na-doped CZTSSe increased in the convex bending
state, while that of Na-undoped CZTSSe decreased slightly. Energy
from the Fermi level to the valence band edge (i.e., VBM) is larger
in the Na-doped CZTSSe sample compared with Na-undoped
CZTSSe because Na moves the Fermi level. The VBM relative to
Fermi energy in planar state Na-doped CZTS is larger than Na-
undoped CZTS because Fermi level in CZTS with substitutional
NaCu sites shift upward33,34. In both Na-doped and undoped
CZTSSe, concave bending lowered the VBM, and that of Na-
undoped CZTSSe lowered greater than Na-doped CZTSSe. In
contrast, the VBM of Na-doped and undoped CZTSSe lowered
slightly in the convex bending state.
Deformation of electronic band structure occurs different by

direction of the bending (concave and convex). Figure 1e, f
presents the schematic band structure of CZTSSe under planar,
concave, and convex bending state. The valence band edge of Na-
undoped CZTSSe was much lower than that of Na-doped CZTSSe
in a concave bending state. Additionally, an upward shift of the
Fermi level can limit the quasi-Fermi level splitting. In the convex
bending state, the Fermi level of Na-doped CZTSSe located lower

than in Na-undoped CZTSSe resulted in larger quasi-Fermi level
splitting. Deformation in the electronic structure of absorber
materials can affect the band alignment at the interface and thus
transport of charge carriers35,36. The Tauc plot, work function, and
VBM variations of the CZTSSe samples with the NaF layer inserted
in the various positions are presented in Supporting Information
(Supplementary Figs. 2, 3).

Electrical properties of CZTSSe under mechanical bending
We investigated the distribution of the contact potential
difference (VCPD) of the CZTSSe absorber to understand the
changes in the carrier transport properties of the CZTSSe absorber
under mechanical stress. Figure 2a shows a simple diagram of the
Kelvin probe force microscopy (KPFM) setup that was used to
conduct measurements using concave and convex disks, which
enabled mechanical bending stress to be applied to the CZTSSe
thin-film solar cells during the KPFM measurements. The CZTSSe
absorber on the flexible Mo substrate was bent by attaching the
sample to a bending disk with a 20.47 mm bending radius. Figure
2b–l shows the surface topography and VCPD map of the CZTSSe
absorber surface in the planar, concave, and convex states. The
surface topography of Na-doped CZTSSe demonstrated improve-
ment in grain uniformity compared with that of undoped CZTSSe,
as demonstrated in previous results37,38. Neither of the CZTSSe
samples exhibited severe cracks or gaps induced by bending
between or across the grains on their surfaces (see Fig. 2b–l and
Supplementary Fig. 4).
The difference in the VCPD value between the GBs and IG

regions of CZTSSe surface with and without Na was positive
(Fig. 2m, n). The local variation in the VCPD is presented as a line
profile in Supplementary Figure 5, showing that a higher VCPD was
produced near the GBs compared with that near the IG regions in
both CZTSSe samples with and without Na. It implies that the VCPD
bent upward at the GBs, and the higher potential formed a local

Fig. 1 Changes in electronic band structure with mechanical stress. a, b Tauc plot obtained from diffuse reflectance spectroscopy (DRS).
c, d Valence band edge and work function of CZTSSe (c) without and (d) with Na elements under planar, concave, convex bendings.
e, f Schematic band diagram of CZTSSe (e) without and (f) with Na elements under planar, concave, convex bending states. Evac, EF, EC, and EV
are vacuum, Fermi, conduction, valence level, respectively.
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built-in potential in the vicinity of the GBs. VCPD is defined as the
work function difference between the tip and the sample, as
follows:

VCPD ¼ Φtip � Φsample

�e
(1)

where Φtip denotes the work function of the metal tip and Φsample

corresponds to the work function of the sample. Therefore, a
higher VCPD near the GBs indicates a larger work function near the
GBs, resulting in upward band bending at the GBs. Upward
potential bending near the GBs (i.e., upward band bending near
the GBs) acts as an electron barrier. The electron barrier at the GBs
repelled the minority carriers, which are the electrons in the p-type
CZTSSe thin-film, from the GBs. The repulsion of electrons from
the GBs prevents the recombination of carriers at defects in the
GBs and lowers the recombination rate by lowering the Fermi
levels closer to the valence band. Previous studies reported the
occurrence of upward band bending near the GBs of metal-
precursor CZTSSe thin film39,40. Particularly, Ma et al. demon-
strated that the upward bending of the conduction band edge in

the CZTSSe thin film is beneficial in reducing recombination at the
GBs by repelling electrons from the GBs41. Consequently,
enhanced band bending increases the barrier height at GBs
improving the charge separation by reducing the recombination
of the charge carriers.
The difference in the VCPD value in the planar state between the

GBs and IG regions of Na-doped CZTSSe was larger than that of
CZTSSe without Na, showing the enhanced band bending. Our
previous study revealed that doping the CZTSSe absorber layer
with Na promoted carrier separation at the GBs, which can
improve cell performance28,42,43. We reported that the defects
generated in the metal-precursor CZTSSe grown at low tempera-
ture primarily had acceptor defects, such as VCu−1, VZn−1, CuZn−1,
and ZnSn−1. They introduced negatively charged sites at the GBs,
resulting in upward band bending28,30. Additionally, the incorpo-
rated Na accumulated along the GBs because the diffusion of Na
towards the IG regions was limited by the sulfo-selenization
process of CZTSSe37. The incorporation of Na enables NaZn shallow
acceptor defects to be formed owing to their low formation

Fig. 2 Distribution of contact potential difference in various bending modes. a Diagram representing the KPFM setup in the planar and
bending modes. b–l Surface topography (b, d, e, g, i, k) and contact potential difference (VCPD) map (c, e, f, h, j, l) of Na-undoped and doped
CZTSSe absorber material in the planar state and the concave and convex bending modes with a bending radius of 20.47 mm. (scale bar:
1 μm) m, n Distribution of VCPD difference between the intra-grain (IG) regions and grain boundaries (GBs) of Na-undoped (m) and doped (n)
CZTSSe absorber material in the planar state and the concave and convex bending states. The CZTSSe absorber doped with Na displayed
greater carrier separation at the GBs than the CZTSSe absorber without Na.
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energy44. This Na-related shallow acceptor has a negative charge,
which also gives rise to the creation of negatively charged sites at
the GBs.
Stress-induced space-charge transport was observed with band

bending at the GBs. Figure 2m, n shows 18 VCPD values that were
extracted from the GBs and IG regions in the planar, concave, and
convex states. The mechanical stress altered the distribution of the
VCPD values. The value of the VCPD between the GBs and IG regions
was found to be positive in the concave and convex bending
modes for both the Na-doped and undoped CZTSSe absorbers.
However, the average difference in the VCPD value between the
GBs and IG regions decreased in the concave and convex bending
modes. The VCPD difference between GBs and IGs was significantly
reduced in both the Na-doped and undoped CZTSSe samples in
the convex state compared to the concave state. Less degradation
in VCPD difference under the concave bending state shows that
carrier transport on the surface was maintained compared to the
convex bending state. Additionally, the reduction in VCPD bending
under the mechanical bending state occurred significantly in Na-
undoped CZTSSe than in Na-doped CZTSSe.
The decrease in the charge barrier height weakened the carrier

separation, which increased the recombination of the carriers at
the GBs45. Therefore, the electrons or holes were not effectively
repelled or collected at the GBs under the bending states due to
the decreased band bending resulting in weak carrier separation.
The band bending structure at the GBs is highly affected by the
defect charges located at the GBs. Decreased band bending
implies that the defect charges were changed due to mechanical
bending. However, the type of strain-induced defects cannot be
identified by KPFM, suggesting the need for further studies on the
strain-induced defects in kesterite. In addition, flexoelectric effect
could be generated with the strain as probing the bent kesterite
materials which adopt a centrosymmetric space group46,47.
However, the flexoelectric effect was not handled here as it is
hardly observed due to its extremely small magnitude in the bulk
samples47.

Loss mechanism of open-circuit voltage under mechanical
stress
The CZTSSe absorber was examined using photo-assisted KPFM to
investigate the changes in the photogenerated electrical proper-
ties of the CZTSSe under the mechanical stress. Figure 3a–h shows
the surface topography and local VOC variation map of CZTSSe
with (a–d) and without (e–h) Na in the convex and concave
bending modes. A red laser with a wavelength of 650 nm (i.e.,
1.91 eV) with 100 mW power was used to excite the carriers on the
sample surface. The local VOC variation map in Fig. 3a–h shows a
large surface photo-voltage (SPV) distribution at the GBs, which
are indicated by the bright regions. The illumination-induced
change in the VCPD is the SPV, defined as the difference between
the VCPD under illuminated and dark conditions (see Supplemen-
tary Fig. 6).
Figure 3i shows the changes in the VCPD under illumination (i.e.,

SPV) with mechanical stress. Additionally, the SPV is related to the
local VOC loss mechanism, which explains the decrease in the
device parameters owing to mechanical stress. The relationship
between the VCPD and local VOC is as follows48:

ΔVOC;local ¼ ΔEquasi�Fermi

q
¼ VCPD;illuminated � VCPD;dark ¼ SPV (2)

Tennyson et al. demonstrated a correlation between the
partially resolved VOC obtained from the SPV and device VOC48.
The local VOC can be resolved by the local quasi-Fermi level
splitting, which can be determined by measuring the VCPD
difference between the illuminated and dark states, denoted as
the SPV, as shown in Eq. (2). Additionally, a previous study

revealed that the VOC of the device is proportional to the SPV
upon illumination of the organic photovoltaic device49.
Fundamentally, SPV formation is limited by photogenerated

electron–hole recombination50,51. The defects suppressed the SPV
generation in the CZTSSe absorber without Na, indicating the poor
transport of photogenerated carriers. Defects in the CZTSSe thin
film can lower the VOC by acting as recombination centers forming
a mid-gap state or non-uniform chemical stoichiometry and
reducing band bending near p–n junction52–55. Our previous study
demonstrated that the SPV generation is maximized in the CZTSSe
thin film for an optimal Na content owing to the passivation of
defect sites56. Additionally, the effective mass of holes can be
reduced by Na doping, and the lighter photogenerated carriers
favor the separation of electron-hole pairs33.
Interestingly, the generated SPV decreased with the mechanical

stress. The SPV of the CZTSSe samples with and without Na
decreased with mechanical bending, implying alteration of the
recombination process and device properties under mechanical
stress. SPV results in bending mode indicate the occurrence of
greater recombination of photogenerated charge carriers, related
to the VOC loss, in the convex than in the concave bending mode.
An increase in the recombination of photogenerated charge
carriers can be attributed to strain-induced defects, which can
explain the electronic band structure change. Kahlaoui et al.
reported that the tensile strain on CZTS crystals makes the bonds
fragile, facilitating their breaking by increasing the interatomic
distance57. Additionally, the decrease in the SPV was small in
CZTSSe with Na doping; it indicates that improved carrier
transport by Na was maintained even under the mechanical
bending state, consistent with VCPD change results. The dispersion
of the SPV distribution in Na-doped CZTSSe with mechanical
bending was larger than that of Na-undoped CZTSSe because
some GBs in Na-doped CZTSSe still maintained large SPV under
stress.
Figure 3j, k shows the carrier transport mechanism and the

corresponding band diagrams for the planar, concave, and convex
bending modes under illumination. In Fig. 3j, the black and red
lines indicate the band bending between the dark and illuminated
states (650 nm wavelength laser, as mentioned above), respec-
tively. Charge carriers in the CZTSSe under the planar states
separated due to the large charge barrier at the GBs. In contrast,
the photogenerated charge carriers in the CZTSSe under the
bending states recombined as the charge barrier decreases,
resulting in less SPV than in the planar states. In Fig. 3k, the band
bending in the energy band diagram emerges when the metal tip
and the surface of the CZTSSe absorber come in contact. The
generated SPV exceeded 100mV in the planar state, resulting in
band flattening and large quasi-Fermi level splitting, as shown in
Fig. 3k. However, the SPV was limited in the bending mode owing
to the recombination of the photogenerated carriers, especially
under the convex bending mode. Recombination of the photo-
generated carriers due to the strain-induced defects could be
attributed to less band bending at the surface under the stress.

Performance and stability of flexible CZTSSe devices
Table 1 lists the photovoltaic device parameters of samples. The
device with the NaF layer demonstrated a higher PCE of 11.19%
compared to that of the CZTSSe sample without Na. The other
photovoltaic device parameters of the Na-doped device, such as
the fill factor (FF), VOC, and short-circuit current density (JSC),
improved compared with the undoped device. Especially, FF and
VOC improved significantly, while improvement in JSC with Na
doping was marginal (0.82 mA cm−2). The photovoltaic device
parameters of the flexible CZTSSe samples with the NaF layer
inserted at various positions are shown in Supplementary Table 1
of the Supporting Information.
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Figure 4a, b shows the rates at which the photovoltaic device
parameters changed after concave and convex bending. The
devices were subjected to a bending test with a bending radius of
50mm and a maximum of 1000 bending cycles. The photovoltaic
device parameters were measured at four points on the two
devices after the bending test. The average rate of change was
compared with that of the unbent device which is set zero. The
performance of the photovoltaic device declined after the
bending test, which suggests that the convex bending mode

has an adverse effect, whereas the effect of the concave bending
mode is less severe than in the convex bending. Deng et al.
demonstrated that the degradation of PCE at the surface
subjected to the convex bending in a bifacial flexible CZTSSe
device was more significant than that at the surface subjected to
the concave bending as the crystalline structure was damaged58.
After 1000 bending cycles, the decrease in the PCE was −6.82%
and -9.13% for concave and convex bending, respectively,
showing that more than 90% of the PCE was maintained after

Table 1. Photovoltaic device parameters of CZTSSe thin-film solar cells with and without Na.

Sample Precursor structure VOC [V] JSC [mA cm−2] FF [%] PCE [%]

CZTSSe without Na Sn/Cu/Zn/Mo/Mo foil 0.497 32.25 44.54 7.14

CZTSSe with Na Sn/NaF/Cu/Zn/Mo/Mo foil 0.539 33.07 62.79 11.19

Fig. 3 VOC loss of the CZTSSe thin film in different bending modes. a–h Surface topography (a, c, e, g) and local VOC variation map (b, d, f, h)
of Na-undoped and doped CZTSSe in the concave and convex states. (scale bar: 1 μm) i Surface photo-voltage (SPV) at GBs for CZTSSe with
and without Na. j Diagrams of the polycrystalline CZTSSe grains under planar, concave, and convex bending states. The red and blue spheres
indicate electrons and holes, respectively. k Schematic band diagrams of the CZTSSe under the dark state and illuminated condition with the
generation of SPV.
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the bending test. Jeong et al. also demonstrated that flexible
CZTSSe thin-film solar cells using Mo metal foil maintained over
90% of their initial PCE after the bending test with a bending
radius of more than 3mm29. The rates at which the VOC, JSC, and FF
changed after 1000 convex bending cycles were −4.86, −1.68,
and −2.83%, respectively, whereas, after 1000 concave bending
cycles, the rates were −3.99, −0.39, and −2.64%, respectively. The
negative rate of change of the VOC was more substantial than that
of the JSC. Hence, the decrease in VOC may be the main reason for
the degradation in the performance of the photovoltaic device.
The VOC is influenced by the band gap therefore, the decrease in
severe VOC after bending can be affected by the strain-induced
band gap change of the absorber materials, as demonstrated in
Fig. 1a, b.
The rate of change of series and shunt resistance under concave

and convex bending states are shown in Fig. 4c, d, respectively.
The change rates of series resistance after 1000 bending cycles
were −2.03 and 0.20% in the concave and convex bendings,
respectively, which were not significantly affected by the bending
direction. On the contrary, the change rates of shunt resistance
showed a significant decrease of −27.07 and −28.45% after the
concave and convex bendings, respectively. In fact, only a few
papers have reported the bending properties of kesterite solar
cells. One study demonstrated that the voids at the CZTS/Mo
interface might be damaged by convex bending, resulting in the
formation of a shunt path, an increase in series resistance, and a
decrease in shunt resistance59.
This study focused on the degradation of the device

performance under mechanical bending and considered the

photoexcited characteristics and the influence of energy band
structure. The correlation between the surface charge transport
and morphological changes in the GBs should be studied in the
future.
We studied the deformation of electronic band structure and

electrical properties of a highly efficient flexible kesterite CZTSSe
photovoltaic device with and without artificial Na doping under
mechanical stress. The band gap of CZTSSe decreased and
increased in the concave and convex bending state, respectively.
Fermi level shift up or downward in mechanical bending states,
which can affect the band alignment. The electrical properties of
the CZTSSe absorber layer, to which mechanical stress was
applied, were investigated by KPFM. The results showed that the
height of the electron barrier decreased under mechanical stress;
the carrier separation at GBs weakened, which can result in carrier
recombination. The loss of local VOC, increased under mechanical
stress, was measured by SPV, revealing a significant charge carrier
recombination occurred under a convex bending state than under
a concave bending state. The local VOC loss under mechanical
stress was consistent with the substantial decrement in the device
VOC observed in the concave and convex bending tests. In
conclusion, the degradation of carrier transport was greater in the
convex bending state than in the concave bending state.
Furthermore, CZTSSe with Na doping showed less degradation
than Na-free CZTSSe. Specially, we developed a powerful
characterization method verifying the surface charge transport
of the bent materials, which can be applied to any other flexible
devices, such as silicon, CIGS, and perovskite solar cells, beyond
the flexible kesterite solar cells.

Fig. 4 Changes in photovoltaic device parameter by mechanical bending test. a, b Rate of change of photovoltaic device parameters with
concave (a) and convex (b) bending with a bending radius of 50mm and a maximum of 1000 bending cycles. Photovoltaic device parameters
were measured after 200, 400, 600, 800, and 1000 bending cycles. The inset in (a, b) shows an image of the bent device. c, d Rate of change of
series and shunt resistance with concave (c) and convex (d) bending with the same bending condition. Error bars in (a–d) are defined as
standard deviation of photovoltaic parameters obtained from four points of two devices.
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METHODS
Fabrication
The CZTSSe thin-film solar cell consisted of the following: a 0.1-
mm-thick Mo-foil substrate (MTI Co.), CZTSSe absorber fabricated
via sputtering, 50-nm-thick CdS buffer layer deposited via
chemical bath deposition, 50-nm-thick intrinsic ZnO layer
deposited by radio-frequency (RF) sputtering, 300-nm-thick Al-
doped ZnO (AZO) layer as a transparent conducting oxide
deposited via sputtering, and 500-nm-thick Al collection grid
deposited via thermal evaporation. Among the five different
precursor structures, four contained an additional NaF layer that
was inserted at different positions in the metallic-precursor stack,
whereas one precursor structure did not contain the NaF layer.
The structures were as follows: Sn/Cu/Zn/Mo/Mo-foil (CZTSSe1),
Sn/Cu/Zn/NaF/Mo/Mo foil (CZTSSe2), Sn/Cu/NaF/Zn/Mo/Mo foil
(CZTSSe3), Sn/NaF/Cu/Zn/Mo/Mo foil (CZTSSe4), and NaF/Sn/Cu/
Zn/Mo/Mo foil (CZTSSe5). The Mo back contact layer was coated
onto the Mo-foil substrate16. Furthermore, Cu, Zn, and Sn
sputtering targets of 99.99% purity were used for metal-
precursor sputtering. The sputtering power was 150 W, 300 W,
and 300W direct current (DC) for 630, 115, and 260 s, respectively,
in an Ar atmosphere pressurized to 1 mTorr. Thermal evaporation
was used to deposit the 10-nm-thick NaF layer while fabricating
the four precursor structures with the NaF layer. The precursors
were sulfo-selenized with diluted H2S gas with 90 vol% Ar as the S
source and Se pellets (Sigma-Aldrich) as the Se source in a rapid
thermal process (RTP) chamber. The RTP chamber was filled with
250 sccm H2S and 2000 sccm Ar gas under 700 Torr pressure. Se
pellets (0.37 g) were introduced to the RTP chamber with a
volume of 18375 cm3. After that, the precursors were heated from
room temperature to 300 °C for 560 s; this temperature level was
maintained for 900 s. Subsequent heating for 1800 s raised the
temperature to 480 °C, and the temperature was maintained at
this level for 600 s. The partial pressure of Se was changed during
the sulfo-selenization process by the temperature profile; after
that, the other layers were added.

Characterization
The optical band gap was determined using the Kubelka-Munk
function from diffuse reflectance spectra obtained by UV-Visible-
NIR spectrophotometer (Cary5000, Agilent). For the UV-Visible-NIR
spectroscopy, a beam size was minimized to 1 mm2 and the area
exposed to the beam was loaded at the same location to avoid
any optical path difference due to the surface curvature. He I
(21.2 eV) was used as an ultra-violet source for ultra-violet
photoelectron spectroscopy (UPS) (Axis-Supra, Kratos). During
the UV-Visible and UPS measurements, a homogeneous strain was
maintained by attaching the samples to the bending molds. The
spectrum was obtained from the area of 50 μm2 therefore, we
assumed that the height difference due to the curvature was
neglectable for probing the area with the homogeneous strain.
The surface structural and electrical properties of the films were
analyzed using photo-assisted KPFM in ambient conditions. A
commercial atomic force microscope (n-Tracer from NanoFocus
Inc.) with a Pt/Ir-coated silicon cantilever (Nanosensors) was used
for the amplitude modulation (AM)-mode KPFM measurements
with an applied AC bias of 1.0 V. The topography and contact
potential difference maps in the non-contact mode were obtained
lifting the tip higher than 40 nm from the sample during the KPFM
measurements to avoid the crosstalk effect. A flattening function
was applied to the VCPD map to calibrate it from the reference
point to zero. A red laser (wavelength of 650 nm, 1.91 eV) with a
100mW power was used to excite the carriers on the CZTSSe
surface and measure the SPV. The bending radius of the concave
and convex molds was 20.47 mm. Furthermore, the current-
voltage characteristics were determined under a simulated air
mass with a 1.5 global (AM 1.5 G) spectrum and 100mW cm−2

(1 sun) illumination at 25 °C using a 94022 A solar simulator
(Newport Co.). The values of the photovoltaic device parameters
after the bending test with 200, 400, 600, 800, and 1000 bending
cycles and bending radii were maintained at 50 mm during the
bending test. Concave and convex bending was applied to the
cells at a speed of 1.0 mm s−1 using the instruments.
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