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Kesterite Cu,ZnSnS,; (CZTS), composed of earth-abundant, non-toxic elements, is considered a
promising chalcogenide photoabsorber. One of the major roadblocks in its large-scale implementation
is limited scalability for roll-to-roll fabrication at low temparatures. Herein, we reported an ambient-air
deposition method for CZTS films onto rigid as well as flexible surfaces at a low temperature (~170 °C)
and tested their applicability in heterojunction solar cells. In this process, the precursor solution was
directly coated onto conductive substrates using an atmospheric pressure plasma jet (APPJ). The rich
chemistry of APPJ was used to engineer the surface energy of the substrates, while the charged particles,
neutral metastable species, and radicals were used to activate reactions that were thermodynamically
unfavorable under ambient conditions. Here, we carefully controlled a high temperature in the plasma
while maintaining a low temperature at the substrate. This open-air processing overcame the complex
and high-temperature (~500 °C) requirements for controlled sulfurization or selenisation. By employing
an environmentally benign molecular precursor made with a green solvent, our method aligned well with
the increasing demand for industry-relevant, eco-friendly manufacturing processes. The plasma-printed
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CZTS showed p-type characteristics and a band gap in the visible region. As a proof of concept, we
measured the power conversion efficiencies (PCEs) of functional CZTS/CdS heterojunction solar cells on
both rigid ITO substrates (~3.1%) and flexible ITO substrates (~1.1%). The measured PCEs set new
benchmarks for low-temperature-processed CZTS devices. Through favourable engineering of interfacial
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rsc.li/materials-advances layers and the integration of passivation layers, higher efficiency and stability could be achieved.

such as thermal, co-evaporation,”® electrodeposition,'*
sputtering,’® and solution-based techniques.'® In particular, low-

1. Introduction

(cc)

Metal chalcogenides are recognized as promising candidates for
the absorber material in the advancement of cost-effective thin-
film solar cells."” Cu,ZnSnS, (CZTS) has emerged as a green
replacement option for CdTe and CIGS in thin-film solar cells,
owing to its high absorption coefficient (10" cm ™), optimum band
gap (E,) (1.0-1.5 eV), and earth-abundant, environmentally friendly
constituents.” Recently, considerable advancements have been
made in this material’s PCE, attaining up to 14.9%.°* Several
deposition techniques have been employed to prepare CZTS films,
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temperature solution processing of CZTS is being pursued to
facilitate the scalable and low-cost fabrication of thin-film solar
cells on both rigid and flexible substrates.""'”""° However, the
toxicity of solvents used and the high-temperature annealing
processes required for fabricating high quality absorbers are major
hindrances to making it compatible with large-scale, low-cost
manufacturing.>”**" Several non-toxic solvent-based precursor
solutions or inks for making CZTS films have been explored using
dimethyl sulfoxide (DMSO), ethanol, N,N-dimethyl formamide
(DMF), 2-methoxyethanol, and 1,3-dimethyl-2-imidazolidinone
(DMI).*"*” However, a high-temperature annealing process is
generally required to reduce the impurity phases (CuS, ZnS, and
SnS) and achieve better crystalline quality of the CZTS film on both
rigid and flexible substrates.>****7° For instance, a sulfurization
temperature of 550 °C on a rigid substrate was advantageous for
the crystal development of CZTS, and its primary effects on the
electrical, photovoltaic, and morphological characteristics were
analyzed by Payno et al*® A sol-gel process-based CZTS formed
on molybdenum (Mo) foil at 500 °C resulted in a device with a PCE
of 2.25%, and electrochemically deposited CZTS gave a PCE of
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3.829%.>%°° CZTS particles were printed on Mo-coated aluminum
foil/flexible polyimide substrates to make devices with a PCE of
1-1.94%.%**" A polyimide (PI) substrate-based device was reported
by Romero et al.,** where the fabrication of kesterite (CZTSe)
required a high temperature (~490 °C), similar to the other
examples mentioned above.

It is worth noting that most of these reports on flexible
devices still require an annealing process at high temperatures,
and thus use Mo-coated Al foil,*® Ti foil,*® stain less steel foil,
flexible glass (FG, corning willow glass),** or polyimide (PI)
substrates.®” Such rigorous processing conditions could hinder
their future advancement, predominantly in devices with flex-
ible formats involving polymer substrates. A few of the reported
low-temperature process-based devices were inferior in terms of
efficiency compared to those based on high-temperature
processing.>>**™** The efficiency reduction primarily stems
from charge recombination occurring at flawed interfaces and
the presence of structural or chemical defects within the CZTS
film. For example, the low-temperature processed glass/ITO/
CZTS/CdS/Al devices showed a PCE of 1.34% to 1.85%.%%*
Further, Saha et al.*® introduced an additional layer of Ag-
doped CZTS at the interface of CZTS/CdS to improve the
depletion region architecture and carrier collection. Farinella
et al.** reported a good-quality CZTS thin film made via
electrochemical deposition on flexible PET/ITO substrates at
room temperature, but no device was fabricated. Recently,
Dhanasekar et al. fabricated a dip-coated CZTS absorber on a
flexible (PET/ITO) substrate with low-temperature annealing in
an argon (Ar) atmosphere, resulting in a device exhibiting a PCE
of up to 0.74%.*®*” Further exploration in this direction is
highly desired to achieve more efficient devices for flexible
electronics applications.

Printed and flexible electronics have expanded into many
domains, including photovoltaics. The most common printing
techniques for solution-processed thin films are inkjet
printing*® and aerosol printing.*” However, both of these
approaches require a sintering step or post-thermal annealing
to form a thin film. Atmospheric pressure plasma jet (APPJ) is a
printing technology that uses atmospheric pressure cold
plasma to deposit materials onto a substrate. It can be used
to print high-quality materials at low temperatures and in open
atmospheres using precursor solutions. The quality and integ-
rity of the film can be improved with this plasma-based process
due to the increase in surface tension and wetting properties of
the precursor solution. The rich physical and chemical proper-
ties of APP],”° suitable for applications in material processing,
healthcare, nanotechnology, and medicine, are widely being
explored.>® APPJ can be utilized for printing nano-colloid inks
while simultaneously tuning the surface chemistry and electro-
nic properties of the material being printed. For example, it
can reduce highly acidic graphene oxide to graphene in situ
without the need for any external post-processing.’®> High-
capacity graphite anodes based on APPJ have been studied for
the environmentally friendly reuse of lithium-ion batteries.>?
Inspired by these observations, we sought to explore the APPJ
technique to print the nanocrystalline CZTS solar absorber at
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low temperatures under open atmosphere. An environmentally
friendly molecular precursor solution was used for the APPJ
printing of nanocrystalline CZTS, and simple heterojunction
solar cells were fabricated on both rigid and flexible substrates
to demonstrate the device application. The results were com-
pared with those obtained using the dip-coated CZTS film
annealed under an Ar atmosphere, as well as with other
relevant reports from the literature.

2. Experimental section

2.1. Materials

Copper chloride, zinc acetate dihydrate, cadmium chloride
monohydrate, propylamine, butylamine, thioacetamide (TAA),
and thiourea were purchased from Sisco Research Laboratories
Pvt. Ltd. (SRL). Tin chloride dihydrate and 2-methoxyethanol
were obtained from Alfa Aesar. Gold was purchased from GRT
Gold Jewellery, Chennai, India. Indium-doped tin oxide (ITO)
and polyethylene terephthalate (PET)/ITO were procured from
Global Nanotech, India. Ethanol, isopropyl alcohol (IPA), and
deionized (DI) water were used for cleaning the substrates. The
chemicals were used without any additional purification steps.

2.2. Preparation of precursor solution of CZTS

10 mL of 2-methoxyethanol was used to gradually dissolve
1.88 g of copper chloride, 2.19 g of zinc acetate dihydrate,
1.8 g of tin chloride dihydrate, and 4.8 g of thioacetamide at room
temperature. The composition ratio of Cu, Zn, Sn, and S was kept
within a suitable range: Zn/Sn = 1.25, S/(Cu + Zn + Sn) = 1.88, and
Cu/(Zn + Sn) = 0.8.°*>® The concentration of the precursor solution
was varied according to the requirements for the coating, and a
50% dilution with additional solvent was optimal for APPJ printing.

2.3. APP]J printing and dip coating of CZTS film

APPJ was generated using a quartz nozzle connected to a 15 kV
nanosecond pulse generator. Helium gas was used as the
carrier gas. A specially designed Teflon nebulizer was used to
create an aerosol of the precursor solution, which was gener-
ated using the He gas flow. This aerosol was then fed into the
plasma and deposited onto the substrate via the plasma plume/
jet. The operational condition parameters optimized for the
APPJ] printing of CZTS film were as follows: the diameter of the
quartz tube nozzle was 150 pm; the gas flow was 6 sccm;
the input frequency was 40 kHz; and the attenuation was 5 x
10~" dB km™".>* The precursor solution concentration (50%
dilution) and the drying conditions for the film were optimized.
A good-quality film was obtained after drying the APPJ-printed
CZTS film at 170 °C in an open atmosphere. Additionally, a
CZTS film was developed by dip-coating the undiluted precur-
sor solution, drying it at 130 °C, and then annealing it for 2.5 h
at 100 °C in an Ar atmosphere (Fig. S1-S3, ESIt). The results
obtained from this dip-coated film were compared with those
produced using the APPJ technique. A schematic of APPJ
printing of CZTS film for the fabrication of solar cells on rigid
and flexible substrates is shown in Fig. 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 APPJ printing of CZTS for the fabrication of solar cells on rigid and
flexible substrates.

2.4. Characterization

The structural characteristics of the film were investigated using
X-ray diffraction (XRD) (PANalytical X'pert powder diffractometer)
with Cu Ko radiation. Raman analysis (Horiba Jobin-Yvon Lab-
Ram HR) was performed using an Ar" laser with a 473 nm line as
the excitation source. Silicon was used to calibrate the instrument
at 520.7 cm™'. UV-visible spectroscopy was carried out using
JASCO UV-vis spectrophotometer. The composition and surface
morphology of the film were studied by SEM-EDS (Zeiss Supra 55-
VP FEGSEM). Elemental analysis was performed using X-ray
photoelectron spectroscopy (Kratos XSAM 800), equipped with a
dual-anode X-ray source, where Mg Ka (1253.6 €V) was used for
these studies. A transmission electron microscopy (TEM) study of
the as-prepared sample was carried out using the JEOL JEM-2100.
The semiconducting properties were studied using a Hall effect
setup (Ecopia HMS Ver 3.51:3). The J-V (current density-voltage)
characteristics of the devices were measured using a Keithley 2400
source-measure unit. To obtain the 1 sun AM 1.5G illumination,
an Oriel Sol3A Class AAA solar simulator was employed.

2.5. Device fabrication and testing

The ITO-coated glass substrate (8-12 Q ¢cm™?) was ultrasoni-
cated for 10 min in DI water, ethanol, and isopropanol (IPA),
and then dried with nitrogen gas. The precursor solution of
CZTS was then deposited onto the ITO substrate using APPJ.
A 60 nm CdS layer (n-type) was deposited via spin coating onto
the CZTS film.** Then, using a shadow mask, Au top contacts
(~100 nm thick) were thermally evaporated under vacuum
(107° torr). The device active area was 0.24 cm? A similar
procedure was followed for the fabrication of the device on
PET/ITO substrates.

3. Results and discussion

The structural and chemical analyses of APPJ-printed and dip-
coated CZTS films were performed while optimizing the pre-
cursor solution concentration and processing conditions.
Raman analysis clearly showed that a few secondary phases,
such as CuSnS and CusS, were present in the film APPJ-printed
using the as-prepared precursor solution (Fig. S4a, ESIY).
Annealing trials were conducted at (i) 130 °C and (ii) 170 °C
for 1 h in open atmosphere. No secondary phases were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD spectrum and (b) Raman spectrum of the APPJ-printed
CZTS film processed with optimized conditions.

observed in the film prepared using the 50% diluted solution
and annealed at 170 °C for 1 h (Fig. S4(b), ESIT). As shown in
Fig. 2(a), the XRD pattern of the APPJ-printed CZTS film dried at
170 °C for 1 h showed major peaks at 20 = 56.1°, 47.3°, and
28.5° corresponding to the (312), (220), and (112) planes of the
kesterite CZTS phase, respectively.>® The calculated crystallite size
was ~0.32 nm along the (112) plane,>” which was close to values
reported in the literature and was further confirmed by the TEM
results (Fig. 4). The formation of the CZTS film was confirmed by
the Raman spectrum shown in Fig. 2(b). The spectrum showed an
intense peak at 338 cm ™', along with a shoulder at 287 cm ™, both
corresponding to the CZTS phase. The XRD and Raman spectra
revealed that the initial phase of CZTS growth was likely amor-
phous, as the process occurs at a relatively low temperature of
170 °C for 1 h. Moreover, the UV-visible absorption spectra of the
APPJ-printed film showed absorption in the visible region (Fig. S6
and S8, ESIt), with a calculated optical bandgap of 1.50 eV. This
bandgap value was in good agreement with literature reports on
CZTS.”® Notably, The APPJ-printed CZTS film exhibited a higher
absorption coefficient compared to the dip-coated CZTS film (Fig.
S8, ESIf), possibly due to differences in crystallite size and
improved microstructure.

. Spectrum 1
At%
S 453
Cu 244
Zn 164
Sn 139

Fig. 3 (a) Optical image (inset: Photograph of the CZTS film), (b) FESEM
image, and (c) EDS analysis of the APPJ-printed CZTS film.
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Fig. 4 (a) TEM image, (b) selected-area electron diffraction (SAED) pat-
tern, and (c) HRTEM image of the APPJ-printed CZTS film.

Fig. 3 shows the optical and FESEM images of the APPJ-
printed CZTS film. The surface of the film was more compact
and denser compared to the film prepared via the dip-coating
route (Fig. S5, ESIt). This could be attributed to the smaller
particle size of the APPJ-printed CZTS film (~250 nm) com-
pared to that of the dip-coated CZTS film (~550 nm).

View Article Online
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Furthermore, the chemical composition estimated from EDS
analysis was close to the expected stoichiometry of CZTS.
Interestingly, the TEM image of the APPJ-printed CZTS film
sample revealed a sheet-like structure, as shown in Fig. 4(a). A
similar flake-like structure was also observed in the TEM image
of the dip-coated CZTS sample (Fig. S7, ESIf). The SAED
patterns in Fig. 4(b) and Fig. S7(b) (ESIt) confirmed the crystal-
line nature of the APPJ-printed and dip-coated CZTS films.
HRTEM images further confirmed interplanar spacings of
0.36 nm (APPJ-printed CZTS) and 0.32 nm (dip-coated CZTS),
corresponding to the (112) planes of tetragonal CZTS (Fig. 4(c)
and Fig S7(c), ESIT). Upon measuring the charge carrier density
of these films using Hall Effect, the plasma-printed CZTS films
exhibited p-type semiconducting behavior. The estimated car-
rier mobility of the APPJ-printed CZTS film was higher than that
reported in earlier studies and higher than that of the dip-
coated CZTS film,***° as it was more porous and compact

Table 1 Hall effect measurement results of the CZTS thin film compared with those from other literature

Carrier concentration Mobility (us) Hall coefficient Resistivity Conductivity
Method (p) em™3 em?vts? (Ry) cm® 1 () Qem ™! type Ref.
Atmospheric plasma 4.8 x 10*° 5.8 8.8 x 10° 1.1 x 1072 p This work
Dip-coating 2.7 x 10%° 3.2 8.0 x 10° 1.2 x 1072 p This work
Doctor blade 1.24 x 10" 16.57 30.22 — p 58
Plasma-assisted co-evaporation 2.6 x 10"° 2.3 — 1.0 x 107" p 59
dc sputtering 2.5 x 10"° 1.2 2.4 x 107" 1.8 x 10°* p 60
1.4E4 2.84
a
( ) cﬁ 2’)3/1 Cu Zplll (b) Zn 2p3/z
1.4E4- 2.6E44 ‘
>
= 1.34- é‘ 2.4E4+
S c
2 1.3E4- O 2.2E4-
£- =
1.2€44 2.084+
1.1E44 Copper(Cu) 1.8E4 Zinc(Zn)
93 940 950 960 970 1020 1032 1044 1056
Binding Energy (eV) Binding Energy (eV)
© 2.0E3
93 Sn3d,, (d) S2p,,
A 1.8E34 f
8E34 31.6E3- /
Z 3 s
= c |
@ 1.4E34 3
< 734 2 LY
3 £
< 1.2€34
6E3
1.0E3
S Tin(Sn) Sulphur(S)
5E3 L) L) L) L) L) 8'0E2 L) L) L) L) L}
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Fig. 5
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XPS Spectra of (a) Cu 2p, (b) Zn 2p, (c) Sn 3d. and (d) S 2p spectra of the APPJ-printed CZTS film.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 J-V curves of the APPJ-printed CZTS-based solar cells on rigid
and flexible substrates, measured under light illumination (100 mW cm™2,
AM 1.5).

(Fig. 4(b)). Interestingly, the carrier concentration and Hall
coefficient were also higher compared to previous works>®
(Table 1). The observed resistivity was slightly lower than that of
the dip-coated film, which may be attributed to the improved
crystallinity and density of the APPJ-printed CZTS.*!

The wide scan survey XPS spectrum of the APPJ-printed film
confirmed the presence of all elements expected for CZTS (Fig.
S9, ESIt). From the XPS analysis, the binding energies of 934 eV
for Cu 2p;/, and 954 eV for Cu 2p,,,, with a 20 eV peak splitting,
are shown in Fig. 5(a). At higher binding energies, no satellite
peaks were observed, indicating that the Cu®>" present in the
starting material of CZTS had been reduced to monovalent copper.
Fig. 5(b) shows the peaks at 1024 eV for Zn 2p;, and 1046.7 eV of
Zn 2p,p, with a 22.7 eV peak splitting. These values corresponded
well with the standard divalent Zn(u) splitting. The two peaks at
487.6 eV and 496 eV, with a wide peak splitting of 8.4 eV, were
attributed to the oxidation of Sn*" in the starting material to Sn**
(Fig. 5(c)). The two peaks located at 162.3 eV and 163.6 eV (Fig. 5(d))
were assigned to the S 2p core levels in the sulfide phases, which
typically appear in this region according to the literature.®*

3.1. Heterojunction device fabrication and characterization

Simple heterojunction solar cells were fabricated with both
APPJ-printed and dip-coated CZTS films in the configuration
ITO/CZTS/CdS/Au, using rigid glass and flexible PET substrates.
The J-V characteristics of the APPJ-printed CZTS solar cell
device under light illumination are shown in Fig. 6. The device
on the rigid substrate exhibited a PCE () of 3.1%, a short-
circuit current density (Jo) of 14.5 mA cm™ 2, an open-circuit
voltage (Vo) of 0.47 V, and a fill factor (FF) of 0.46. The solar cell on
the flexible PET substrate exhibited a # of 1.1%, a V,,. of 0.37 V, a J,.
of 7.5 mA em ™2, and an FF of 0.41. In comparison to earlier reports
on low-temperature processed CZTS-based solar cells, the efficiency
of the APPJ-printed CZTS was superior, with a high value of J.
(Table 2). This could be attributed to the enhanced light absorp-
tion, porous nature, and mobility, as confirmed through character-
ization techniques (UV visible spectra, XRD spectra, and Hall

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 2 Comparison of photovoltaic characteristics of heterojunction devices based on low temperature processed CZTS films

Device
1 (%) area (cm?) Ref.

Voc (V)r ] sC

Coating method
of CZTS film

Processing conditions of CZTS film (mA cm™?), FF

Device structure
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(open air)

Drying at 150 °C for 10 min (open air) and annealed at 250 °C for 10 min
Annealed at 350 °C for 5 min

Drying at 140 °C for 30 min (N,) and annealed at 300 °C for 30 min (N,)
Drying at 140 °C for 30 min (N,) and annealed at 250 °C for 30 min (N,)

Screen printing  Drying for 1 h (open air), hot pressed using a hot roll at 195 °C (open air)
Drying in open air (temperature not mentioned)

2
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§EES
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£EFe
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SLG/FTO/TiO,/CdS/CZTS/Graphite
SLG/FTO/TiO,/CdS/CZTS/Carbon paste Spray pyrolysis
SLG/ITO/ZnO/CdS/CZTS/Au

P1/Mo/CZTS/CdS/ZnO:Al/Al
SLG/ITO-CZTS-PCBM-Ca/Al

This work
This work
This work
This work

42
46
46

0.32
0.24
0.24
0.24
0.24
0.24
0.24

2.73
0.74
2.38
0.51

0.78
3.1
1.1

3.56, 54.90
11.2, 0.47
2.2,0.71
11.6, 0.49
5.41, 0.29
14.5, 0.46
7.5, 0.41

0.40
0.52
0.48
0.42
0.33
0.47
0.37

)

Drying at 130 °C for 15 min (open air) and annealing at 100 °C for 2.5 h (Ar)

Drying at 130 °C for 15 min (open air) and annealing at 100 °C for 2.5 h (Ar)
Annealing at 170 °C for 1 h (open air)
Annealing at 170 °C for 1 h (open air)

Drying at 130 °C for 15 min and annealing at 100 °C for 2.5 h (Ar)
Drying at 130 °C for 15 min and annealing at 100 °C for 2.5 h (Ar

Spin-coating
Dip-coating
Dip-coating
Dip-coating
Dip-coating

APPJ
APPJ

SLG/ITO/CZTS/CdS/Al
SLG/ITO/CZTS/CdS/Al
PET/ITO/CZTS/CdS/Al
SLG/ITO/CZTS/CdS/Au
PET/ITO/CZTS/CdS/Au
SLG//TTO/CZTS/CdS/Au
PET/ITO/CZTS/CdS/Au
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measurements). The /-V curves of the dip-coated CZTS-based solar
cells on rigid and flexible substrates, measured under both dark
and light illumination, are shown in Fig. S10 (ESIT). The V,. was
slightly lower than that of the dip-coated CZTS film, indicating
relatively more charge recombination in the APPJ-printed CZTS.
This was plausible, as recombination was directly proportional to
the carrier concentration, which was found to be higher in the
APPJ-printed CZTS film compared to the dip-coated film (Table 2).

Thus, this work demonstrates a one-step deposition process
for CZTS using the APPJ technique. It is a low-temperature, eco-
friendly approach that utilizes less toxic solvents. These unique
features have the potential to drive significant advancements in
the scalable, environmentally sustainable fabrication of CZTS-
based solar cells.

4. Conclusion

In summary, we confirmed the open-air formation of a nano-
crystalline, high-quality CZTS film on rigid as well as flexible
substrates at low temperature (~170 °C) using the APPJ print-
ing route. In comparison with the dip-coated film annealed
under an Ar atmosphere, the APPJ-printed CZTS film exhibited
superior quality, a higher absorption coefficient, and higher
carrier concentration. The fabricated glass/ITO/CZTS/CdS/Au
and PET/ITO/CZTS/CdS/Au heterojunction solar cell devices
demonstrated PCEs of 3.1% and 1.1%, respectively, which are
the highest reported to date for low-temperature-processed
CZTS. Demonstrated with CZTS, this new approach employing
APP] printing of the precursor solution may potentially enable
the scalable, low-temperature fabrication of high-quality chal-
cogenide thin films for various applications, including flexible
photovoltaics, thermoelectrics, and photo-electrochemical
devices.
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