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Room Temperature Wafer-Scale Synthesis of Highly
Transparent and Conductive p-Type Sulfur-Doped

Copper lodide

Sungsan Kang, Taehun Kim, Min Jung, Jinhyeok Pyo, Sohyeon Park, Seonyou Park,
Junsung Byeon, Hui Gu Lee, Jin Pyo Hong(®, Sung-Tae Lee, Minseok Kim, Hyoungsoon Lee (),

SeungNam Cha*©, and Sangyeon Pak*

The development of high-performance p-type transparent conductors (TCs)
is essential for advancing transparent and flexible electronics yet remains a
significant challenge due to the lack of effective p-type materials with high
hole mobility and sufficiently large work function. Copper iodide (Cul) has
emerged as a promising p-type TC due to its wide bandgap (~3.1eV), high
transparency (>70%), and excellent hole transport properties. However,
optimizing its electrical and optical performance requires precise control
over its crystallinity and carrier concentration. Here, we present a room
temperature, wafer-scale gas-phase synthesis method for sulfur-doped Cul,
where sulfur pre-doping significantly enhances crystal quality and carrier
mobility while achieving excellent visible-light transmittance (86%), ultra-low
sheet resistance (75 Qsq '), and a high work function (>5.9 eV), resulting in
a record-high figure of merit (95000 (MQ) ') among p-type TCs. Our
pre-doping strategy yields superior electrical and optical properties without
compromising material stability. Furthermore, this scalable and damage-free
synthesis method offers a practical pathway for integrating Cul into
next-generation transparent electronics, optoelectronics, and flexible devices.

1. Introduction

The advancement of transparent electronics,
encompassing a broad spectrum of applications
from solar cells to flexible displays and opto-
electronic devices, relies on the development of
transparent conductors (TCs) that can efficiently
conduct electricity while allowing light to pass
through with minimal obstruction. Tradition-
ally, the search for high-performance TCs has
primarily focused on n-type materials, which
are abundant and well-studied, such as znc
oxide (ZnO), indium oxide (In,0s), and tin
oxide (SnO,).["*! These materials, known for
their wide bandgaps and high electron mobil-
ity, have set a high benchmark for transparent
optoelectronics.* ™ However, the development
of high-performance transparent technologies,
ranging from electronic devices to photovoltaics
and optoelectronic systems, requires efficient
p-type TCs to complement their well-
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established n-type counterparts. This remains a

significant challenge due to the inherent diffi-
culty of achieving both high hole mobility and stable p-type behavior
in wide bandgap materials.~]

Copper iodide (Cul), with its wide bandgap of ~3.1 eV and high
transparency in the visible range (>70%), has emerged as a promising
candidate for p-type TC applications.!'®™'*! The attraction of Cul is not
just in its optical properties but also in its exceptional hole transport
characteristics, with hole mobilities reported to be up to 44 cm” Vs~
in single arystall"! and carrier densities reaching 10%° cm™* in doped
copper iodide."'*™”] These outstanding electrical properties, combined
with its intrinsic stability and ease of processing, make Cul an attractive
material for optoelectronic applications. Furthermore, the y-phase of
Cul is thermodynamically stable under ambient conditions, providing
an advantage in device fabrication and long-term stability. The synthesis
of Cul thin films has been explored through various techniques, includ-
ing but not limited to spin coating,!'® vapor iodination,!'”) liquid
iodination,**! thermal evaporation,[u] sputtering,[l4'22] and pulsed
laser deposition (PLD),!*!7*3] each with its own set of advantages and
challenges.

Despite these promising attributes, realizing the full potential of Cul
as a high-performance p-type TC critically depends on effective doping
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strategies that can precisely control carrier concentration while main-
taining high crystalhnity.[ls’”’zo’zﬂ Doping plays a central role in
enhancing the electrical properties of Cul, yet conventional approaches
often involve high-temperature processing steps that are incompatible
with flexible substrates and detrimental to film quahty.[zsj Furthermore,
to improve dopant activation and uniformity, post-deposition annealing
is typically employed,[**! however, this often leads to reduced crystal-
linity, increased grain boundary defects, and degraded carrier
mobility.”*”] Additionally, nonuniform dopant distribution, impurity
scattering, and dopant instability can significantly limit both conductiv-
ity and optical transmittance.** '] These challenges highlight the
importance of developing a low temperature, controllable doping
method that enables uniform incorporation, preserves structural integ-
rity, and supports scalable fabrication, key factors in enabling the practi-
cal implementation of Cul-based optoelectronic and flexible device
applications.

Here, we report an innovative, wafer-scale, room temperature
gas-phase pre-doping method for synthesizing high-performance
sulfur-doped Cul (S-doped Cul) as a p-type transparent conductor (TC).
This sulfur pre-doping approach significantly improves crystal quality
and enables precise control over carrier concentration through opti-
mized doping levels, achieving a highly desirable balance between opti-
cal transparency, electrical conductivity, and structural integrity. Unlike
conventional doping techniques, our method ensures uniform sulfur
incorporation into the Cul lattice and modulation of hole concentration
and optical bandgap while preserving high crystallinity. As a result, the
resulting S-doped Cul films exhibit outstanding performance, with visi-
ble transmittance of 86%, ultra-low sheet resistance of 75 Qsq~ 'a high
work function (>5.9 eV), and a figure of merit of 95 000 MQ ! sur-
passing previously reported p-type TCs. This work highlights the impor-
tance of the pre-doping strategy and demonstrates the effectiveness of
our low temperature, scalable synthesis method for enabling
next-generation transparent and flexible optoelectronic devices.

1.1. Wafer-Scale Synthesis and Structural Evolution of S-Doped
Cul

The fabrication process of wafer-scale S-doped Cul is illustrated in Fig-
ure la, which involves a three-step gas-phase synthesis under room
temperature conditions. In the first step, a thin Cu film is deposited via
thermal evaporation. This is followed by sulfurization, where the Cu
film is exposed to HS gas, leading to the formation of a
sulfur-containing intermediate layer. During the pre-doping process,
sulfur ions react with copper, forming a sulfide-based intermediate
structure. This reaction occurs as Cu atoms bond with sulfur, resulting
in the incorporation of sulfur into the Cu matrix. 2] Importantly,
the sulfur doping concentration was precisely controlled by adjusting
the H S exposure time, enabling systematic tuning of the electrical and
optical properties of the final Cul film.***¢! By carefully varying the
exposure duration, the sulfur content was modulated from 2.5% to
10% (S2.5-S10%), and the resulting doping levels were quantified
using energy-dispersive X-ray spectroscopy (EDS) analysis, confirming
the successful incorporation of sulfur into the Cul lattice (Table S1, Sup-
porting Information).

Finally, the film undergoes iodination in a vapor-phase iodine envi-
ronment, resulting in the formation of S-doped Cul. Compared with
the original Cu film, the S-doped Cul film exhibits a dramatically
enhanced optical transparency, clearly revealing the underlying pattern,
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thereby confirming the successful conversion from opaque metallic Cu
to highly transparent S-doped Cul (Figure S3, Supporting Information).
This gas-phase pre-doping strategy enables spatially uniform sulfur
incorporation prior to Cul crystallization, resulting in enhanced struc-
tural uniformity and improved optoelectronic properties. Notably, the
optimal doping level of ~2.5% was consistently achieved across various
film thicknesses by appropriately tuning the sulfur exposure time, as
discussed in Note S2, Supporting Information, demonstrating its gen-
eral applicability.

1.2. Optical Properties and Morphology Analysis

The optical transmittance of pristine Cul and S-doped Cul films is com-
pared in Figure lc, revealing that all films exhibit high transparency in
the visible range (450-780nm). This is further demonstrated by an
image of a large-area S-doped Cul film on a polyethylene terephthalate
(PET) substrate (Figure le). Notably, S2.5%-doped Cul exhibits the
highest transmittance, exceeding 86%, while films with excessive sulfur
concentrations (5-10%) show a slight decrease in transmittance due to
increased light scattering and absorption from sulfur-induced defects.
Higher sulfur concentrations introduce band tailing effects and localized
defect states, increasing sub-bandgap absorption and reducing optical
transparency.*”! The relatively high transmittance of the $2.5%-doped
Cul film (~86%) can be attributed to a combination of reduced refrac-
tive index and a slight optical bandgap widening, both induced by sul-
fur doping. Increased hole concentration leads to free carrier and band
filling effects,*® which are known to lower the refractive index in
doped semiconductors, thereby reducing surface reflection and enhanc-
ing visible transmittance. This behavior has been reported in other wide
bandgap systems such as doped CdO.*”] However, at higher sulfur
concentrations (>7.5%), the transmittance decreases again, likely due
to dopant-induced scattering and a minor narrowing of the optical
bandgap. These trends reflect the interplay between beneficial and
adverse effects of sulfur incorporation on the optical properties of Cul
thin films. This transition from a well-ordered crystalline phase to a
mixed state enhances light scattering and absorption, further lowering
transmittance.** The bandgap characteristics of the films were further
examined using Tauc plots (Figure 1d, Note $4, Supporting Informa-
tion), which demonstrate a gradual shift in optical bandgap energy
with sulfur doping. The bandgap narrowing observed at higher sulfur
concentrations suggests an alteration in electronic structure due to sul-
fur incorporation, potentially leading to enhanced carrier concentration.

To evaluate the surface morphology of the films, atomic force
microscopy (AFM) was obtained for pristine Cul and S2.5%-doped
Cul (Figure 1b). The thickness of the film increases approximately
fivefold during the conversion from Cu to Cul (Figure S4, Support-
ing Information). The S-doped Cul film exhibits a relatively smooth
surface, whereas pristine Cul shows an increased surface roughness
(Figure S5, Supporting Information). These observations are consis-
tent with enhanced crystallinity in S-doped Cul, which can be advan-
tageous for improving charge transport properties. Also, in S-doped
Cul, the presence of sulfur modulates the reaction kinetics by altering
the nucleation density and suppressing uncontrolled grain growth.
This effect promotes a more homogeneous microstructure, ensuring
a denser and smoother surface.*"**! The results in Figure 1 high-
light the successful room temperature gas-phase synthesis of high-
performance S-doped Cul with tunable optical and structural
properties.
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Figure 1. a) Schematic illustration of the scalable fabrication process for sulfur-doped Cul films via room temperature gas-phase sulfur pre-doping followed
by vapor iodination. A 4-inch Cu film is first deposited, followed by exposure to H,S gas for sulfur pre-doping, and finally iodination to yield S-doped Cul. b)
AFM images and corresponding height profiles comparing surface morphologies of pristine and S-doped Cul films. c) Optical transmittance spectra of pristine
and S-doped Cul films with varying sulfur contents. d) Tauc plots used to extract the optical bandgap of the films. e) Photograph of a large-area (10 cm

X 10 cm) S-doped Cul film fabricated on a transparent PET film.

1.3. Chemical and Structural Characterization

To investigate the chemical composition and bonding characteristics of
S-doped Cul, X-ray photoelectron spectroscopy (XPS) measurements
were performed to investigate the chemical states of the elements (Fig-
ure 2a—). In Figure 2a, the Cu 2p spectra exhibit well-defined Cu
2ps/, and Cu 2p, /, peaks, which remain largely unchanged at low sul-
fur doping levels. Similarly, the I 3d spectra in Figure 2b show stable
iodide bonding and negligible binding energy shift at low doping con-
centrations, indicating minimal disturbance to the Cu-I bonding
environment,['>2°] However, when the sulfur content exceeds 5%, a
noticeable downward shift in both Cu 2p and I 3d binding energies is
observed. This shift is indicative of p-type doping and can be attributed
to an increase in the work function, likely due to changes in the elec-
tronic structure and enhanced hole concentration (Figure S6, Support-
ing Information).[***"1 Figure 2c highlights the S 2p spectra, where
the appearance of distinct peaks in doped samples confirms successful
sulfur incorporation.!'***1 The increasing intensity of the S 2p peaks
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with higher sulfur content indicates a systematic doping effect, reinfor-
cing the effectiveness of the gas-phase doping process.

Raman spectroscopy (Figure 2d,e) provides further insight into the
structural effects of sulfur doping.”**! In Figure 2d, the Cu-I vibrational
mode shows noticeable peak broadening in S-doped Cul, attributed to
lattice distortions, increased phonon scattering, and strain induced by
sulfur incorporation. Figure 2e reveals an additional S-S vibrational
mode, confirming sulfur incorporation and suggesting multiple bond-
ing configurations. These structural changes likely influence the elec-
tronic and optical properties of the material.'**} The presence of these
peaks suggests that sulfur exists in multiple bonding configurations,
including both substitutional sulfur at iodine sites (S;) and S-S bonded
species (e.g., S37). While the latter may reduce the effective hole gener-
ation per sulfur atom, the former acts as a shallow acceptor and contrib-
utes to increased hole density, as supported by DFT studies.!'*] This
mixed chemical environment helps explain the observed electrical and
optical properties, where increasing sulfur content initially enhances
conductivity via increased V¢, formation, followed by saturation or
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Figure 2. a—c) X-ray photoelectron spectroscopy (XPS) spectra of pristine and S-doped Cul films: a) Cu 2p, b) | 3d, and c) S 2p, confirming successful sulfur
incorporation into the Cul lattice. d, e) Raman spectroscopy analysis: d) Cu—l vibrational mode, showing peak broadening with sulfur doping, and e) S-S
bonding mode, indicating the presence of sulfur-related species in doped samples. f) X-ray diffraction (XRD) patterns of pristine and S-doped Cul, illustrating
phase stability and crystallinity variations with different sulfur doping concentrations.

decline at higher doping levels due to defect clustering or S-S bond for-
mation. These insights help clarify the relationship between Raman-
active S-S modes and the observed carrier concentration.

To analyze the crystallographic properties of the films, X-ray diffrac-
tion (XRD) patterns were obtained (Figure 2f). The pristine Cul film
exhibits strong diffraction peaks corresponding to the y-phase of Cul,
confirming its stable crystal structure. With increasing sulfur content,
the primary Cul peaks remain intact, indicating that sulfur doping does
not disrupt the fundamental lattice structure. These results indicate that
the doping process enhances crystallinity while maintaining the struc-
tural integrity of Cul, which is crucial for achieving high-performance
TCs. Collectively, XPS, Raman, and XRD analyses verify that sulfur is
effectively doped into the Cul lattice without significant structural deg-
radation. The observed changes in bonding, defect states, and lattice
parameters demonstrate that sulfur doping can be systematically
employed to tailor Cul’s electronic and structural properties, an essential
step toward optimizing transparent p-type conductors.

To further investigate the impact of sulfur doping on the microstruc-
tural properties of Cul, scanning electron microscopy (SEM) and EDS
mapping were conducted (Figure 3a,b). The top-view SEM images in
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Figure 3a reveal a significant increase in grain size for S2.5%-doped
Cul compared with pristine Cul, suggesting that sulfur incorporation
promotes grain growth during the iodination process. The cross-
sectional SEM-EDS elemental mapping (Figure 3b) further confirms the
uniform distribution of Cu, I, and S, demonstrating successful sulfur
incorporation into the Cul lattice without noticeable phase separation.
To quantify the effect of sulfur doping on grain size, the average
grain size as a function of film thickness was analyzed (Figure 3c). The
average grain size was determined using the Scherrer equation, based
on the full-width at half-maximum (FWHM) of the (111) orientation
XRD peak for comparison (Table S2). The results indicate that $2.5%-
doped Cul exhibits larger grain sizes than pristine Cul at all thicknesses,
highlighting the key role of optimal sulfur concentration in enhancing
grain growth. This improvement in crystallinity is expected to reduce
grain boundary scattering, thereby improving charge carrier transport
properties. The relationship between sulfur doping concentration,
FWHM of XRD peaks, and grain size was further examined
(Figure 3d). The FWHM initially decreases with slight sulfur doping
(~2.5%), indicating an increase in crystallinity due to enhanced grain
growth. However, at excessive sulfur doping (>5%), the FWHM
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systematic increase in hole concentration and
enhanced p-type conductivity.[l5’20’“'45’%]
However, Figure 4b shows that excessive
sulfur doping reduces hole mobility due to
structural defects and enhanced grain boundary
scattering, which impede carrier transport. At
excessive doping levels, sulfur accumulation at
grain boundaries disrupts the crystal structure
and forms localized states that act as potential
barriers. While moderate sulfur incorporation
promotes grain growth and reduces boundary
resistance, excessive sulfur creates scattering
centers that hinder mobility. Additionally,
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Figure 3. a) Top-view SEM images of pristine Cul and S2.5%-doped Cul, showing grain size differences
induced by sulfur doping. Inset images present atomic force spectroscopy images. b) Cross-sectional
SEM-EDS mapping of pristine Cul and S2.5%-doped Cul, highlighting elemental distributions of Cu
(yellow), | (purple), and S (green), confirming successful sulfur incorporation. c) Variation of average
grain size as a function of film thickness, demonstrating enhanced grain growth in sulfur-doped Cul
films. d) Relationship between sulfur content, FWHM (full-width at half-maximum), and average grain
size, showing a trade-off between crystallinity and grain size with increasing sulfur doping. Inset images

boundary resistance (Note S9, Supporting Infor-
mation). Figure 4d highlights the trade-off
between sheet resistance and transmittance with
increasing sulfur content: moderate doping
lowers resistance via increased carrier density,
while excessive doping reverses this trend due

represent SEM images with a scale bar of 250 nm.

increases, suggesting increased lattice distortions and defect formation.
This trend aligns with the grain size data, where an initial increase in
grain size is observed at low sulfur doping, followed by a saturation or
slight decrease at higher doping levels due to excessive sulfur-induced
disorder. At low sulfur concentrations, sulfur atoms allow sufficient
grain growth.[“] This promotes the formation of larger and more uni-
form grains, reducing grain boundary density and improving charge
carrier transport. However, excessive sulfur incorporation introduces
significant lattice distortion and internal stress, leading to an increase in
nucleation sites while simultaneously inhibiting grain growth. This
results in the formation of smaller grains and a higher density of grain
boundaries, which ultimately degrade the crystal qua]ity.[“]

1.4. Electrical Properties and Mechanical Stability

To evaluate the effect of sulfur doping on the electrical transport and
mechanical stability of Cul thin films, systematic measurements of car-
rier concentration, mobility, sheet resistance, optical transmittance, and
flexibility were conducted. The influence of sulfur doping on the hole
concentration and mobility is presented in Figure 4a. Sulfur ions substi-
tute iodine sites in the Cul lattice, effectively lowering the formation
energy of copper vacancies, the primary source of holes in Cul. This
facilitates the formation of additional Cu vacancies, leading to a

Energy Environ. Mater. 2026, 0, €70263
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to defect-induced grain boundary scattering.
The enhanced optical transmittance observed
in S-doped Cul films can be attributed to a
downshift in the valence band maximum (VBM), effectively widening
the optical bandgap. The suppression of iodine vacancy defects reduces
sub-bandgap absorption and enhances optical transparency in the visi-
ble region.t'**%*%) Ultraviolet photoelectron spectroscopy (UPS) mea-
surements further support this observation, showing an increase in
work function from 5.6 eV in pristine Cul to 5.9 €V in S-doped Cul
(Figure S8, Supporting Information). The shift in the Fermi level
toward the valence band edge indicates an increased hole
concentration.****! While moderate sulfur doping effectively enhances
the p-type conductivity of Cul, excessive sulfur incorporation (typically
beyond 5 at%) results in a substantial increase in free carrier concentra-
tion. This elevated carrier density intensifies free carrier absorption
(FCA), predominantly via phonon and ionized impurity scattering, ulti-
mately leading to reduced optical transmittance.[*”] Notably, this com-
bination of a widened optical bandgap, high work function, low sheet
resistance, and mechanical flexibility makes S-doped Cul films promis-
ing candidates for use as transparent p-type electrodes in advanced
optoelectronic applications such as self-powered infrared detectors and
piezoelectric nanogenerators. [31=53]

In addition to evaluating their electrical and optical performance, the
mechanical flexibility and durability of the S-doped Cul films were
investigated through bending tests, as presented in Figure 4ef. S-doped
Cul films deposited on polyimide (PI) substrates were subjected to
mechanical stability tests under various bending conditions. Figure 4e
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Figure 4. a) Hole concentration and b) hole mobility as a function of sulfur content, illustrating the trade-off between carrier density and transport
properties. c) Sheet resistance (Ry,) as a function of film thickness, demonstrating the significant reduction in resistance in S2.5%-doped Cul compared with
pristine Cul. d) Correlation between sheet resistance and visible transmittance (T,;) across different sulfur doping levels, showing an optimal balance in
$2.5%-doped Cul. e) AR of S-doped Cul film deposited on a Pl substrate as a function of R. f) Mechanical stability assessment through bending tests,
showing the AR after repeated bending cycles with minimum bending radius of 2.5 mm. g) Photographs of flexible S-doped Cul films fabricated on various
substrates (paper, Pl, PDMS, PET), highlighting their compatibility with flexible electronics.

illustrates the resistance change (AR) as a function of bending radius
(R), demonstrating the robustness of the films even when subjected to
a bending radius of 2.5 mm. Figure 4f further confirms that the resis-
tance remains stable after 10 000 bending cycles at this radius,
highlighting the exceptional mechanical durability and flexibility of the
S-doped Cul films.

To demonstrate the versatility of our synthesis method, Figure 4g
presents photographs of S-doped Cul films deposited on various flexible
substrates, including paper, PI, polydimethylsiloxane (PDMS), and PET.
The ability to fabricate high-quality films under ambient conditions at
room temperature, regardless of substrate type, underscores the scalabil-
ity and compatibility of this process for flexible electronics. Notably,
such substrate-independent, ambient-condition synthesis is highly rele-
vant in the context of emerging trends in stretchable and self-powered
textile electronics."*** The films maintain excellent electrical
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conductivity and mechanical flexibility, as evidenced by the successful
operation of an LED integrated onto these substrates. These results con-
firm that the pre-doping approach not only enhances the electrical and
optical properties of Cul but also enables wafer-scale, room temperature
fabrication on soft flexible substrates. This demonstrates the exceptional
process scalability and mechanical robustmess of S-doped Cul synthe-
sized via pre-doping.

1.5. Figure of Merit Comparison and Technological Implications

The performance of a TC can be quantitatively assessed using the figure
of merit (FoM), which is defined as the ratio of electrical conductivity
(o) to the visible absorption coefficient (o). It is expressed as
/o= —1/[Rq*In(Tyis + R)], where Ry, represents the sheet resistance

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 5. The figure of merit (FoM) is plotted against optical transmittance
for various p-type TCs, including conventional oxide-based TCs (blue region)
and Cul-based materials (yellow region). Conventional p-type TCs, such as
SrCrO5, %) Ca3C0,406," CuScO,.,,%? ZnRh,0,,% AgC00,,%! MgCr,0,,¢°!
SrCu,0,% CuY,,Ca0," LagsSrosCrO; 7 and CuCry, Mg0,'® exhibit
relatively low FoM values with limited transmittance. However, Cul exhibits a
relatively high FoM compared to other p-type transparent conducting
materials, including those synthesized via thermal evaporation,?"! pulsed laser
deposition (PLD),* vapor iodination,”" and sputtering““] The S-doped Cul
(This work) and the 3% S-doped Cul fabricated via PLD!™ and S-doped Cul
fabricated by liquid iodination®” are also included for comparison.

(Qsq ") and is given by 1/0d, with d denoting the film thickness. A
higher FoM value indicates superior TC performance.”*”! In many stud-
ies, due to the absence of R values that represent a reflectance, the FoM
is commonly approximated as FoM = —1/(Rg,*In(Ty;)) by assuming
R =0, simplifying the evaluation of TC properties.['***]

Figure 5 presents a comparative analysis of the FoM versus optical
transmittance for various p-type TCs, highlighting the superior perfor-
mance of the S-doped Cul films synthesized in this study. The blue-
shaded region represents conventional p-type transparent conducting
oxides (TCOs), which generally exhibit lower FoM values
(~10*MQ ") and limited optical transmittance (~30-80%). These
materials suffer from inherently low hole mobility and significant intra-
grain, which restrict their applicability in high-performance optoelec-
tronic devices due to the trade-off between electrical and optical
properties. In contrast, the orange shaded region represents Cul-based
transparent conductors, which demonstrate significantly superior FoM
values compared with conventional p-type TCOs. Previously reported
Cul films synthesized through various deposition techniques, such as
thermal evaporation, PLD, vapor iodination, and sputtering-based
iodine doping, exhibit improved FoM values in the range of 10°-
10*MQ ™!, with transmittance exceeding 70%.

Among these, the S-doped Cul films fabricated in this study (red
stars) exhibit the highest FoM values, underscoring their superior elec-
trical conductivity while maintaining excellent optical transmittance
(Table S3, Supporting Information). Notably, the S$2.5%-doped Cul
sample achieves the highest FoM (95 000 MQ ") with a transmittance
exceeding 85%, representing an improvement over previously reported
Cul-based TCs. This enhancement is attributed to optimized grain size,
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increased carrier concentration, and reduced grain boundary scattering.
However, at higher sulfur doping concentrations (>2.5%), the FoM
values decline, as evident in the S5% and S7.5% Cul samples.

These findings highlight the effectiveness of room temperature gas-
phase sulfur pre-doping in precisely tuning the electronic and optical
properties of Cul films. Unlike conventional chalcogen doping
methods, which typically require solution-based processing or high-
temperature annealing, the pre-doping approach presented here enables
uniform sulfur incorporation while maintaining high crystallinity.

2. Conclusions

In this study, we developed high-performance S-doped Cul thin films
via a room temperature gas-phase synthesis featuring a controlled pre-
doping strategy. This approach enabled uniform sulfur incorporation,
enhancing crystallinity, hole transport, and conductivity. Optimized
films with ~2.5% sulfur achieved 86% transmittance and a record-high
FoM 95 000 (MQ) ", while excessive doping (>5%) degraded mobil-
ity due to defect formation. The S-doped Cul films developed in this
work exhibited high optical transmittance and excellent electrical con-
ductivity while maintaining mechanical stability under 10 000 bending
cycles. These properties highlight their strong potential for integration
into next-generation self-powered and wearable optoelectronic systems.
The scalable, low-cost process makes S-doped Cul a promising candi-
date for next-generation transparent and flexible optoelectronics.

3. Experimental Section

Detailed information related to the synthesis of active electrodes, physicochemical
characterization, and electrochemical evaluation of bifunctional electrodes
towards UOR and supercapacitor application is provided in Supporting
Information.
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