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% Check for updates The development of low-cost, high-performance, and stable photoanodes is

essential for solar-driven photoelectrochemical energy conversion. In,S3, an
n-type semi-transparent semiconductor (-2.0 eV), is particularly well-suited as
a photoanode in PEC tandem devices. However, the Schottky barrier at the
In,S3/FTO interface as well as the inherent defects in In,S; suppress charge
extraction. This paper describes the design of a semi-transparent photoanode
aimed at enhancing carrier mobility for unassisted water splitting. We incor-
porate a semi-transparent Ag layer at the FTO/In,S; interface to establish an
ohmic contact, effectively resolving the conflict between light shielding of
metal and the electron collection barrier from In,S; to FTO. Additionally, the
In,S5/CdTe p-n heterojunction forms an effective built-in electric field, which
serves as a strong driving force for the separation and migration of photo-
generated charges. The Ag/Ag:In,S;/In,S3/CdTe/NiO,/TiO,/Ni semi-
transparent photoanode exhibits a photocurrent density of 12.2 mA/cm? at
1.23 V vs. reversible hydrogen electrode, with stable operation for 60 h. Pairing
a back-illuminated Si photocathode with an In,S;/CdTe semi-transparent
photoanode enables a solar-to-hydrogen conversion efficiency of 5.10%.

Photoelectrochemical (PEC) water splitting has gained significant
attention as a promising method to generate sustainable and clean
hydrogen energy'*. However, compared to the proton reduction
reaction, the kinetics of the water oxidation reaction is slow. This
reaction involves a complex multi-step process of proton-coupled
electron transfer, necessitating large overpotentials to drive the
reaction®”. Thus, the development of highly active photoanodes is
crucial to achieving high-efficiency and large-scale solar-to-chemical
energy conversion systems based on PEC water splitting technology.
To date, a variety of metal oxides, nitrides, and oxynitrides have been

developed to fabricate photoanodes, including WOs, BiVO,, Fe,03,
TaON, and Ta;Ns . Nonetheless, the current focus of research pre-
dominantly lies in the study of individual photoanodes or photo-
cathodes, making it challenging to identify semiconductor materials
that can effectively match and generate efficient and stable bias-free
PEC tandem devices. Thus, the solar-to-hydrogen (STH) conversion
efficiency in standalone unbiased PEC tandem devices is still limited
to 5%'".

Recent studies have shown that STH efficiency of PEC water
splitting can be improved by over 20% in photoanode-photocathode
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tandem cell configuration by pairing first and second absorber semi-
conductors with bandgaps of -1.8eV and 1.2 eV, respectively®. For
small bandgap semiconductors, silicon (Si) is a suitable choice due to
its narrow bandgap (1.12 eV), abundant earth resources, and mature
production technology'®. Photoanode semiconductors feature a wide
bandgap, which facilitates the efficient absorption of high-energy
photons, such as ultraviolet and short-wavelength light. However, their
capacity to absorb longer-wavelength light remains relatively limited.
To fully exploit the entire spectral range of sunlight, the wide-bandgap
photoanode must possess semi-transparent properties, allowing long-
wavelength light that is not absorbed by the wide-bandgap material to
pass through the photoanode and subsequently irradiate the photo-
cathode. If the photoanode lacks transparency, some of the light
energy will be absorbed and converted into heat within the anode,
resulting in energy losses. The semi-transparent photoanode enables
more light to pass through and reach the photocathode, thereby
reducing ineffective energy consumption and enhancing the STH
efficiency of the independent unbiased PEC tandem device.

The widely studied semi-transparent photoelectrodes for water
oxidation include TiO, (3.0-3.2eV)"'8, WO; (2.5-2.8eV)""?°, Fe,03
(2.0-2.2eV)?, and BiVO, (2.4 eV)*>*. However, these semi-transparent
materials exhibit inherent limitations. For example, TiO,, WO3, and
BiVO, have relatively wide bandgaps, which restrict their light
absorption range. In contrast, a-Fe,05 features a narrower bandgap
but suffers from a short carrier lifetime and pronounced surface
charge  recombination, limiting its  photoelectrochemical
performance?. To enhance the performance of semi-transparent
photoanodes, researchers have developed structures such as BiVO,/
a-Fe,05?* and TiO,/BiVO4*, which effectively extend the spectral range
of light harvesting within the solar spectrum. Meanwhile, researchers
have introduced transparent carrier transport layers, such as WO5 and
CuSCN, into semi-transparent photoanodes to improve charge trans-
port efficiency and suppress carrier recombination®?’. However, the
development of semi-transparent photoanodes with an optimal
bandgap that can simultaneously deliver high photocurrent density
and effectively pair with photocathodes remains a critical challenge for
achieving high-efficiency unbiased photoelectrochemical water
splitting.

Among various wide bandgap semiconductors, metal sulfides
have attracted much attention for pairing with Si, motivated by its
suitable bandgap. Indium sulfide (In,S;) is a semi-transparent n-type
semiconductor with a defective spinel structure that has been widely
used in many fields, such as photocatalysts, photodetectors, and solar
cells’**2 B-In,S; is a stable phase with a bandgap of 2.0-2.3 eV, per-
fectly matching the bandgap requirement for the photoanode in high-
performance PEC tandem devices™. Moreover, B-In,S; exhibits several
compelling advantages, such as a large light absorption coefficient,
long hole diffusion lengths, offering broad applications under visible
light irradiation®**. Unfortunately, the highest photocurrent density
achieved for In,S; photoanodes is only ~-8.43 mA/cm? in 0.5 M Na,SO,
aqueous solution®.

One of the primary challenges limiting the performance of In,S;
photoelectrodes is the difficulty in forming ohmic contacts between
In,S; and fluorine-doped tin oxide (FTO) substrates, which impedes
carrier transport. In the existing literature about In,S; photoanodes,
many studies focus on enhancing device performance through het-
erojunction construction, with limited attention devoted to estab-
lishing ohmic contact between In,S; and FTO***°, Although it is easy
to form effective ohmic contacts in metal/semiconductor junctions,
the incorporation of metal materials into photoanode devices can
substantially reduce the overall transparency of these devices, which
limits their applicability as photoanodes in tandem cells. To manu-
facture high-performance In,S; photoanode devices, it is essential to
achieve both robust ohmic contact and substantial transparency
between the conductive substrate and the semiconductor layer,

thereby ensuring optimal current density injection through the
contact.

Another limiting factor of In,S; photoelectrodes is the severe
carrier recombination and inefficient carrier migration. Heterojunc-
tion photoelectrodes, by establishing a built-in electric field between
two semiconductors, facilitate the effective separation and transfer of
charges, thereby enhancing photocurrent generation**. Cadmium
telluride (CdTe), a p-type semiconductor with a direct bandgap of
~1.45 eV, emerges as a suitable photo-absorber for PEC water splitting
applications*~*. This material can absorb up to 850 nm light and can
provide a photocurrent density up to 29.0 mA/cm® (see ref. 48).
Researchers demonstrated that an n-type CdTe single-crystal wafer-
based photoanode surface modified with TiO, and Ni layers shows
stable water oxidation activity”’. Furthermore, Hu et al. developed a
multilayer CdS/CdTe/TiO,/Ni/NiO, photoanode that achieved a pho-
tocurrent density of 24.5 mA/cm? and demonstrated 100 h stability for
water oxidation under light-on/light-off cycles*’. However, the inher-
ent opacity of CdTe limits its suitability for use in transparent photo-
anodes. It is worth noting that while many studies focus on
constructing p-n junction to improve the driving force of carrier
separation, there is often less emphasis on matching the bandgap of
p-n junction and the contact between semiconductor material and
FTO (either ohmic or Schottky contact), as well as the selection of
transport layer (electron transport layer, hole transport layer). At this
point, the presence of high defect density at the interface, caused by
complex lattice mismatches in two semiconductors, leads to interface-
induced recombination, thereby reducing device efficiency. There-
fore, constructing a p-n junction in a photoanode requires compre-
hensive consideration of band alignment and semiconductor material
transparency™.

This work describes the design and fabrication of a semi-
transparent Ag/Ag:In,S3/In,S;/CdTe/NiO,/TiO,/Ni photoanode with
high charge separation efficiency, featuring the formation of both
ohmic contacts and p-n junctions for the tandem configuration. A
semi-transparent Ag layer, featured by a low work function, can form
ohmic contact with In,S;, facilitating the directional migration of
photogenerated electrons. A bandgap matched In,S;/CdTe p-n junc-
tion is constructed to form an internal electric field at the contact
interface, which accelerates the accumulation of electrons and holes in
the conduction band of n-In,S; and valence band of p-CdTe, thus
enhancing charge separation efficiency. The strategic deposition of Ag
and NiO,, on the illuminated and back sides of p-n junction improved
the transport efficiency of photogenerated electrons and holes,
effectively inhibiting the recombination of electron-hole pairs for
prolonged the carrier life*. As a result, the photocurrent density of the
photoanode with an In,S;/CdTe p-n junction increased from 6.1 mA/
cm? to 12.2 mA/cm? at 1.23 V vs. reversible hydrogen electrode (RHE),
compared to the photoanode without a p—n junction, and an applied
bias photon-to-current efficiency (ABPE) of -3.03% at 0.85V vs. RHE
with a long-term operation for at least 60 h. In addition, a standalone
unbiased PEC tandem cell is demonstrated by using this newly devel-
oped semi-transparent photoanode and a back-illuminated silicon
photocathode, which achieves a 5.10% STH efficiency. The current
density and stability of the obtained In,S; photoanode device surpass
those reported previously, demonstrating that the ohmic contact and
p-n junction structure enhance the photogenerated current density,
while the dense ALD-deposited TiO, protective layer contributes to the
improved stability of the photoanode device.

Results

Construction of In,S;/CdTe photoanodes for the OER

To improve the photocurrent density of In,S; photoanodes, Ag, CdTe,
and NiO, layers were designed and fabricated using magnetron sput-
tering. The p-n structure is utilized to build an internal electric field,
improving charge separation efficiency, while the ohmic contact and

Nature Communications | (2025)16:5105


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60444-7

hole transport layer are employed to enhance the directional transfer
efficiency of photogenerated electrons and holes® . The Ag layer was
first fabricated using direct current (DC) sputtering, followed by the
sequential deposition of In,S;, CdTe, and NiO, films using radio fre-
quency (RF) sputtering. Under thermal annealing, Ag atoms are
gradient-doped into the In,S; layer, which introduces additional free
electrons, increases the carrier density, and consequently enhances
the electrical conductivity of In,S;. A 10-nm-thick TiO, protective layer
was deposited on the surface of the NiO, layer using atomic layer
deposition (ALD)**’, effectively suppressing the corrosion of the
photoanode during the water oxidation process®* % Due to the pre-
sence of defect states (0-2 eV versus to the conduction band edge) in
the TiO, film, hole conduction exhibited negligible voltage loss,
enabling efficient hole transport to the Ni catalyst layer®. Finally, a Ni
catalyst layer was deposited onto the TiO, layer to fabricate a semi-
transparent In,S;-based photoanode with the Ag/Ag:In,S;/In,S;/CdTe/
NiO,/TiOy/Ni structure (Fig. 1a and Supplementary Fig. 1). The trans-
mittance of the FTO/Ag (300 °C) side is approximately 70%, while the
transmittance of the FTO/CdTe/NiO,/TiO,/Ni device on the other side
ranges between 40 and 50% (Supplementary Fig. 2). Therefore, illu-
mination from the FTO/Ag (300 °C) side (back illumination) allows a
larger amount of light to pass through and reach the In,S; light
absorption layer. This back-illumination strategy effectively leverages
the spectral matching between wide-bandgap and narrow-bandgap
semiconductors, thereby enhancing the overall device performance.
The entire FTO glass device (yellow area) is exposed to sunlight, while
the region within the white box represents the working area of the
photoanode (Supplementary Fig. 3b). Image J software is used to
accurately measure the effective working area of the device, which is
determined to be 1.419 cm? (Supplementary Fig. 3a).

Establishing effective ohmic contacts between FTO and In,S;
poses a significant challenge, hindering the efficient transfer of pho-
togenerated electrons in semi-transparent In,S; photoanodes and
leading to increased carrier recombination. Adding a work function
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Fig. 1| The configuration and PEC performances of In,S;/CdTe photoanode.
a Schematic illustration of the transparent In,S;/CdTe photoanode (the light is
incident from the FTO/Ag (300 °C) side for back illumination). b J-V plots under
simulated AM 1.5 G illumination, ¢ ABPE, and d stability test of the Ag/Ag:In,S,/

tuning layer at the FTO/In,S; interface may solve this problem. The
work function of Ag is 4.50eV, which is lower than that of In,S;3
(4.75 eV), facilitating the formation of a good ohmic contact between
Ag and In,S;, allowing unimpeded transfer of majority carriers®>®*.
However, the opacity of Ag does not meet the requirements for
transparent photoanodes. Therefore, by adjusting the sputtering time
and combining with the transmittance requirements of the photo-
anode, the optimal thickness of Ag was determined to be 10 nm
(Supplementary Fig. 4 and Supplementary Table 1). Meanwhile, the
In,S; thin films obtained via sputtering demonstrate high transmit-
tance, fulfilling the requirement for semi-transparent photoanodes
(Supplementary Fig. 5 and Supplementary Table 2). To achieve a semi-
transparent photoelectrode device, the thickness and light transmit-
tance of CdTe are optimized. (Supplementary Fig. 6b, ¢ and Supple-
mentary Table 3). As the sputtering time increases from 15 to 240 s, the
CdTe thin film gradually changes from a semi-transparent light brown
to an opaque black film (Supplementary Fig. 6a). When the sputtering
time becomes 30, the thickness of the CdTe thin film is ~76.47 nm,
which not only meets the requirements for a semi-transparent pho-
toanode but also allows for the construction of a p—n junction with the
In,S; film.

To study the composition and chemical state of the thin films
obtained by the magnetron sputtering method, Ag, In,S;, and CdTe
films were analyzed using X-ray photoelectron spectroscopy (XPS). All
spectra were calibrated against the C 1s signal at 284.8 eV. The pre-
sence of O element is attributed to the ambient exposure of the sample
surface during the annealing process (Supplementary Fig. 7). Sput-
tering 15s of Ag onto FTO for XPS analysis revealed two peaks at
368.6 eV and 374.6 eV, which correspond to the reported binding
energies of Ag 3d3/,, and Ag 3ds,,, respectively (Supplementary Fig. 8).
This confirms the successful deposition of an Ag layer on FTO. The
peaks at 444.5 eV and 452.0 eV corresponded to the In 3ds, and In 3d;,,
states of In**, respectively (Supplementary Fig. 9a). The presence of
two peaks at 161.4 eV and 162.6 eV is consistent with the reported
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In,S3/CdTe/NiO,/TiO,/Ni photoanode. All measurements were conducted in a
1.0 M NaOH electrolyte. The experiments are conducted without iR compensation.
Source data are provided in the Source Data file.
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binding energies for the S 2p3, and S 2p,,, states of In,S; (Supple-
mentary Fig. 9b)***°. The spectrum shows the characteristic peaks of
the Cd element appearing at 404.8 eV (3ds/,) and 411.5 eV (3d3,,), which
approximate the energy levels of CdTe (Supplementary Fig. 9¢)"°5,
The Te 3d spectrum exhibits two prominent peaks at 575.8 eV (Te 3d3,,)
and 586.2 eV (Te 5ds.) (Supplementary Fig. 9d)®°. These results con-
firm the successful fabrication of In,S; and CdTe films on the FTO
substrates.

To investigate the occurrence of element doping in Ag/In,S;
during annealing, deep-profile XPS scanning was conducted on the
annealed FTO/Ag/In,S; samples. High-resolution XPS spectra recorded
after each etching cycle reveal the evolution in the Ag3d, and In3d
spectra as a function of depth for fully dense brushes (Supplementary
Fig. 10). When the depth-profiling times were 40, 90, and 140's, no
characteristic peaks of Ag were observed, indicating that the Ag ele-
ment does not diffuse into the In,S; layer within this thickness range
after annealing. When the depth-profiling times were 240, 340, 440,
and 540 s, the characteristic peaks of Ag gradually increased, indicat-
ing that Ag is gradient-doped into the In,S; layer within a certain depth
range. The intensity of the characteristic peaks of In remained
unchanged throughout the depth-profiling experiment, indicating that
the elemental distribution of In,S; after annealing is uniform in the
vertical direction.

To examine the differences in the crystal plane structure of thin
films obtained via magnetron sputtering, the elemental distribution
and crystal plane structure of In,S; and CdTe thin films were analyzed
using transmission electron microscopy (TEM). The In,S; and CdTe
layers deposited on the glass surface were mechanically peeled off in
the form of powder for TEM analysis. The high-resolution transmission
electron microscopy (HRTEM) image shows a lattice spacing of
0.268 nm, corresponding to the (011) plane of In,S;, indicating pre-
ferential growth along the [011] direction (Supplementary Fig. 11a)*%.
The presence of well-resolved lattice surfaces indicates that CdTe is
highly crystallized and exhibits a wurtzite crystal structure, with a
lattice plane distance of 0.374 nm corresponding to the (002) plane of
CdTe (Supplementary Fig. 11c)”°. All elements were evenly distributed,
as shown by EDS on TEM, which is consistent with SEM result (Sup-
plementary Fig. 12b, c, e, f).

To clarify the effect of constructing a p-n junction on the per-
formance of the In,S; photoanode, the PEC performances of Ag/
Ag:In,S3/In,S3/NiO,/TiO»/Ni and Ag/Ag:In,S5/In,S;/CdTe/NiO,/TiO,/Ni
photoanodes were examined by linear sweep voltammetry (LSV) under
AM 1.5G illumination (100 mW cm™) in 1M NaOH aqueous solution
(Supplementary Fig. 13). The Ag/Ag:In,S;/In,S3/NiO,/TiO»/Ni photo-
anode exhibits a relatively low photocurrent density of 6.1 mA/cm? at
1.23 V vs. RHE (Supplementary Fig. 14a). Upon the deposition of CdTe
on In,S;, the photocurrent density increased remarkably to 12.2 mA/
cm? at the same potential (Fig. 1b). The incident photon-to-current
efficiency (IPCE) of the device was measured at a potential of 1.23 V vs.
RHE. By integrating the measured IPCE over the standard AM 1.5G
spectrum (ASTM G173-03), the integrated current densities of the In,S;
photoanode and In,S;/CdTe photoanode are found to be 5.97 mA/cm?
(Supplementary Fig. 15) and 11.84 mA/cm? (Supplementary Fig. 28),
respectively. These values are in close agreement with the photo-
current densities obtained from the LSV measurements. The con-
sistency between the two sets of photocurrent density demonstrates
the accuracy of our AM 1.5 G simulator in simulating sunlight, ensuring
the reliability and accuracy of J-V and IPCE measurements. The PEC
performance of this Ag/Ag:In,S;/In,S;/CdTe/NiO,/TiO»/Ni photo-
anode stands out among many In,S;-based photoanodes reported to
date (Supplementary Table 8). The ABPE of the Ag/Ag:In,Ss/In,S;/
CdTe/NiO,/TiO,/Ni photoanode reaches 3.03% (Fig. 1c), surpassing the
1.85% efficiency of the photoanode without CdTe (Supplementary
Fig. 14b). The improved PEC performance can be attributed to the
formation of a bandgap-matched In,S;/CdTe p-n junction. The built-in

electric field at the junction enhances the driving force for carrier
separation, facilitating the migration of photogenerated electrons and
holes in opposite directions. As a result, the efficient separation of
electron-hole pairs is promoted, and carrier recombination is
suppressed.

Stability remains a critical issue for practical solar water splitting
application. Metal sulfides, including In,S;, often suffer from corrosion
in alkaline solutions. The highest reported stability for In,S; photo-
anode was about 20 h¥. In contrast, the photocurrent of the Ag/
Ag:In,S3/In,S;/CdTe/NiO,/TiO,/Ni  photoelectrode remained stable
over 60 h at 1.23V vs. RHE under AM 1.5G illumination in 1M NaOH
(Fig. 1d). During a 10 h long test, the Faradaic efficiency for oxygen
remained close to 100%, with no significant decrease, indicating that
the anodic photocurrent originated from oxygen evolution rather than
electrode degradation or other competitive oxidation processes
(Supplementary Fig. 16). Without the 10 nm ALD-deposited TiO, pro-
tective layer, the Ag/Ag:In,S;/In,S;/CdTe/NiO,/Ni photoelectrode
remains stable for approximately 4 h, after which the photocurrent
density declines rapidly with further extension of the duration (Sup-
plementary Fig. 17). This demonstrates that the TiO, protective layer
can effectively protect the photoanode from damage in alkaline solu-
tion, further improving the stability of the device.

Construction of semi-transparent Ag/In,S; ohmic contact

To elucidate the impact of Ag incorporation on carrier transport in
In,S; photoanodes, comparative performance analyses were con-
ducted on In,S; devices with and without Ag layers. The FTO/In,S;
photoanode exhibits a photocurrent density of 2.0 mA/cm? at1.23 V vs.
RHE. However, the FTO/Ag/Ag:In,S3/In,S; photoanode exhibited a
current density of 3.8 mA/cm? at 1.23 V vs. RHE (Fig. 2a). This indicates
that the ohmic contact reduces the potential drop under reverse bias
across the FTO/In,S; interface, while Ag gradient doping enhances the
intrinsic conductivity of In,Ss;, thereby facilitating more efficient elec-
tron collection from In,S; to FTO. Electrochemical impedance spec-
troscopy (EIS) measurements were further conducted to compare the
charge-transfer resistance of In,S; and Ag/Ag:In,S3/In,S; photoanodes.
The inset of Fig. 2b presents the equivalent circuit employed for fitting
the impedance data. In comparison to the In,S; photoanode, a smaller
arc radius was observed for the Ag/Ag:In,S;/In,S; photoanode
(Fig. 2b). The J-V curve of the FTO/In,S;/Au device displays nonlinear
bending, indicating significant contact resistance and the inability to
establish an ideal ohmic contact. In contrast, the FTO/Ag:In,S;/Ag/
In,S3/Au devices exhibit good linear output characteristics at room
temperature (Fig. 2c). These phenomena are due to the synergistic
effect of the ohmic contact provided by metallic Ag as well as the
gradient doping of Ag in In,S;, which enhances the conductivity of the
In,S; layer and optimizes the interfacial contact properties, thereby
improving charge carrier transport efficiency.

To further elucidate the effect of Ag on the morphology and
transparency of In,S; photoanodes, film characterization was con-
ducted on In,S; devices with and without Ag layers. In,S; films were
annealed in air at 300 °C for 10 min to promote crystallization. The
surface of FTO/In,S; thin film remains flat with uniform grain size after
annealing (Supplementary Fig. 18a), whereas the FTO/Ag/In,S; thin
film transforms into a granular structure after annealing (Supplemen-
tary Fig. 18b). Sputtering a 10 nm Ag film onto FTO glass reduces its
transmittance from -85 to 42%, indicating a substantial decline in
optical transparency. This pronounced reduction in transmittance
severely impacts the performance of back-illuminated photoanode
devices. After annealing the FTO/Ag film at 300 °C for 10 min, the
transmittance of the device increased to ~70% (Fig. 2d). In order to
analyze the reason for the increase in transmittance of Ag film after
annealing, the morphology of FTO/Ag devices before and after
annealing was characterized. In the unannealed state, Ag film presents
a uniformly covered small particle structure. However, the Ag film
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S CRECADE e 1)
‘ i

FTO/Ag/In,S; (300 °C). f Corresponding charging current density difference as a
function of scan rates for FTO/Ag and FTO/Ag (anneal). The cross-sectional SEM
images of g FTO/In,S; (300 °C). h FTO/Ag/In,S; (300 °C). i FTO/Ag/In,S; (300 °C)/
CdTe (300 °C). The experiments are conducted without iR compensation. Source
data are provided in the Source Data file.

annealed at 300 °C showed aggregation of Ag particles and an increase
in particle size, thereby improving the transmittance (Supplementary
Fig. 19). The corresponding electrochemical active surface area (ECSA)
test (Supplementary Fig. 20) shows that the specific surface area of
annealed Ag was reduced compared to that of unannealed Ag (Fig. 2f).
This further proves that Ag particles tend to aggregate during the
annealing process. Simultaneously, it was observed that the transmit-
tance of the annealed FTO/Ag/In,S; device (where the Ag and In,S; thin
films were annealed together) was enhanced compared to the unan-
nealed FTO/Ag/In,S; device (Fig. 2e). Cross-sectional scanning elec-
tron microscope (SEM) shows that the Ag layer cannot be observed
due to its thin thickness of only 10 nm. The top of the FTO/In,S;
(300 °C) section was flat (Fig. 2g), while the FTO/Ag/In,S; (300 °C)
section showed a concave-convex structure (Fig. 2h). This structure is
consistent with the surface morphology changes observed in the top-
view SEM images. In the end, an FTO/Ag/In,S; structure was obtained
that preserves the transparency of the device while enhancing the
charge-transfer dynamics of the In,S; photoanode.

To verify the stability of annealed thin films, further analysis was
conducted on the elemental composition and distribution of In,S; and

CdTe thin films after annealing. The elemental ratios were determined
to be -2:3 for Into S in the In,S; film (Supplementary Table 4) and 1:1 for
Cd to Tein the CdTe film (Supplementary Table 5) according to energy
dispersive spectroscopy (EDS). In addition, top-view EDS elemental
mappings indicated that all elements were homogeneously distributed
in the lateral plane (Supplementary Figs. 21 and 22). The cross-
sectional top-view EDS analysis of the FTO/In,S; thin films indicates
that the bottom layer primarily consisted of the elemental constituents
of glass, namely Si and O (Supplementary Fig. 23e, f). The middle layer
contained predominantly Sn and O from the FTO (Supplementary
Fig. 23d, e), while the top layer exhibited overlapping of In and S ele-
ments (Supplementary Fig. 23b, c). Notably, clear boundaries could be
observed between the layers, with no vertical diffusion detected
(Supplementary Fig. 23). This suggests that the elemental composition
within each layer remained stable throughout the annealing process.

Formation of p-n junction for enhanced charge separation

To investigate the impact of the p-n junction on photogenerated
charge separation and transport, the band structure of In,S; and CdTe
heterojunction photoelectrodes was analyzed. The absorption edge of
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the In,S; film is observed within the range of 500-600 nm, whereas the
absorption edge of CdTe film extends to longer wavelengths (Fig. 3a).
The bandgap of In,S; and CdTe are determined to be 2.08 eV and
1.53 eV, respectively, based on the intercepts in the Tauc plots (Fig. 3b).
Ultraviolet photoelectron spectroscopy (UPS) revealed that the
valence band maximum (VBM) of the In,S; film (-6.35¢eV) is 0.72 eV
lower than the highest occupied molecular orbit (HOMO) of the CdTe
film (-5.63eV) (Fig. 3d and Supplementary Fig. 24). However, the
energy difference between the VBM of the CdTe film and the HOMO
(-5.49 eV) of the HTL is only 0.14 eV, which helps reduce the energy
loss and facilitates charge transfer (Supplementary Fig. 25)*%. This
energy level alignment, which is advantageous for extracting photo-
generated holes from In,S; to NiO,, results from the increased built-in
potential for enhanced charge separation. The bandgap of Siis -1.12 eV,
allowing it to absorb light in the wavelength range of 200-1100 nm.
Therefore, we performed light absorption tests on In,S; and CdTe thin
films across a broader wavelength range (Supplementary Fig. 26). The
results show that In,S; hardly absorbs light beyond 600 nm, while
CdTe exhibits negligible absorption above 900 nm. Furthermore, due
to the thin CdTe film, light in the 600-1100 nm wavelength range can
pass through the photoanode and reach the Si photocathode, thereby
enabling unbiased photoelectrochemical water splitting.

The impact of the p—n junction on charge separation was further
elucidated by analyzing the changes in the Fermi level of the In,S;/
CdTe heterojunction before and after illumination. Firstly, the con-
ductivity type and carrier concentration of In,S; and In,S;/CdTe are
investigated using Mott-Schottky (M-S) curves (Fig. 3c). It can be
inferred that In,S; is an n-type semiconductor based on its positive
slope. The M-S plot of In,S3/CdTe exhibits an inverted “V” shape,
indicating the coexistence of n-type and p-type conductivity in the
In,S3/CdTe samples. Meanwhile, the M-S plot of the In,S;/CdTe het-
erojunction shows that the slope of the positive-slope region is smaller
than that of the M-S plot slope of the In,S; sample, indicating that the
carrier density of the In,S;/CdTe heterojunction is higher. The negative
slope in the latter half of the curve confirms that CdTe is a p-type
semiconductor. Before contact, In,S; behaves as an n-type semi-
conductor, with its Fermi level positioned near the conduction band
minimum, whereas CdTe, as a typical p-type semiconductor, possesses
a Fermi level situated close to the valence band maximum. After the
formation of p-n heterojunction, the Fermi levels of the two semi-
conductors align (Fig. 3e). Under illumination, electrons from CdTe are
rapidly injected into the conduction band of In,S;, while holes from
In,S; are promptly captured by the valence band of CdTe (Fig. 3f).
Crucially, this charge separation and transport are enhanced at the
In,S3/CdTe interface by the built-in electric field, which directs from
n-In,S; to p-CdTe. The holes collected in CdTe can be further utilized
by NiO, and a cocatalyst for water oxidation, effectively overcoming
electron-hole recombination and enhancing charge separation effi-
ciency, leading to improved PEC performance.

To verify the effect of band alignment on the carrier lifetime of
devices, we fabricated In,S; and In,S3/CdTe p—n heterojunctions®**7.,
The steady-state photoluminescence (PL) quenching for the In,Ss/
CdTe heterojunction sample is markedly pronounced, suggesting a
more efficient hole extraction process between the In,S; and CdTe
(Fig. 4a). The carrier lifetimes for In,S3;, CdTe and In,S;/CdTe hetero-
junction sample were quantified using time-resolved photo-
luminescence (TRPL) tests (Fig. 4b)’>”>. The findings reveal that the
carrier lifetime of the In,S;/CdTe heterojunction (28.26 ns) is extended
compared to In,S; (6.83ns) and CdTe (11.92ns) (Supplementary
Table 6). This enhancement suggests that the heterojunction enhances
carrier transport and reduces carrier recombination, thereby extend-
ing the carrier lifetime.

Unlike the LSV test in PEC, the photocurrent density-voltage (J-V)
characteristics of solid-state devices are measured by the charge
transport mechanisms (such as electron or hole conduction) within the

solid-state device, rather than through the conduction of the electro-
lyte solution. This characteristic provides a more direct reflection of
the open-circuit voltage that the photoanode material we prepared
can deliver under illumination, and is mutually validated with the onset
potential observed in LSV measurements. The open-circuit voltage
(Voe) of InyS; and In,S;/CdTe p-n heterojunctions was compared to
verify the role of the p—n junction in the photoanode. The 80 nm Au
electrode was evaporated on top of the TiO, layer, obtained solid-state
devices with the structures FTO/Ag/Ag:In,S;/In,S3/CdTe/NiO,/TiOo/Au
and FTO/Ag/Ag:In,S3/In,S;/NiO,/TiO,/Au (Supplementary Fig. 27). The
J-V characteristics of the above solid-state devices were evaluated
under simulated AM 1.5 G illumination (Fig. 4c). The In,S;/CdTe het-
erojunction device exhibits superior performance, achieving a V. of
0.71V and a short-circuit current (Js.) of 11.90 mA/cm?. In contrast, the
In,S; device without p—n heterojunction shows a V. of 0.60 V and a /5.
of 6.12 mA/cm? (Supplementary Table 7). Moreover, Ag/Ag:In,S5/In,S;/
CdTe/NiO,/TiO»/Ni photoanodes achieves a higher photocurrent
density of 12.20 mA/cm? at 1.23V vs. RHE compared to Ag/Ag:In,Ss/
In,S3/NiO,/TiOy/Ni photoanodes (6.1 mA/cm?), and a lower onset
potential of 0.35V vs RHE compared to 0.46V for the latter config-
uration (Fig. 4d). The integrated current density of the In,S3;/CdTe
Photoanode is 11.84 mA/cm? (Supplementary Fig. 28), which is in close
agreement with the photocurrent density obtained from the LSV test.
Due to the narrow bandgap of CdTe, which has an absorption edge
around 800 nm, the incorporation of CdTe into the photoanode
device extends the overall absorption range of the device to ~800 nm,
thereby enhancing its light absorption (Supplementary Fig. 29). The
enhanced PEC performance of the In,S;/CdTe p-n heterojunction is
attributed to its ability to facilitate efficient carrier transport by
forming a built-in electric field that promotes carrier separation. In
addition, CdTe makes a significant contribution to light absorption
within a certain absorption range.

Construction of a standalone unbiased PEC tandem cell

To fabricate the PEC tandem cell for unassisted overall solar water
splitting, we prepared a back-illuminated Si (B-Si) photocathode
(Supplementary Fig. 30). A 10 nm dense TiO, protective layer was
deposited on the reaction side of the B-Si photocathode™. A layer of
soda-lime glass (SLG) was applied to the illuminated side of the B-Si
photocathode, functioning as a transparent protective layer and
ensuring effective light absorption owing to its high transmittance. An
Ag layer (200 nm) was deposited onto the edge region of the light-
absorbing surface of the B-Si photocathode to serve as a back contact.
A 3-nm-thick Pt layer was deposited as a catalyst on the surface of the
TiO, protective layer. Finally, the Si photocathode was encapsulated
using an epoxy resin adhesive and silver paste. During the test, the
entire SLG (yellow area) is exposed to sunlight, while the region within
the white box designates the working area of the photocathode
(Supplementary Fig. 31b). Image ] software was employed to precisely
measure the effective working area of the device, which was deter-
mined to be 0.612 cm? (Supplementary Fig. 31a). The fabricated B-Si
photocathode was tested in a 1M NaOH solution, achieving a photo-
current density of 29.73 mA/cm?. A light blocking test was conducted
by placing the Ag/Ag:In,S;/In,S;/CdTe/NiO,/TiOo/Ni photoanode in
front of the B-Si photocathode, resulting in a photocurrent density of
13.03 mA/cm?. This clarifies the effectiveness of the semi-transparent
feature of photoanodes and the pristine PEC performance of the B-Si
photocathode. The performance decrease is attributed to partial
absorption of sunlight as it passes through the front semi-transparent
photoanode before reaching the B-Si photocathode (Supplemen-
tary Fig. 32).

To illustrate the practical application potential of the semi-
transparent photoanode, unassisted overall solar water splitting was
demonstrated using a PEC tandem cell composed of the Ag/Ag:In,S;/
In,S3/CdTe/NiO,/TiO,/Ni photoanode and B-Si photocathode. UV-vis
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spectroscopy confirms the high transparency of the In,S;/CdTe pho-
toanode (Supplementary Fig. 33), enabling light to transmit through
the front semi-transparent photoanode and reach the B-Si photo-
cathode during testing (Fig. 5b). In the three-electrode configuration,
the J-V curves of the In,S3/CdTe photoanode and B-Si photocathode
(behind In,S;/CdTe photoanode) can be obtained, respectively, where
the intersection of the two J-V curves suggests a theoretical photo-
current of 4.15 mA/cm? (Fig. 5a). An actual photocurrent of 4.09 mA/
cm?* was achieved using an unbiased two-electrode configuration,
which is slightly lower than the anticipated 4.15 mA/cm?. In addition,
the PEC cell demonstrated stable performance under continuous illu-
mination for 20 h (Fig. 5b).

In addition, the theoretical STH efficiency of the PEC cell com-
posed of a semi-transparent photoanode and B-Si photocathode is 5.1%
(Fig. 5a). The Faradaic efficiency for hydrogen was quantified using gas
chromatography, further revealing that the actual STH efficiency is
5.03% (Supplementary Fig. 34), which is in close agreement with the
theoretical value, demonstrating significant potential for practical
applications. Comparative analysis (Supplementary Fig. 35a) shows
that the photocurrent density and stability of the In,S;-based photo-
anode developed in this study are superior to those reported in pre-
vious studies (Supplementary Table 8). The STH efficiency was
calculated to be 5.1% from the unassisted two-electrode configuration,
marking an impressive efficiency reported for such unbiased PEC
water splitting devices combining Si-based photocathodes with an
exclusively inorganic photoanode (Supplementary Fig. 35b and Sup-
plementary Table 9). Moreover, the STH efficiency of the Ag/Ag:In,S;/
In,S5/CdTe/NiO,/TiO,/Ni photoanode and Si photocathode tandem
cell remains relatively high compared to many other multilayer pho-
toelectrodes with charge transport layers (Supplementary Table 10).
Therefore, our study provides a low-cost and high-efficiency strategy
for constructing p—n heterojunction photoelectrodes to enhance the
performance of PEC devices. It also provides critical insights for the
future advancement and design of unbiased PEC water splitting
systems.

Discussion

This work describes the design and fabrication of a semi-transparent
photoanode with Ag and CdTe on the illuminated and back side of the
In,S; layer, enhancing carrier separation and transport, thereby
enabling unbiased solar water splitting. Specifically, the introduction
of an annealed Ag layer at the FTO/In,S; interface forms a semi-
transparent ohmic contact and induces Ag gradient doping, effectively
resolving the conflict between the light-shielding effect of the metal

and the barrier to majority carrier transport across the interface. Fur-
thermore, the thin CdTe layer and In,S; form p-n heterojunctions with
properly aligned energy levels, generating effective built-in electric
fields while avoiding the light-shielding issues associated with thick
CdTe films. As a result, the semi-transparent In,S;/CdTe photoanode
achieves a notable photocurrent density of 12.2 mA/cm? at 1.23V vs.
RHE. In addition, the semi-transparent properties of the Ag/Ag:In,Ss/
In,S5/CdTe/NiO,/TiO,/Ni photoanode make it well-suited for pairing
with the back-illuminated Si photocathode, resulting in a 5.10% STH
efficiency in an independent unbiased PEC tandem cell. This work
clearly demonstrates the suitability of the n-In,S; bandgap and its
potential for forming heterojunctions with p-type semiconductors,
offering valuable insights for future multi-component tandem
photoelectrodes.

Methods

Materials

Sodium hydroxide (NaOH, >99%) was purchased from Shanghai
Aladdin Industrial Corporation. Titanium (IV) i-propoxide (TTIP,
99.999%) was purchased from Suzhou Fornano Electronics Technol-
ogy Co. Ltd. The Ni and Ag sputtering targets both had a thickness of
3 mm and a purity of 99.99%. The Pt sputtering target has a thickness
of 2 mm and a purity of 99.99%. The In,S; and CdTe targets are 4 mm
thick, each with a 2 mm copper backing, and both have a purity of
99.99%. All the sputtering targets had a diameter of 50.8 mm and were
purchased from ZhongNuo Advanced Materials (Beijing) Technology
Co., Ltd. High-purity water (18.25MQ cm) supplied by an ultrapure
water Purification System was used in the entire experimental process.
All reagents were used directly without further purification.

Fabrication of the photoanode

Ultrasonic cleaning of FTO glass substrates was first performed in a
diluted glass cleaning solution for 30 min, followed by treatment in
ultrapure water for an additional 20 min. Subsequently, the FTO glass
was dried under a nitrogen stream and subjected to ultraviolet ozone
treatment for 10 min. A 10 nm thick Ag film was deposited by DC
magnetron sputtering. Prior to deposition, the chamber was evacuated
to a base pressure of 107° Pa. High-purity argon gas was then intro-
duced at a flow rate of 20 sccm, establishing a working pressure of
1.0 Pa. The sputtering process was conducted at a power of 10 W. In,S;
film was deposited by RF sputtering, the working pressure was held at
1.0 Pa, and the sputtering power was kept at 60 W. The film was
annealed at 300 °C for 10 min to improve crystallinity. Finally, the In,S;
film with a thickness of approximately 450 nm was obtained. After
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Fig. 5 | Unbiased water splitting performance of tandem device under simu-
lated AM 1.5 G illumination. a J-V curves of illuminated Si photocathode (behind
In,S3/CdTe photoanode) and In,S;/CdTe photoanode for three-electrode config-
uration, respectively, b the current-time curves for two-electrode cell with stirring.

Inset: schematic illustration of the unbiased PEC overall water splitting tandem
device. The experiments are conducted without iR compensation. Source data are
provided in the Source Data file.
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cooling to room temperature, CdTe film was deposited by RF sput-
tering, the working pressure was held at 1.0 Pa, and the sputtering
power was kept at 50 W. The CdTe film was subsequently annealed at
300 °C for 10 min to achieve a thickness of approximately 80 nm. The
NiO,, film was deposited by RF sputtering, with the Ar gas flow set at
20 sccm and the O, gas flow set at 10 sccm. After sputtering, the NiO,
film was annealed at 300 °C for 10 min at room temperature to form a
25nm NiO, film, which served as the hole transport layer. A TiO,
protective layer was deposited via ALD at a substrate temperature of
150°C. TTIP (70°C) was employed as the titanium precursor, with
deionized water (25 °C) serving as the oxygen source. Each ALD cycle
consisted of a 0.3 s TTIP pulse, an 8 s N, purge, a 0.1 s H,0 pulse, and a
subsequent 8s N, purge. Ni was deposited using DC magnetron
sputtering. The deposition process was carried out at 1 Pa and 10 W for
20 s, resulting in a Ni catalyst layer with a thickness of 3 nm.

Fabrication of the solid-state device

Ag, In,S;, CdTe, and NiO, films were sequentially deposited on FTO/glass
substrates using magnetron sputtering. Then, a 10 nm TiO, layer was
deposited on the NiO film by ALD. The fabrication methods for these
films are identical to those described in the “Fabrication of the photo-
anode” section. Subsequently, an 80 nm Au layer was evaporated on the
TiO, surface to serve as the top electrode of the solid-state device. The
effective area of each device is 0.09 mm?

Fabrication of the photocathode

Czochralski (CZ) grown n-type crystalline silicon (c-Si) wafers were
selected as the substrate material due to their high quality and uni-
formity. The c-Si wafer surfaces were initially textured using an alkaline
solution composed of potassium hydroxide (KOH) and isopropyl
alcohol (IPA). After surface texturing, the wafers underwent a standard
RCA cleaning sequence, followed by immersion in a 5% hydrofluoric
acid (HF) solution (60 s) to remove the native silicon oxide layer. Fol-
lowing surface pre-treatment, the Si wafer was placed in a plasma-
enhanced chemical vapor deposition (PECVD) system, where intrinsic
amorphous silicon (a-Si) thin films with a thickness of approximately
5nm were deposited on both sides to achieve interface passivation. In
the next step, n*- and p*-a-Si layers were deposited on the intrinsic a-Si
films to form selective carrier transport contact structures, which are
essential for reducing recombination losses and improving device
performance. To protect the Si photoelectrode, a 10 nm amorphous
TiO, layer was deposited at 150 °C. DC magnetron sputtering was
employed to deposit a Pt catalytic layer. A constant pressure of 1Pa
and a power of 10 W were maintained, and the deposition time was
optimized to achieve a 3 nm film thickness.

PEC measurements

Preparation method of NaOH electrolyte: A total of 8.0 g of NaOH was
accurately weighed and gradually added to 200 mL of deionized water
in a plastic container. The mixture was continuously stirred using a
magnetic stirrer until the NaOH was completely dissolved, resulting in
a homogeneous alkaline solution with a final concentration of 1.0 mol/
L. The pH of the prepared solution, as measured using a pH meter, was
14.0+0.2. To ensure its chemical stability and effectiveness, the
solution was used on the same day of preparation.

Before electrochemical testing, the Hg/HgO reference electrode
was calibrated using a 1.0 M NaOH solution to ensure the accuracy and
repeatability of its potential. Before the experiment, high-purity
hydrogen gas was introduced into the solution and allowed to satu-
rate for 30 min to establish a stable electrochemical environment. Pt
foil was employed as both the working and counter electrodes, while a
Hg/HgO electrode was used as the reference electrode.

PEC measurements were carried out using a standard three-
electrode configuration. The In,S; photoanode was used as the
working electrode, a saturated Hg/HgO electrode served as the

reference electrode, and platinum foil functioned as the counter
electrode to complete the electrochemical circuit. The voltage values
obtained during the experiment were converted to potentials relative
to the reversible hydrogen electrode using the following equation:

Egne = Eng/igo +0-059pH +0.098 o)

During the testing process, a solar simulator (AM 1.5G, SAN-EI
ELECTRIC XES-40S3-TT) provided a stable and continuous light
source, while experimental data were collected using an electro-
chemical workstation (IVIUM Technologies, Vertex.1 A.EIS).

The ABPE was determined under illumination according to the
following equation:

ABPE =] x x100% 2)

123 - }vb]
P
where ] represents the photocurrent density under illumination, Vy, is
the applied potential versus the reversible hydrogen electrode, and P

denotes the intensity of the incident light.
The STH efficiency was calculated according to the following
equation:

STH(%) = 0P 123 XPI'23

XFEyy, 3)

where Jop represents the operating photocurrent density produced by
the integrated tandem device, and P denotes the intensity of the
incident solar illumination. The theoretical value of STH is calculated
using FEy; equal to 100%. H, and O, were quantified using an on-line
gas chromatography system (Agilent Technologies, Inc., GC7890B).

The IPCE was measured under monochromatic illumination and
calculated using the following equation:

IPCE = 52 (b~ Y| x100% *
P

where A is wavelength, P represents the power density of the incident
light at the specified wavelength, ljigh: and lgaric represent the current
densities measured under illumination and in the dark, respectively.

The ECSA was evaluated by determining the double-layer capa-
citance (Cq) in 1.0 M NaOH solution and calculated using the following
equation:

Ca

ECSA= C.

©)

In alkaline media, the specific double-layer capacitance C; is
conventionally considered to be 0.040 mF cm™,

Material characterization

The microstructure and surface morphology of the photoelectrode
samples were characterized using field emission scanning electron
microscopy (FESEM, Hitachi Regulus 8100). To investigate the pho-
toluminescence properties of the material, its PL spectrum was mea-
sured at an excitation wavelength of 510 nm using a steady-state
spectroscopy system (Edinburgh Instruments Ltd. FLS980). In addi-
tion, the TRPL measurements were conducted with a time-resolved
spectrometer (PicoQuant FluoQuant 300) to analyze the carrier life-
time. The thicknesses of the Ag, Ni, Pt, and TiO, thin films were
determined through optical characterization using the M-2000D
spectroscopic ellipsometer manufactured by J.A. Woollam Co., Ltd.
The transmission spectrum of the photoelectric device was measured
at room temperature using the UV-2550 spectrophotometer manu-
factured by Shimadzu Corporation. XPS measurements were
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conducted on a K-Alpha® spectrometer system manufactured by
Thermo Scientific, which is equipped with a monochromatic Al Ka
X-ray source.

Data availability

All data generated or analyzed during this study are included in the
published article and its Supplementary Information. Source data are
provided with this paper.
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