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Wafer-Scale Semitransparent MoS, /WS, Heterojunction
Catalyst on a Silicon Photocathode for Efficient Hydrogen

Evolution

Jae Yoon Lee, Sang Eon Jun, Jae Hyung Shim, Hee Seong Kang, Changyeon Kim,
Kitae Kim, Jin Yong An, Seokhoon Choli, Jeonghun Yun, Junghoon Kang, Seok Woo Lee,
Soohyung Park, Hyunbok Lee, Yeonjin Yi, Ho Won Jang,* and Chul-Ho Lee*

The development of catalysts that are optically transparent, electrically
charge-transferable, and capable of protecting underlying photoactive
semiconductors is crucial for efficient photoelectrochemical (PEC) hydrogen
production. However, meeting all these requirements simultaneously

poses significant challenges. In this study, the fabrication of a wafer-scale
transparent bilayer MoS, /WS, catalyst is presented with a staggered
heterojunction, optimized for photon absorption, extraction of photogenerated
charge carriers, and surface passivation of p-Si photocathode. The MoS,

and WS, monolayers are grown via metal-organic chemical vapor deposition,
followed by sequential transfer and stacking onto the p-Si photocathode.

The resulting type-Il heterojunction film establishes a strong built-in electric
field for rapid charge carrier transport and effectively protects the Si surface
from oxidation and corrosion. The fabricated MoS, /WS, /p-Si photocathode
demonstrates outstanding PEC performance, achieving a high photocurrent

1. Introduction

Photoelectrochemical (PEC) water split-
ting offers one of the cleanest ways to
produce sustainable hydrogen energy
production.['?l Among diverse semicon-
ductor materials utilized in this process,
including silicon,?# gallium arsenide,’
and copper (II) oxide,l®! earth-abundant
p-type silicon (p-Si) has been widely uti-
lized as a photocathode due to its optimal
bandgap (1.12 eV), allowing for efficient ab-
sorption of a wide range of solar spectrum,
and conduction band minimum positioned
favorably above the hydrogen reduction
potential (H*/H,).I”#] Despite these advan-
tages, silicon photocathodes face challenges

density of —25 mA cm~2 at 0 V versus reversible hydrogen electrode,

along with enhanced stability compared to monolayer MoS, /p-Si. This work
provides promising strategies for developing optically transparent, electrically
active, and protective catalysts for practical PEC energy conversion systems.

such as insufficient output photovoltage,
catalytic inactivity, and susceptibility to
photo/chemical corrosion.l! Consequently,
there is a critical need for developing
photoelectrochemical catalysts that can
mitigate these issues by reducing potential
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barriers, enhancing catalytic activity, and passivating the surface
of p-Si for efficient solar-assisted hydrogen production.['%!

Recently, 2D transition metal dichalcogenides (TMDs) like
MoS,, MoSe,, WS,, and NbS, have garnered attention for im-
proving the PEC performance of silicon photocathodes due to
their cost-effectiveness and optimal hydrogen adsorption Gibbs
free energy (AGy)."'"'*] In particular, atomic defects (vacancies
and grain boundaries),>7) dopants,'® and metallic edges in
TMDs have exhibited notable catalytic activity in the hydrogen
evolution reaction (HER).['>?%] Various synthetic methods based
on chemical vapor reactions, including powder source chem-
ical vapor deposition (CVD),!2!] sulfurization of pre-deposited
transition metal films (Mo or W),[?2I and thermolysis of liquid-
phase precursors,['2] have been employed to synthesize wafer-
scale thin-film TMDs on silicon photocathodes. Although these
methods enable scalable synthesis of TMDs, achieving high spa-
tial uniformity and layer control over a wafer-scale substrate re-
mains challenging. Given that three-atom-thick semiconducting
TMDs effectively prevent parasitic light absorption and reduce
photoinduced charge recombination,[?*) advancing the fabrica-
tion techniques for silicon photocathodes incorporating mono-
layer TMDs with superior spatial homogeneity is imperative.
Moreover, precise transfer and stacking processes are crucial,
as direct growth of TMDs on silicon photocathodes often leads
to chemical incompatibility, formation of secondary compounds,
and interfacial defects, ultimately resulting in poor stability and
the occurrence of leakage current.[?*]

Metal-organic chemical vapor deposition (MOCVD) has
emerged as a powerful technique utilizing finely controllable
vapor-phase precursors to produce highly uniform and layer-
controlled TMD films over a wafer scale.?>?°! Additionally,
MOCVD-grown monolayer TMD films can be easily transferred
onto arbitrary substrates without encountering chemical in-
compatibility or interfacial defects. The wafer-scale assembly of
multi-layer TMD heterostructures with atomic precision con-
trol and clean interface has been reported for electronic device
applications.[?’] Taking advantages of the MOCVD technique and
the produced films, it is feasible to integrate silicon photocath-
odes with large-scale, highly uniform, and atomically thin bilayer
TMD heterostructures, optimized for photon harvesting, extrac-
tion of photogenerated charge carriers, and surface passivation.

Here, we present the first demonstration of a wafer-scale semi-
transparent bilayer MoS, /WS, catalyst with a staggered hetero-
junction to enhance the PEC hydrogen evolution of p-Si photo-
cathodes. The highly uniform MoS, and WS, monolayers are
successfully grown by a home-built MOCVD system, with the
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properties comparable to those of exfoliated single-crystal coun-
terparts. The atomically thin TMD layers synthesized via pre-
cisely controlled MOCVD exhibit high light transmittance, en-
abling significant absorption of incident light by the photocath-
ode. Furthermore, the type-II heterojunction of MoS, and WS,
creates a strong built-in electric field that facilitates charge car-
rier transport at the semiconductor/electrolyte interface. More-
over, the bilayer MoS, /WS, outperforms monolayer MoS, in pro-
tecting the Si surface. Consequently, the silicon photocathode
with the bilayer MoS,/WS, catalyst demonstrates outstanding
PEC hydrogen evolution performance, with a low onset poten-
tial of 0.17 V versus RHE and a high photocurrent density of
—25 mA cm=2 at 0 V versus RHE. Our novel approach to syn-
thesizing high-quality monolayer TMDs using MOCVD and con-
structing bilayer TMDs with type-II heterojunction offers sub-
stantial benefits for PEC water splitting in terms of scalability,
photon absorption, interfacial charge transport, and stability.

2. Results and Discussion

Figure 1a shows a schematic of PEC hydrogen production using a
wafer-scale p-Si photocathode uniformly coated with MoS, /WS,
heterojunction films. The atomically thin MoS, /WS, heterojunc-
tion catalyst facilitates PEC-HER [2H* + 2e~ — H,] by lowering
the energy barrier (AG; — AG,) of electrochemical reaction.?!
Furthermore, as illustrated in Figure 1b, a staggered type-II band
alignment can be established through the stacking of monolayer
WS, and MoS, on p-Si.*”] This cascade band alignment induces a
strong built-in electric field and substantial band bending under-
neath the Si interface, which accelerate the separation and trans-
port of photoexcited electrons from the light-absorbing semicon-
ductor to semiconductor/electrolyte interface.l**] Moreover, the
moderate passivation of the silicon surface employing atomically
thin film catalyst prevents the chemical oxidation and photo-
induced corrosion of silicon photoabsorber.

The wafer-scale monolayer TMDs, including MoS, and WS,,
are grown using MOCVD with molybdenum hexacarbonyl
(MHC, 99.9%), tungsten hexacarbonyl (THC, 99.99%), and di-
ethyl sulfide (DES, 98%) as Mo, W, and S precursors, respec-
tively (see the detailed synthesis method in the experimental sec-
tion). Our MOCVD system, featuring a vertical, cold-wall cham-
ber equipped with a radio frequency induction heater and ro-
tation sample holder facilitates uniform thin film growth while
minimizing side reactions. Moreover, precise control over the
molar flow rate of each precursor allows us to achieve the growth
of homogeneous monolayer TMD films on a 2-inch SiO, /Si sub-
strate.

Figure 1c illustrates the experimental procedure and presents
the photographic images depicting the sequential transfer of in-
dividual TMD monolayers onto the p-Si. Specifically, poly[methyl
methacrylate] (PMMA) is spin-coated onto each TMD film, and
thermal release tapes (TRT) are subsequently attached to the
PMMA/TMD films. The TRT/PMMA/WS, film is then peeled
off and transferred onto the p-Si substrate treated with hy-
drogen fluoride (HF) to remove a native oxide. Subsequently,
the TRT and PMMA layers are removed by heating and dip-
ping into the acetone, respectively, resulting in a WS, /p-Si
photocathode. Following the same procedure, the MoS, layer
is transferred onto the WS,/p-Si, yielding a van der Waals

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. Wafer-scale heterojunction film catalyst made of stacked MoS,/WS,hetero-bilayers on a p-type Silicon photocathode for efficient HER.
a) Schematic and b) band diagram of a p-Si photocathode with the atomically thin MoS, /WS, heterojunction film as a catalyst. The graph in (a) is
general changes in Gibbs free energy according to the reaction progress without (black solid line, AG;) or with (red solid line, AG,) the monolayer
MoS, /WS, heterojunction catalyst. The staggered type-Il band alignment can promote the separation and transport of photoexcited electrons from the
p-Si to the electrolyte. ¢) Schematic (top) of sequential transfer and fabrication procedure of the monolayer MoS, /WS, heterojunction film catalyst on
a p-Si photocathode. The corresponding photographic images (bottom) of each step. Before and after MOCVD growth of monolayer TMDs (MoS, and
WS,) onto the 2-inch SiO, /Si substrate (step 1). The 2-inch WS, film by mechanically peeled off using the thermal release tape (step 2). The transferred

WS, onto the p-Si and the sequentially stacked MoS, on the WS, /p-Si (step 3, 4). Scale bars are T cm.

(vdW)-stacked MoS, /WS, /p-Si photocathode. Photographic im-
ages demonstrate the high transparency of TMDs, indicating an-
ticipated high photon absorption of the p-Si photocathode. Fi-
nally, back contact and device passivation processes are carried
out for PEC measurements (see the details of the fabrication pro-
cedure in Figure S1, Supporting Information).

Figure 2a shows 3D surface morphology images and line
profiles of each film obtained by atomic force microscopy
(AFM) measurements. The film thicknesses are determined to
be 0.7 nm for the monolayer MoS, (and WS,) and 1.5 nm
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for the hetero-bilayer MoS,/WS,, consistent with previously
reported values for monolayer TMDs and vertically stacked
heterostructure.®! The surface roughness (root mean square,
RMS) of MoS,, WS,, MoS,/WS,, and WS, /MoS, is measured at
0.244, 0.321, 0.322, and 0.327 nm, respectively (Figure S2, Sup-
porting Information), indicating atomically flat and pristine sur-
faces of transferred films and high-quality heterojunction forma-
tion regardless of stacking order.

The transmittance spectra of monolayer MoS,, WS,, and
the hetero-bilayer MoS, /WS, films are measured by ultraviolet

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 2. Optical characterization of the hetero-bilayer MoS,/WS,, monolayer MoS,, and monolayer WS, films. a) Atomic force microscopy (AFM)
3D topography images and average line profiles of the monolayer MoS, /WS, heterostructure (top), monolayer MoS, (middle), and monolayer WS,
(bottom) films on the 285-nm SiO, /Si substrates, respectively. b) Transmittance spectra of the monolayer MoS, /WS, heterostructure (green solid line),
monolayer MoS, (blue solid line), and monolayer WS, (red solid line) films on quartz substrates, respectively. Inset: the photographic image of the
transferred films on the sapphire substrates, respectively. The scale bar is 1 cm. The right graph is the magnified graph of the dashed box. ¢) Raman
spectra of each structure on the 285-nm SiO, /Si substrates. d) Raman mapping images of the MoS, /WS, hetero-bilayers at each A, , mode, respectively.
e) PL spectra of each structure on the 285-nm SiO, /Si substrates. f) PL mapping images of MoS, /WS, hetero-bilayers at 1.95 eV for WS, and 1.85 eV
for MoS,, respectively. g) Photographic image of the 2-inch transferred MoS, /WS, hetero-bilayers on the 4-inch p-Si wafer with indicated laser spots for
Raman spectra of 40 points. The scale bar is 1 cm. h) Raman spectra of the transferred MoS, /WS, (green) on p-Si substrate for a total of 20 points. i)
Line profiles of peak positions for WS, (red), MoS, (blue), and MoS, /WS, hetero-bilayers (green).

(UV)-visible spectroscopy after transferring the films onto c-plane
sapphire (c-sapphire) substrates, as shown in the inset image of
Figure 2b. In the magnified graph of Figure 2b and Figure S3
(Supporting Information), the A and B exciton peaks of each
TMD film are directly observed at 650 and 605 nm for MoS,,
and 616 and 515 nm for WS,, respectively. The preservation of
exciton peaks after the transfer and stacking processes indicate
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the formation of high-quality heterointerfaces and the robust-
ness of these processes. Moreover, the MoS, /WS, heterojunction
demonstrates remarkably high light transmittance of #92.5%, ex-
tending beyond the 600 nm wavelength range. This high trans-
mittance is advantageous for efficient photon absorption by the
p-Si photocathode, consequently leading to a high photocurrent
density.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Thin film catalysts are further characterized using Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and low-
angle grazing incidence X-ray diffraction (GIXRD). Figure 2c
presents the Raman spectra of monolayer MoS,, WS,, and
hetero-bilayer MoS,/WS,. The main vibration modes for TMD
structures, including the E', , (in-plane mode) and A, , (out-of-
plane mode), are observed at 383.04 (E', ,) and 401.64 (A, )
cm™ for monolayer MoS, (blue line), and 351.92 (E', ), and
417.14 (A, ,) cm™! for monolayer WS, (red line).?***] Addition-
ally, the identical Raman peaks (green line) without a noticeable
shift are observed in the vertically stacked MoS,/WS,, confirm-
ing the high-quality heterojunction formation without substan-
tial compositional mixing and electronic hybridization. XPS mea-
surements are also conducted to analyze the chemical binding
state of MoS,, WS,, and their heterojunction on p-Si (Figure S5,
Supporting Information). The deconvoluted XPS spectra of the
Mo 3d, W 4f, and S 2p elements clearly indicate the presence of
the 2H phase in both MoS, and WS,. No peak shift in the bind-
ing energy is observed between individual monolayers and their
hetero-bilayer, implying that no chemical reaction or interaction
occurs between MoS, and WS, during the stacking process.3**]
Furthermore, low-angle GIXRD pattern of the MoS,/WS, het-
erostructure exhibits a distinct peak at 14.5° (Figure S6, Support-
ing Information), corresponding to the vdW gap. This peak is ab-
sent in the patterns of monolayer MoS, and WS, .

Meanwhile, as shown in Figure 2e, the PL spectra of MoS,
(1.85 €V, blue line) and WS, (2.00 eV, red line) clearly indicate the
direct bandgap transition corresponding to the monolayer TMD
characteristics of each layer. The PL intensity of the MoS, /WS,
heterostructure is sharply quenched. It indicates that ultrafast
charge transfer spontaneously occurs due to the cascade type-
IT band alignment, which is also consistent with our previous
report.l!]

Given the critical importance of uniformity and scalability in
thin film TMD catalysts for practical applications, the spatial-
resolved Raman and PL intensity mapping images are acquired
across 25 pm X 50 um area to verify the high quality of the
MOCVD-grown monolayer MoS, and WS, (Figure 2d,f). Both
MoS, and WS, exhibit high optical uniformity in the Raman
and PL mapping based on A, , atomic vibration peak and each
exciton peak, respectively. Additionally, Raman spectra are ob-
tained at multiple points from three spatially distinct regions
of MoS,, WS,, and MoS, /WS, on the transferred films on a p-
Si wafer (Figure 2gh; Figure S4, Supporting Information). In
Figure 2i, the line profiles of peak positions for WS,, MoS,,
and MoS, /WS, hetero-bilayers exhibit a uniform distribution of
each characteristic peak. These results confirm that the wafer-
scale monolayer TMD films grown by MOCVD exhibit remark-
able uniformity and scalability even after integration on the p-Si
photocathode, rendering them suitable for large-scale hydrogen
production.

The photoelectrochemical HER performance of the prepared
photocathodes with TMD catalysts is measured under simulated
air mass 1.5 G solar illumination with a standard three-electrode
system in a 0.5 M H,SO, electrolyte. Figure 3a presents the
PEC photocurrent density of bare p-Si, MoS, /p-Si, WS, /p-Si, and
MoS, /WS, /p-Si photocathodes as a function of the applied po-
tential with respect to the reversible hydrogen electrode (RHE).
The bare p-Si photocathode without a catalyst exhibits a highly
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negative onset potential of —0.54 V versus RHE to achieve a pho-
tocurrent density of —1 mA cm™ due to its catalytic inactivity
for HER. The onset potential largely shifts toward the anodic
direction by introducing both monolayer MoS, and WS, cata-
lysts on the p-Si photocathode, which is attributed to their high
catalytic activity and the built-in electric field between p-Si and
n-type TMDs. Notably, dramatically enhanced PEC-HER perfor-
mance is accomplished by applying a MoS, /WS, heterojunction
catalyst to p-Si, with an onset potential of 0.17 V versus RHE
and a photocurrent density of —25 mA cm~2 at 0 V versus RHE.
Interestingly, there is a negligible difference in saturation cur-
rent density between bare p-Si and that coated with MoS, /WS,
catalyst. It indicates that atomically thin heterostructure TMDs
exhibit excellent light transmittance and facilitate photogener-
ated electron transfer. The enhancement of the PEC performance
can be further confirmed by electrochemical impedance spec-
troscopy (EIS) by measuring the charge-transfer resistance at the
interfaces. Figure 3b presents the Nyquist plots of photocathodes
measured by applying —0.16 V versus RHE and these plots are
fitted to a simplified equivalent circuit consisting of two con-
stant phase elements (CPE,, CPE,) and two charge transfer re-
sistances (R;, R,). All samples show single semicircles in the
Nyquist plots despite multiple interfaces, implying negligible in-
terfacial resistance between p-Si and TMDs due to the forma-
tion of favorable p-n junction and high-quality heterointerfaces
achieved by vertical vdW integration. The charge transfer resis-
tance (R,) value for the MoS, /WS, /p-Si (148.42 Q ¢m?) is con-
siderably lower than those for monolayer MoS, (990.41 Q cm?)
and WS, (755.48 Q cm?). In spite of the identical top surfaces
of both MoS,/p-Si and MoS, /WS, /p-Si, MoS, /WS, /p-Si shows
much lower interfacial resistance. It indicates that cascade band
alignment leads to favorable energy band bending, which acceler-
ates the photo-induced electron transfer at the TMDs/electrolyte
interface.

In Figure 3c, the incident-photon-to-current conversion effi-
ciency (IPCE) is measured to analyze the performance of photo-
cathodes converting the incident light to electrical current den-
sity. It is measured from 300 to 800 nm of wavelength at applied
potential of 0 V versus RHE. For the photocathodes with single
TMDs, the efficiency is #30% on average from the wavelength
of 400 nm. By introducing a MoS, /WS, heterojunction catalyst,
the efficiency is remarkably increased over the entire visible light
wavelength and it reaches up to 80%.

To investigate the passivation capability of bilayer MoS, /WS,
heterojunction catalyst, cyclic voltammetry tests are carried out.
Figure 3d shows polarization curves of bare p-Si (black), MoS, /p-
Si (blue), and MoS, /WS, /p-Si (green) photocathodes during 100
cycles (all curves are shown in Figure S7, Supporting Informa-
tion). After cyclic test, polarization curve of bare p-Si photocath-
ode shifts negatively due to surface degradation derived from the
formation of insulating SiO,. Similarly, the PEC performance of
MoS, /p-Si photocathode dramatically decreased after cyclic test,
implying that the monolayer MoS, does not fully protect the
Si surface and suppress the degradation. However, in the case
of MoS, /WS, /p-Si photocathode, its initial performance is com-
pletely maintained without negative shift of polarization curve. In
Figure 3e, the numerical potentials of photocathodes to achieve
a photocurrent density of —10 mA c¢m= are plotted according
to the scan number. From these results, it is confirmed that

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 3. Photoelectrochemical (PEC) characterization of p-Si photocathodes with different TMD-based catalysts under global illumination. a) Polariza-
tion curves of p-Si photocathodes with the MoS, /WS, (green solid line), MoS, (blue solid line), WS, (red solid line), and no catalyst (bare p-Si, black
solid line). b) Nyquist impedance plots of each photocathode under illumination at 0.16 V versus RHE from 350 kHz to 0.1 Hz. The inset is the magnified
graph of the dashed box. c) IPCE spectra of each photocathode at 0.0 V versus RHE from 300 to 800 nm. d) Polarization curves of the 15t, 10th, 20", 30th,

40th 50t 60th, 70t 80th, 90, and 100t cycles of the MoS,/WS,, MoS,, no catalyst on the p-Si photocathode to compare their stabilities. ) Compari-

son of the overpotentials to achieve a photocurrent density of 10 mA cm~—2

MoS, /WS, /p-Si photocathode.

hetero-bilayer TMDs provide much better passivation of the Si
surface compared to monolayer TMDs. Furthermore, the long-
term stability of MoS, /WS, /p-Si photocathode is investigated by
chronopotentiometry measurement to achieve a photocurrent
density of —40 mA cm~2 in Figure 3f. The photoelectrochemical
degradation of silicon photocathode is considerably suppressed
with maintaining its initial performance over 4 h. After the long-
term stability test, no noticeable peak shifts or intensity degrada-
tion are observed in the Raman spectrum, indicating the absence
of significant defect generation, disorder, dissolution, and phase
transitions (Figure S8, Supporting Information). The Faradaic ef-
ficiency of the MoS, /WS, /p-Si is determined by collecting the
evolved hydrogen gas during the PEC reaction and almost 100%
Faradaic yield is obtained (Figure S9, Supporting Information).
To further highlight the effect of TMD stacking order on
PEC performance, a WS,/MoS, /p-Si photocathode with a re-
verse stacking order was prepared for comparison. As shown in
Figure 4a,b, and Table S1 (Supporting Information), the reverse-
ordered WS, /MoS, /p-Si exhibits a more negative overpotential of
0.16 V and a lower saturation current density of 34.96 mA cm—2
compared to the MoS, /WS, /p-Si. Furthermore, it shows a higher
interfacial resistance, as illustrated in Figure 4c, indicating that
charge transport is suppressed due to the reverse stacking order.
Its PEC performance is even inferior to that of photocathodes
with monolayer MoS, or WS, (Figure S10, Supporting Informa-
tion). These results may be attributed to the recombination of
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converted from the panel (d). f) Chronopotentiometry measurements of the

photogenerated charge carriers caused by reverse ordered band
alignment of WS, /MoS, /p-Si.[23:31:36-39]

To elucidate the electron transport mechanism depending on
the stacking order of TMDs, the electronic band alignments of
MoS, /WS, /p-Si and WS, /MoS, /p-Si are illustrated using UPS
analysis. For MoS, /WS, /p-Si, as shown in Figure 4e, the mea-
sured work functions of p-Si, WS, /p-Si, and MoS, /WS, /p-Si are
4.59, 3.72, and 3.71 eV, respectively, consistent with previous re-
ports based on DFT calculations.***!] The energy differences
between the Fermi level and the valence band maximum (Eg-
Ey) are 0.33, 2.03, and 1.94 eV. Based on these results and the
measured electrical bandgaps (2.18 eV for MoS,, 2.40 eV for
WS,) obtained from scanning tunneling microscopy (STM), the
schematic of the energy band diagram is depicted in Figure 4d.
The MoS, /WS, /p-Si configuration shows a staggered band align-
ment, which efficiently transfers photogenerated electrons to the
electrolyte. The conduction band minimum (CBM) difference be-
tween WS, and MoS, creates a strong built-in electric field, fa-
cilitating rapid charge transfer without recombination.***] In
contrast, the band structure of reversely stacked WS, /MoS, /p-
Si (Figure 4f) exhibits a large energy barrier between MoS, and
WS,, disrupting electron transfer from the MoS, layer to the
WS, and leading to charge recombination. These findings clearly
demonstrate that optimizing band alignment through precise
stacking significantly improves the photoelectrochemical perfor-
mance of the silicon photocathode.

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 4. PEC characterization and band diagram of p-Si photocathodes with the MoS, /WS, and reverse ordered WS, /MoS, heterojunction catalysts. a)
Polarization curves of p-Si photocathodes with the MoS, /WS, (green solid line), reverse ordered WS, /MoS, (magenta solid line), and no catalyst (bare p-
Si, black solid line). b) Nyquist impedance plots of each photocathode. c) Comparison of the overpotentials at 10 mA cm~2 (left) and the saturated (Sat.)
current densities (right) of each photocathode. d,f) Energy band diagrams of the MoS, /WS, /p-Si and WS, /MoS, /p-Si heterojunctions. e,g) Ultraviolet
photoemission spectroscopy (UPS) spectra of the MoS, /WS, /p-Si (green solid line), WS, /p-Si (red solid line), reverse ordered WS, /MoS, /p-Si (magenta
solid line), MoS, /p-Si (blue solid line), bare p-Si (black solid line), respectively.

3. Conclusion

In summary, we successfully demonstrate wafer-scale transpar-
ent and charge-transferable MoS, /WS, heterojunction film cat-
alyst for highly efficient PEC-HER. The atomically thin type-II
heterojunction catalyst not only provides a substantial built-in
electric field for facile photogenerated charge transport at the
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semiconductor/electrolyte interface, but also serves as a passi-
vation layer preventing surface degradation of a photoelectrode.
Consequently, silicon photocathode with the MoS, /WS, hetero-
junction catalyst exhibits an outstanding PEC hydrogen evolu-
tion performance with the photocurrent density of —25 mA cm—2
at 0 V versus RHE. This study suggests an effective strategy for
integrating large-scale and ultrathin heterojunction catalysts on

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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semiconducting photocathodes and broadens our fundamental
understanding of band structure engineering for photoelectro-
chemical water splitting.

4. Experimental Section

Synthesis of Monolayer MoS, and WS, Films: Monolayer MoS, and
WS, films were grown using home-built metal-organic chemical vapor de-
position. For metal-organic Mo, W, S precursors, the molybdenum hex-
acarbonyl (MHC, 99. 9%), tungsten hexacarbonyl (THC, 99.99%), and
diethyl sulfide (DES, 98%), were used respectively. Before the growth,
0.25 m NaCl solution as growth promoter was spin-coated at 2000 rpm
for 15 s and baked for 1T min at 180 °C on a 2-inch SiO,/Si sub-
strate. Next, the NaCl solution treated substrate was placed into graphite
susceptor in a vertical MOCVD reactor, heated to growth temperature
(600 °C). During the growth process, 5.41 x 10~'3 mole min~! for MHC
(8.35 x 10~ mole min~! for THC) and 6.59 x 10~ mole min~" for
DES were introduced into a vertical reactor. The growth was performed
for 240 min at 50 Torr, and MoS, and WS, films were naturally cooled
down to room temperature.

Transfer Process and Device Fabrication:  To fabricate the atomically thin
heterojunction (MoS, /WS, /p-Si), MOCVD-grown TMDs (MoS, and WS,)
films were transferred onto the p-Si substrate using the drying mechani-
cal peeling method, which was known as the vdW layer-by-layer assem-
bly. First, poly(methylmethacrylate) (PMMA, A4 495K, MicroChem.) was
spin-coated onto the as-grown 15t WS,/SiO, /Si substrates at 4000 rpm
for 90 s and baked at 180 °C for 10 min. And then, the thermal release
tape (TRT, Graphene Square) was attached onto the PMMA/WS, film,
and TRT/PMMA/WS, film was mechanically peeled from the SiO,/Si sub-
strate. Prior to the TMD transfer, the p-Si substrates were treated by HF
solution to remove the native oxide on the p-Si surface. After the separated
TRT/PMMA/WS, film was transferred onto the HF treated p-Si substrate,
the TRT was released from the substrate by heating at 110 °C for 2 min.
Then, post-annealing for the PMMA/WS, /p-Siwas performed at 180 °C for
10 min to improve the adhesion between the WS, layer and p-Si. To remove
the PMMA, the sample was dipped in acetone for 20 min and cleaned to
rinse the remaining acetone on the surface using the IPA. To make the
MoS, /WS, /p-Si heterostructure, the same abovementioned process was
repeated about the as-grown 2" MoS, film on the SiO,/Si substrate.

To fabricate the PEC device, the backside of the MoS, /WS, /p-Si sample
was scratched and blown by the high purity N, gas. Subsequently, the In-
Ga eutectic alloy was coated onto the back of the sample, and copper wire
was attached using the silver paste. After drying the sample for 1 h, the
mixture of the epoxy and resin for a 1:1 ratio was used to passivate the
final device structure except for the activation window region sized with
0.5 x 0.5 cm?. Figure S1 (Supporting Information) illustrates the whole
process for transfer and making the final PEC device.

Materials Characterization: The transmittance and absorbance spec-
tra of monolayer MoS,, WS,, and the monolayer MoS, /WS, heterostruc-
ture films, which were transferred onto transparent c-sapphire by dry-
transfer process, were obtained by using the UV-visible spectrometer (Ag-
ilent, 8453E) with a spectral range from 190 to 1100 nm. To estimate the
thickness and surface morphology of these films, atomic force microscopy
(AFM, Park systems, XE-10) was used. Optical characterization including
Raman and Photoluminescence (PL) spectra were evaluated by using a
home-built spectrometer combined with a monochromator (Andor, SO-
LIS 303i) and an excitation laser of 532 nm under ambient conditions. The
PL and Raman signals were collected by an objective lens (NIKON 100X,
N.A. =0.9), and dispersed by 1200 and 300 line mm~" gratings for Raman
and PL measurements, respectively. The spatially resolved PL and Raman
mapping was performed to confirm the optical uniformity by using the X-Y
scanning the films on the motorized stage in the optical spectrometer sys-
tem. The work function, valance band maximum, and band alignment of
TMD heterostructures were estimated by ultraviolet photoelectron spec-
troscopy (UPS, ULVAC-PHI). The UPS measurement were carried out us-
ing the He | (21.22 eV) beam as an ultraviolet light source, and the binding
energy reference was calibrated by the Fermi-edge of a clean Au film. X-ray
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photoelectron spectroscopy (XPS) measurements was performed using
an X-tool (ULVAC-PHI) with Al K, X-ray source (1486.6 eV, 24.1 W, and
15 kV) under the ultrahigh vacuum chamber with the base pressure of
~1071° Torr.

PEC Measurements: All PEC measurements were performed by an
Ivium potentiostat (lvium Technologies, Compact-stat) with a three-
electrode system using a Pt mesh counter electrode, a saturated calomel
reference electrode, and a working electrode in a 0.5 m H,SO, standard
electrolyte solution. The three-electrode and the electrolyte solution were
builtinside a quartz bath. The conversion equation of potential versus RHE
is expressed as the following equation:

Erne = Esce + E°scp +0.059 X pH ( E° oy = 0.242 vs. RHE) m

where the Egc is the potential of the saturated calomel electrode, the
E°sce is the potential of the saturated calomel electrode concerning the
standard hydrogen potential (SHE), and the pH in 0.5 m H,SO, electrolyte
is 0.27. A Xe arc lamp calibrated to an output power of 100 mW cm~2 (cor-
responding to the air mass 1.5 global (AM 1.5 G) condition) was used as
a global illumination source. A scan rate of 10 mV s™! was used for the lin-
ear sweep. Electrochemical impedance spectroscopy (EIS) was conducted
by applying a constant potential of 0.16 V versus RHE with a sweeping fre-
quency from 350 kHz to 0.1 Hz. Incident-photon-to-current conversion
efficiency (IPCE) was conducted by applying a constant potential of 0.0 V
versus RHE with the same lamp and monochromator. The efficiency was
calculated by the following equation:

‘Jph (mA/cmz)‘ x 1239.8 (V X nm)

IPCE (4) = EQE (4) = (2)

Prono (MW /cm?2) x A (nm)

where the ji;, is photocurrent of the photoelectrode, the 1 is the wave-
length, and the P, is the power of the monochromator. The external
quantum efficiency was calibrated by a Si photodiode. Faradaic efficiency
was conducted with a gas chromatography measurement system (FID-GC,
PerkinElmer, NARL8502 Model 4003).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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