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ABSTRACT: The conventional synthesis of two-dimensional
(2D) transition metal dichalcogenide (TMDC) heterostructures
is low yielding and lack the heterojunction interface quality. The
chemical vapor deposition (CVD) techniques have achieved high-
quality heterostructure interfaces but require a high synthesis
temperature (>600 °C) and have a low yield of heterostructures.
Therefore, the large scale and high interface quality of TMDC
heterojunctions using low-temperature synthesis methods are in
demand. Here, high-quality, wafer-scale MoS2 and WS2 hetero-
structures with 2D interfaces were prepared by a one-step
sulfurization of the molybdenum (Mo) and tungsten (W)
precursors via plasma-enhanced CVD at a relatively low temper-
ature (150 °C). The 4 inch wafer-scale synthesis of the MoS2−WS2 heterostructures was validated using various spectroscopic and
microscopic techniques. Further, the photocurrent generation and photoswitching phenomenon of the so-obtained MoS2−WS2
heterostructures were studied. The photodevice prepared by the MoS2−WS2 heterostructures at 150 °C showed a photoresponsivity
of 83.75 mA/W. The excellent photoresponse and faster photoswitching highlight the advantage of MoS2−WS2 heterostructures
toward advanced photodetectors.

KEYWORDS: vertical heterostructure, transition metal dichalcogenide (TMDC), MoS2, WS2,
plasma-enhanced chemical vapor deposition (PECVD), photosensor

■ INTRODUCTION

Two-dimensional (2D) heterostructures created by layered van
der Waals stacking have significant importance in the newly
emerging field of flexible electronics and optoelectronic
devices.1−5 2D materials, including graphene, hexagonal
boron nitride (hBN), and semiconducting transition metal
dichalcogenides (TMDCs), are used as the basic building
blocks for heterostructure formation through van der Waals
forces.6,7 The van der Waals interactions between the
monolayered 2D materials result in vertically stacked
heterostructures, and the layer-by-layer assembly of such
heterostructures can be controlled to tune their properties such
as their bandgaps and electronic properties.5,8 Appropriate
arrangement of layers and stacking results in the hetero-
structures’ novel electronic properties, which are different from
those of the individual counterparts.9,10 Bandgap energy
alignment in a heterostructure has great implications for
potential applications in sensing, water splitting, photovoltaics,
and applications requiring ultrafast electron transport.2,3,11,12

In recent years, 2D TMDCs have attracted increasing attention
and have been investigated significantly for the synthesis of

TMDC heterostructures.10,13 However, the 2D materials
stacked by mechanical transfer methods lack precise control
to be adapted for large-scale production and have adhesion
contaminants.14,15

Chemical vapor deposition (CVD) and physical vapor
deposition (PVD) techniques have been used to generate
vertical heterostructures of materials such as graphene/hBN,
WS2/MoS2, and WSe2/MoS2 with clean interfaces at relatively
high temperatures (>600 °C).16−18 However, limited control
over vertical and in-plane heterostructure formation through
chemical and physical deposition techniques can limit their
application at the industrial level. The higher synthesis
temperature in the CVD and PVD method restricts its use
for direct synthesis on flexible substrates. Further, temperature
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control, precursor engineering, and substrate properties have
been effectively exploited to synthesize precisely controlled
vertical or in-plane heterostructures through CVD techni-
ques.19,20 However, mass production and the control of the
specific area for synthesis remain challenging. Therefore, more
reliable technologies should be utilized along with synthesis
approaches such as plasma-enhanced CVD (PECVD). The in
situ reaction of chemical precursors can be triggered using
plasma energy to synthesize the materials at low temperatures.
Therefore, the PECVD technique can be incorporated to
synthesize the materials on rigid and flexible substrates. A few
studies have demonstrated the wafer-scale synthesis of
individual WS2 and MoS2 thin films via PECVD using metal
or metal oxide and hydrogen sulfide (H2S) gas as the precursor
material.21−23 The synthesis temperature achieved in these
reports is as low as 150 °C for individual MoS2 and WS2 by
PECVD. However, controlled, low-temperature, one-step, and
large-area synthesis of vertical heterostructures of MoS2−WS2
and their interfacial transport properties have remained
unexplored.
This study demonstrates the novel fabrication of a vertically

stacked heterostructure of MoS2−WS2 through a single-step
sulfurization of the molybdenum (Mo) and tungsten (W)
precursors on a substrate using PECVD. The well-defined
structure and a continuous film of the heterostructure have
been synthesized over a large area (4 in. wafer) at low
temperatures (150 °C) by the PECVD technique. Various

structural and spectroscopic techniques were utilized to
characterize the prepared heterostructures. Further, we also
report the excellent photocurrent generation and photo-
switching phenomenon in the device prepared using MoS2
and WS2 vertical heterostructure materials.

■ RESULTS AND DISCUSSION
The direct synthesis of the MoS2−WS2 vertical heterostruc-
tures over a large area (4 in. wafer) at a low temperature (150
°C) through one-step sulfurization of the precursors in an
inductively coupled plasma system is demonstrated in Figure
1a. Using the PECVD technique, the heterostructures were
synthesized by the adsorption and in situ reaction of the
precursors on a substrate. In the PECVD vacuum chamber, the
gas-phase reaction of the feedstock gases (Ar and H2S) with a
pre-deposited Mo and W metal substrate occurs under cold
plasma conditions. According to theory, in the plasma, the
highly energetic ionized Ar+ species oxidize the H2S molecules
to H2S

+ ions due to collision and charge transfer.22

Simultaneously, the generated H2S
+ ions activate the Mo and

W atoms and react with them to generate MoS2 and WS2,
respectively, at low temperatures. The MoS2−WS2 hetero-
structure (MWH) samples were synthesized using an
optimized condition at 150 °C on a rigid SiO2/Si substrate,
as shown in Figure 1a. The details of the one-step sulfurization
of 1 nm Mo and 1 nm W metal layers into MoS2−WS2 vertical
heterostructures are provided in the Methods section. The

Figure 1. (a) Schematics of steps involved in the synthesis of MoS2−WS2 vertical heterostructures (MWH) at 150 °C by one-step sulfurization
using the PECVD technique. (b) Image of a wafer-scale MWH synthesized on a SiO2/Si wafer (4 in.). The MWH and SiO2 can be observed with
color contrast and separated by a white dashed line. (c) Raman spectra obtained from random 25 positions over the wafer area for MWH.
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low-temperature synthesis can be utilized for direct synthesis of
MWH on a flexible polymer substrate [e.g., polyimide (PI) or
polyethylene terephthalate (PET)] for future electronic
devices. Figure S1a (Supporting Information) shows the
synthesis of MWH on a flexible PI substrate at 150 °C.
Table S1 (Supporting Information) compares the synthesis
temperature of MWH with other reported MoS2 and WS2
heterostructure materials. The synthesis of MWH by one-step
PECVD is among the lowest temperature synthesis reported
for the vertically stacked heterostructure of MoS2 and WS2.
The structure and morphology of the synthesized vertical

heterostructures were further characterized comprehensively
through spectroscopic and electron microscopic techniques. A
successfully synthesized large-area MWH on a 300 nm SiO2/Si
substrate is shown in Figure 1b. In Figure 1b, the color
contrast region between the MWH and SiO2 can be easily seen
and is marked by a white dashed line. Further, the uniformity
of MWH was verified by conducting Raman spectroscopy at 25
random points over the wafer area, as shown in Figure 1c. The
peak positions suggest that MoS2 and WS2 in the MWH
heterostructures retained their individual properties. The
Raman spectra display four prominent peaks: two peaks at
380 and 405 cm−1 corresponding to the in-plane (E2g

1 ) and
out-of-plane (Ag

1) vibrations of MoS2 and another two peaks at
353 and 413 cm−1 corresponding to the E2g

1 and Ag
1 vibrations

of WS2.
24 In Figure 2a, the Raman spectra of MWHs are

compared with the individual MoS2 and WS2 layers. The
Raman peak intensity and sharpness are further improved after
annealing of the MWH material. Figure S2a shows the
comparison of Raman data after annealing treatment at 300
°C. The multilayered nature of MoS2 and WS2 in the

heterostructure is confirmed by the peak difference (D)
between the E2g

1 and Ag
1 vibrations. Figure S2b shows the

Raman mapping of the D values calculated for the MWHs
composed of MoS2 and WS2 using the Raman spectral data.
The average D values for MWH are calculated to be 24 cm−1

for MoS2 and 64 cm−1 for WS2, suggesting the multilayered
nature of heterostructures. The average D value for MWH after
annealing is increased to 25 cm−1 for MoS2 and 65 cm−1 for
WS2, which confirms the growth of MWH after annealing
treatment. Further, the bandgap engineering of multilayered
MoS2−WS2 heterojunction is studied using photolumines-
cence (PL) emission spectroscopy. The few-layered MoS2 and
WS2 exhibit the standard PL emission spectra around 680 ± 5
nm.25,26 Figure 2b shows the broad PL spectra of the prepared
MWH with pristine MoS2 and WS2. The type-II band
alignment of the MWH heterojunction is depicted in the
inset of Figure 2b. The heterojunction in MWH shows the
broad excitonic emission at 685 nm (1.81 eV). The topology
of MWH was investigated by atomic force microscopy (AFM).
Figure S3a reveals the uniform topography of MWH with a
root-mean-square roughness (Ra) value of 2.36 Å determined
by the AFM study. The Ra value is further improved to 0.98 Å
for MWH after annealing treatment (Figure S3b). Thus, the
Raman, PL, and AFM analyses confirm the formation of
uniform multilayered MoS2−WS2 heterostructures by PECVD.
The chemical composition and binding energy of the

elements present in the as-synthesized MWH thin films were
analyzed by X-ray photoelectron spectroscopy (XPS). The
MWH thin-film yielded Mo binding energy peaks at 229.5 and
232.7 eV, and W binding energy peaks at 33 and 35.1 eV
(Figure 2c,d).27,28 In the Mo 3d and W 4f XPS spectra, the

Figure 2. Comparison of (a) Raman spectra and (b) PL spectra of the MWH material with those of independently synthesized few layers of MoS2
and WS2. The MWH curve is 3 times the original curve for appropriate comparison. The inset figure shows the type-II band alignment in MoS2 and
WS2 heterojunctions. (c) XPS binding energy spectra for the Mo 3d core levels in MWH. (d) XPS binding energy spectra for W 4f in MWH. The
blue curve represents the binding energy for the hexagonal (2H) phase, the green curve indicates the tetragonal (1T) phase, and the pink curve
represents the oxides and sulfur vacancies.
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blue curve represents the binding energy for the hexagonal
(2H) phase, while the green curve indicates the tetragonal
(1T) phase. According to the Mo 3d binding energy in the
XPS spectrum, the 2H MoS2 phase (∼90%) dominates in
MWH. The W 4f XPS spectra display a predominant 2H WS2
phase with a negligible amount of the 1T phase. In the Mo 3d
XPS spectra, the Mo6+ peaks (pink) at 234 eV indicate the
oxide phase and sulfur vacancies. The formation of a stable 2H
phase with low sulfur vacancies suggests the successful
synthesis of high-quality MoS2 in MWH. Similarly, the 4f7/2
peak at 36.9 eV in W 4f XPS spectra reveals the oxide and
sulfur vacancies of WS2 in MWH. Compared to MoS2, the WS2
has higher sulfur vacancies because the Mo layer covers the W
layer during the synthesis. The similar XPS binding energy
peaks of Mo and W were obtained for annealed MWH, as
shown in Figure S4a,b. The two intense S 2p binding energy
peaks at ∼162.5 and 163.6 eV for both MWH materials are
shown in Figure S4c,d. The standard C 1s peak of 284.6 eV
was used as the reference for correcting any effects of charge
accumulation on the material. Further, the XPS data reveals
that the Mo + W/S ratio is 1:1.7 in MWH. Thus, the XPS
analysis suggests better stoichiometry and stable 2H phase
formation in the MWH material.
The layer thickness and crystalline structure of MWH

samples were further studied by high-resolution transmission
electron microscopy (HRTEM). Figure 3a shows the cross-
sectional HRTEM image of the MWH thin film on the SiO2
substrate. The cross-sectional HRTEM image shows 12−14

continuous layers and a total thickness of 9−10 nm for the
MWH material. The intensity line profile scanning for MWH
revealed an interlayer spacing of ∼0.63 nm in MoS2 and ∼0.65
nm spacing in WS2, consistent with previously reported
values.29 The contrast between the Mo and W atoms in the
HRTEM images suggests the formation of two separate
regions. The bright top layers (marked by the green arrow)
represent MoS2, while the relatively dark bottom layers
(marked by the red arrow) depict WS2 in the MWH. The
high-angle annular dark-field (HAADF) transmission electron
microscopy image and the corresponding elemental mapping
images of the MWH samples obtained by energy-dispersive X-
ray spectroscopy (EDS) are shown in Figure 3b. The HAADF
images also show the contrast between Mo (dark) and W
(bright) regions due to the differences in the atomic number.
The EDS elemental maps locate the separate regions for Mo
(green) and W (red) atoms, while sulfur (orange) covers both
areas in the MWH materials. The top-view HRTEM images
are shown in Figure S5, where the multiple nanograin structure
with the hexagonal arrangement in the top layer of MoS2 can
be observed for MWH and annealed MWH. The selected area
electron diffraction (SAED) patterns for the MWH and
annealed MWH in the inset of Figure S5a,b show continuous
ring patterns, confirming the nanocrystalline nature of the
materials. The HRTEM, EDS, and SAED pattern analysis of
the MWH thin films confirm that the PECVD process could
effectively yield high-quality multilayered and nanocrystalline

Figure 3. HRTEM images of MWH thin films synthesized at 150 °C. (a) Cross-sectional HRTEM images of the MWH thin film along with
intensity line profiling in the direction of arrow. (b) HAADF image of cross section of MWH and the corresponding EDS elemental mapping
images for Mo (green), S (orange), and W (red) for MWH (scale bar: 5 nm).

Figure 4. (a) An illustration of the fabricated MWH photodetector device on a Si wafer. Au and Si are used as electrodes. (b) Output
characteristics of the 150D photosensors with and without illumination (λ = 660 nm). (c) I−V characteristic of the MWH device prepared on the
PET substrate with and without illumination.
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vertically stacked heterostructures of MoS2−WS2 at a relatively
low temperature (i.e., 150 °C).
The stable semiconducting 2H phase of the MWH materials

can be useful for optoelectronic application, whereas the
metastable conducting metallic 1T octahedral phase is suitable
for catalytic and sensor applications.30,31 Therefore, we
investigated the optoelectronic properties of the MWH
materials by evaluating the I−V characteristics under the
illumination of the light of different wavelengths. Figure 4a
illustrates the fabricated MWH photodetector device in which
the MWH is sandwiched between a gold electrode and a
boron-doped Si wafer. Figure 4b shows the I−V characteristics
of the photosensor MWH device (150D) measured under dark
and light illumination of wavelength λ = 660 nm similar to
ideal diode characteristics and confirms the formation of
heterojunction. The 150D shows the photocurrent generation
under positive voltage bias; however, the photocurrent did not
change significantly for negative voltage bias. The device
prepared by annealed MWH (300D) showed similar I−V
characteristics; however, the positive voltage bias dark current
showed higher current values than 150D. Figure S6a shows a
comparison of I−V curves for both MWH and annealed MWH
photosensor under dark and light illumination.
The comparison of photocurrent generation in 150D, 300D,

MoS2, and WS2 photodevices under 420, 530, 660, and 1050
nm light illuminations is illustrated in Figure S6b. The
photosensor 150D showed the highest photocurrent values
among the prepared devices. After illumination, the 150D
photosensor showed photocurrent values of 184 (for λ = 420
nm), 280 (530 nm), 332 (660 nm), and 158 nA (1050 nm) at
a 4 μW power of the illumination with 1 V applied bias. The
device prepared by MWH materials shows better performance
than individual MoS2 and WS2 photodevices. The photo-
response of MWH materials remained identical, even after
annealing treatment at 300 °C. Further, the I−V characteristic
of the MWH material is studied by preparing the device on a

flexible PET substrate and is shown in Figure 4c. The inset in
Figure 4c shows the prepared MWH device on a PET substrate
with top and bottom gold contacts. The I−V characteristics of
the MWH device on PET show a similar diode behavior, as
shown in Figure 4b, but have negligible or no photocurrent
generation compared to photosensor 150D.
The photoresponsivity and detectivity of the photosensor

150D were further investigated under various wavelength
illuminations (420, 530, 660, and 1050 nm). Figure 5a shows
the photocurrent output characteristic for photosensor 150D
under various wavelength irradiations. Figure 5b shows the
corresponding photoresponsivity and detectivity for the 150D
photosensor at various wavelengths. Figure 5c shows the
photocurrent output plot for photosensor 150D under 660 nm
laser irradiation in the laser power range of 1−7 μW with a 1 V
applied voltage. The photocurrent shows linear behavior with
an increasing incident power of irradiation. Figure 5d shows
the corresponding photoresponsivity (R) for the 150D
photodevice at different powers of 660 nm light illumination.
The photoresponsivity is defined as R = Iphoto/Plight, where
Iphoto is the photocurrent (Iphoto = Iillumination − Idark) and Plight is
the power of the light illuminating onto the device. In the case
of the 150D photodetector, the photoresponsivity shows a
linear increase with the illumination power, as expected,
because the photoresponsivity is directly proportional to the
photocurrent. The higher mobility and conductivity of charge
carriers and an increase in the absorption of the radiation due
to the multilayered structure and polycrystalline nature show
the enhanced performance of the 150D photodetector. The
150D photodetectors showed better photoresponsivity at
higher powers under 660 nm irradiation. The maximum R
value for the photosensor 150D is 83.75 mA/W at a 6 μW
power and a 1 V bias under 660 nm irradiation.
A photodetector’s sensitivity is characterized by the specific

detectivity (D*), which considers the noise area and the
frequency bandwidth of the photosensor device. The specific

Figure 5. (a) The current−voltage output characteristic of the 150D photosensor under various wavelength illuminations. (b) The corresponding
photoresponsivity and detectivity of the 150D photosensor for various wavelengths. (c) Photocurrent output vs light power curves for the 150D
photodetector for a 660 nm laser. (d) Photoresponsivity and detectivity vs light power curves of the 150D photodetector under 660 nm
illumination.
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detectivity can be defined as D* = R(A·Δf)1/2/Inoise, where A is
the effective area of the detector, Δf is the frequency
bandwidth, and Inoise is the noise current.32 In photosensors,
the noise current is dominated by the dark current and is
independent of the frequency. Therefore, D* can be expressed
as

D R A I/(2 e )1/2
dark

1/2* = · · ·

Figure 5d shows the detectivity curves for 150D photo-
detector devices in the power range of 1−7 μW at a 1 V
applied voltage under 660 nm laser irradiation. The average D*
is calculated to be 2.48 × 107 Jones for heterojunctions in
photosensor 150D. The trend of the detectivity curve is similar
to that of the photoresponsivity curve of the 150D photo-
sensors. The R and D* values for the MWH photodetector
devices are superior to that of the most reported photo-
detectors, and they can be further optimized or treated to
improve their performance (see Table S2).
Further, we demonstrate the photoswitching phenomenon

in the 150D photodevice. Figure 6a shows the photoswitching
curves of the 150D photodetector obtained at different powers
(ranging from 1 to 7 μm) at a 2 V applied voltage bias. An
increase in the photocurrent generation is observed with
increasing light power. In Figure 6a, the light ON/OFF region
shows the fast switching performance of the 150D photo-
device. Further, we evaluated the rise and decay time to
evaluate the switching performance by plotting the photo-
current versus time for a single ON/OFF cycle (Figure 6b).
The rise time (τr) is the time taken for the photocurrent to
increase from 10 to 90% (photocurrent saturation), and the
decay time (τd) is calculated as the time taken for the
photocurrent to decrease to 10 from 90%. The symmetrical
nature of the ON/OFF photocurrent cycle for the 150
photodevice results in a value of ∼60 ms for τr and τd under
660 nm illumination. The photoswitching behavior of the
150D photosensors indicates a stable performance and
photocurrent generation at each cycle. The photosensor device
prepared using pristine MWH shows an excellent photo-
performance than previously reported heterostructures and
individual counterparts (see Table S2).
The photoresponse of the 2D TMDC materials is reliant on

the layers and crystallinity of the materials. The single-crystal
monolayer TMDCs show the best electrical performance while
increasing layers and domains inhibit its performance.33 The
heterojunction formation within these materials enhances their
photoelectrical performance.34 The rectifying I−V curve of
MWH compared with the linear I−V curve of MoS2 and WS2

confirms the heterojunction formation within the MWH
(Figure S7a). The band alignment at the heterojunction
interface easily separates the electron−hole pair upon
illumination. Therefore, MWH showed a better photoresponse
than individual MoS2 and WS2 photodevices. However, these
photogenerated electron−hole pairs recombine quickly at the
MoS2−WS2 heterojunction due to the nanocrystalline and
multilayered nature of MWH. The formation of MWH-Si
heterojunction readily separates these photogenerated elec-
tron−hole pairs (from both MoS2−WS2 and WS2−Si
heterojunctions) under an applied voltage. Therefore, we
observed excellent photocurrent generation in 150D and
negligible photocurrent generation in MWH devices on the
PET substrate.
The role of MoS2−WS2 and WS2−Si heterojunction is

discussed by measuring the I−V characteristic of 150D, Si−
WS2, and p-Si, as shown in Figure S7b. The 150D shows a
rectifying junction along the positive voltage axis, while the
WS2−Si junction shows along the negative axis. The absence of
a negative current in the 150D device confirms the dominance
of the MoS2−WS2 heterojunction in the MWH material.
Therefore, the Si electrode effectively acts as a hole acceptor
and readily separates the electron−hole pair under the applied
positive voltage (Figure S7c). Therefore, the MoS2−WS2 and
MWH-Si heterojunctions are collectively responsible for the
enhanced photoresponse. Further improvement in crystallinity
and layer arrangement during PECVD synthesis can yield high-
performance new-generation devices.

■ CONCLUSIONS

In conclusion, we demonstrated the novel low-temperature
synthesis of MoS2 and WS2 vertical heterostructures using the
one-step sulfurization PECVD technique. The wafer-scale
vertically stacked layered heterostructures can be synthesized
via one-step sulfurization of the precursors using H2S and Ar
gas plasma at a relatively low temperature (150 °C). The
Raman, PL, XPS, EDS, and HRTEM characterization of the
MWH thin films confirmed that the PECVD process
successfully yields uniform nanocrystalline vertically stacked
multilayered heterostructures. Detailed electrical character-
izations revealed the current rectification (diode-like) of the
MWH materials. Therefore, a low-temperature plasma process
approach can be used to synthesize several high-performance
vertical heterostructures of TMDCs for future electronic
applications. Further, we demonstrated the efficient photo-
current generation and faster photoswitching phenomenon in
the MWH synthesized by PECVD. Under 660 nm light

Figure 6. (a) Photoswitching curves obtained at different powers for the 150D photosensor. (b) The rise and decay time curves corresponding to a
single ON/OFF cycle of the photocurrent for the MWH photosensor.
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irradiation, the photodevice prepared on Si using pristine
MWH showed a maximum photoresponsivity of 83.75 mA/W
and photoswitching times of ∼60 ms.

■ METHODS
Synthesis of the MWH. Wafer-scale MoS2−WS2 heterostructures

were prepared at 150 °C (MWH) using an inductively coupled
plasma source system. The MWH materials were optimized at 150 °C
by varying the chamber pressure, plasma power, process time, and gas
flow rate and ratio. A detailed schematic of the synthesis process of
MWHs is shown in the Figure 1a. First, an ∼1 nm thick tungsten (W)
layer was deposited on a 4 in. SiO2/Si wafer (the thickness of SiO2 is
300 nm), followed by the deposition of an ∼1 nm molybdenum (Mo)
layer using an electron beam evaporator at a rate of 0.1 Å/s under
high vacuum conditions (1 × 10−5 mTorr). Further, the Mo−W−
SiO2/Si wafer (or Mo−W−PI) was loaded in a PECVD chamber. For
removing the contaminants in the chamber, an inert condition was
maintained under vacuum (20 mTorr) with about 10 min of argon
(Ar) gas flow. The wafer was treated for 15 min with hydrogen plasma
at 200 W power and ∼200 mTorr pressure to remove the native oxide
film further to eliminate the influence of other surface pollutants.
Then, the wafer was heated up to 150 °C in an Ar atmosphere. The
Ar (carrier gas) and H2S (source gas) gases were introduced at a
10:20 sccm ratio into the PECVD chamber under ultra-high-vacuum
conditions 50 mTorr with a 550 W plasma power and maintaining the
condition for about 60 min. The synthesized MWH was further
characterized in detail and used for photodetector applications. The
prepared MWH is also annealed at 300 °C for 4 h in an inert Ar
atmosphere and characterized in detail using various spectroscopic
techniques.
Characterization. The synthesized MWH thin films were

characterized by Raman spectroscopy (Alpha300 M+, WITec
GmbH, Germany) at a wavelength of 532 nm (spot size, ∼2 μm).
The Raman mapping was carried out at a line speed of 75 pixels per
line over 15 × 15 μm2 areas. The PL spectra were recorded using an
LS-55 spectrophotometer (PerkinElmer) with a 460 nm excitation
wavelength. The surface morphology was analyzed using an AFM
system (NX10, Park System Co., Korea). The morphology of the
MWH samples was observed by HRTEM (JEM-2100F, JEOL), and
the crystal structure was investigated by HAADF imaging. EDS and
SAED were conducted to investigate the elemental position and
crystallinity of the thin films. The cross-sectional HRTEM specimen
was prepared using a focused ion beam (JIB-4601F, JEOL LTD.)
through a lift-out technique. The specimen was etched with a high-
energy Ga+ ion beam (range, 30−5 keV), and to minimize the surface
damage, the sample was further treated with a 1 keV of Ar+ ion beam
for final milling. XPS (MultiLab 2000, Thermo VG, UK) was
performed with an Mg Kα X-ray source to analyze the chemical
composition, chemical states, and surface components.
Device Fabrication. The MWH photosensor was fabricated onto

boron-doped Si substrates by the wet transfer of MWH films. Gold
(Au) electrodes were fabricated on top of MWH/Si using a shadow
mask through e-beam deposition. Titanium (20 nm) as an adhesive
layer was introduced between the Au (50 nm) and MWH
components during the deposition. A similar method was used for
the fabrication of the MoS2 and WS2 device. The MWH device on the
PET substrate was prepared by sandwiching the MWH material
between gold electrodes on the PET substrate. MWH was transferred
by the wet transfer method, and Au/Ti is deposited using the electron
beam deposition method.
Photocurrent Measurement. Electrical and photocurrent

measurements were carried out with a semiconductor characterization
system (Keithley 4200-SCS) in ambient conditions at room
temperature. For evaluating the photoresponse characteristics, fiber-
coupled light-emitting diodes (Thorlabs, Inc.) emitting different
wavelengths, that is, 420, 530, 660, and 1050 nm, were used as
illumination sources. The incident power of the light was measured
with an optical power meter PM100D (Thorlabs, Inc.) with the
S120VC sensor (±3%, Thorlabs, Inc.).
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