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U
nlike graphene, two-dimensional
semiconducting transition metal di-
chalcogenides (s-TMdCs), MX2 (M =

Mo, W; X = S, Se) have various energy band
gaps ranging from 1 to 2 eV that reveal
peculiar layer-dependent optical transi-
tions.1�6 Monolayer MoS2 has shown high
mobility of ∼50 cm2 V�1 s�1, implying that
this material can be used in high-speed
switching devices with high transmittance
and flexibility.7�10 In particular, the photo-
luminescence (PL) quantum yield of mono-
layer WS2 on quartz has been reported to
be as high as ∼2.0%, which is much higher

than that of suspended monolayer MoS2
(0.42%).11 This implies that monolayer
WS2 is a good candidate material for two-
dimensional optoelectronic devices.11�13

Furthermore, the carrier mobility of WS2 is
comparable to that ofMoS2, suggesting that
monolayer WS2 can be applied to thin-film
transistors.14�18 Nevertheless, these stud-
ies have been limited to a few μm sizes of
samples which are prepared by mechani-
cal exfoliation, hindering further applica-
tions.12,16

Several methods including liquid exfolia-
tion and chemical vapor deposition (CVD)
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ABSTRACT

We report the synthesis of centimeter-scale monolayer WS2 on gold foil by chemical vapor deposition. The limited tungsten and sulfur solubility in gold foil

allows monolayer WS2 film growth on gold surface. To ensure the coverage uniformity of monolayer WS2 film, the tungsten source-coated substrate was

placed in parallel with Au foil under hydrogen sulfide atmosphere. The high growth temperature near 935 �C helps to increase a domain size up to 420 μm.
Gold foil is reused for the repeatable growth after bubbling transfer. The WS2-based field effect transistor reveals an electron mobility of 20 cm

2 V�1 s�1

with high on�off ratio of∼108 at room temperature, which is the highest reported value from previous reports of CVD-grown WS2 samples. The on�off

ratio of integrated multiple FETs on the large area WS2 film on SiO2 (300 nm)/Si substrate shows within the same order, implying reasonable uniformity of

WS2 FET device characteristics over a large area of 3 � 1.5 cm2.

KEYWORDS: tungsten disulfide . chemical vapor deposition . transition metal dichalcogenides . gold . field effect transistor .
bubbling transfer
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have been reported to obtain monolayer or few-layers
WS2. Liquid exfoliation has an advantage for mass
production and is mostly applied to hydrogen evolu-
tion reactions;19,20 however, difficulties exist in con-
trolling defects, limiting its application to electronic
devices. CVD is counted as one of the promising
method to synthesizeWS2 film because of its scalability
and wide tunability in growth parameters of pressure,
temperature and source. In a more systematic ap-
proach, different strategies for supplyingmetal sources
are adopted before sulfurization in CVD: (i) tungsten or
solid tungsten oxide thin-film with various thicknesses
and (ii) vaporized solid precursors. Large-areaWS2 thin-
film is obtained by a simple sulfurization of thin
tungsten film or thin tungsten oxide film deposited by
various methods including e-beam evaporation, mag-
netron sputtering, and atomic layer deposition.21�26

Although these approaches show wafer-level unifor-
mity, the grain-size of WS2 film is limited to nanoscale
(30�50 nm), which causes the degradation of electrical
properties of WS2 film. Another method is that tung-
sten oxides and solid sulfur sources are vaporized
simultaneously on the insulating substrate (silicon
dioxide, sapphire, or hexagonal boron nitride) during
CVD process.27�31 This approach seems to be appro-
priate for monolayer WS2 growth with a few tens of
micrometers of domains. However, it is still difficult to
realize a full coverage of monolayer WS2 in large areas
without additional multilayers. Although the amount
of each species is well controlled with a two-zone
furnace, vaporization of sources during growth cannot
be avoided due to poor adhesion of the sources to
insulating substrate, limiting the full coverage of mono-
layer WS2 growth. To improve poor adhesion, perylene-
3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS)
or graphite oxide as seeding promoter has been intro-
duced.32�34 However, although the coveragewasmuch
improved, the seeding promoter layer is left over on the
substrate after growth, which produces impurities and
hinders formation of a continuous film.33,34

Another approach is to use ametal substrate instead
of an insulating substrate. Metal substrate is advanta-
geous for high catalytic reactivity with precursors.35

However, special care is required with this approach
due to the formation of metal compound or metal
alloy. For example, copper foil reacts with sulfur to form
CuS2 at high temperature, disturbing the growth of
WS2 layers on it. Recently, Au substrate has been used
for the synthesis of MoS2.

36�38 Patterned Au thin film
was introduced for the synthesis of more than bilayer
MoS2 film via the precipitation of Mo atoms in Au
bulk.38 On the other hand, Au foil was applied to
synthesize monolayer MoS2.

36,37 The MoS2 domain in
size was achieved around 80 μm. However, the cover-
age of monolayer MoS2 gradually varied with the
separation distance from the source. Au substrate has
never been applied for large-area WS2 growth yet.

Here, we report the synthesis of centimeter-scale
monolayerWS2 filmwith uniform coverage by CVD.We
vaporize a tungsten precursor, ammonium metatung-
state (AMT, (NH4)6H2W12O40 3 x(H2O)), which is water-
soluble on Au substrate. This combination is certainly
advantageous for improving adhesion of precursors.
AMT is efficiently converted to W source by catalytic
decomposition of WOx on Au substrate, while Au as a
catalyst remains intact. The AMT precursor was uni-
formly deposited on Au substrate by arranging AMT-
loaded alumina substrate in parallel to Au substrate,
which is the key to maintain uniform coverage of
monolayer WS2 film over a whole region in centimeter
scale. The high growth temperature around 935 �C
helps to increase a domain size up to ∼420 μm. The
grown WS2 monolayer was transferred to the SiO2/Si
using a PMMA-assisted bubbling transfer method39,40

or wet-etching method. The fabrication of field effect
transistors (FET) revealed an electron mobility of
20 cm2 V�1 s�1 with a high on�off ratio of ∼108 at
room temperature, outperforming the previously re-
ported value of ∼4 cm2 V�1 s�1 from the CVD-grown
WS2 film.22 The on�off ratio from integrated multiple
FETs on centimeter WS2 film shows within the same
order, implying reasonable uniformity of WS2 FET
device. This opens a possibility for large-scale inte-
gration of logic circuits using CVD-grown large-area
WS2 film.

RESULTS AND DISCUSSION

To synthesize monolayer WS2 film on Au foil, a CVD
system equipped with a one-zone furnace is intro-
duced, as illustrated in Figure 1a, which is different
from previous works conducted with a two-zone
furnace.24,29 Hydrogen sulfide gas as a sulfur source
and AMT as a tungsten precursor were used (see
Supporting Information Figure S1). AMT was dissolved
in deionized water and dropped onto an Al2O3 sub-
strate, followed by drying in an oven. To ensure the
coverage uniformity of monolayer WS2 films, several
geometries between solid tungsten source and Au
foil have been tried (see Supporting Information,
Figure S1b). The most promising geometry is the Au
foil placed in parallel on top of the precursor substrate,
as shown in Figure 1a (see Supporting Information,
Figures S1�S4). The growth was normally performed
at a high temperature (935 �C) to increase a domain
size. Scanning electron microscopy (SEM) images in
Figure 1b-e displays the growth behavior of WS2 on Au
foil over time. The triangular island of WS2 domains
were formed within the first 5 min. We notice that WS2
can grow across Au grain boundaries, as indicated
by the white-dotted line in Figure 1b. This indicates
that WS2 is synthesized through surface-mediated
growth on a Au surface. With longer growth time
(15 min), a complete WS2 film was formed without an
empty region (Figure 1d). The whole area of Au foil was
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covered by a monolayer WS2, which was confirmed by
observing several regions with SEM (see Supporting
Information, Figures S4 and S5). After 30min of growth,
multilayer flakes were grown over some portion of the
monolayer (Figure 1e). As indicated in Figure 1f, mono-
layer coverage was nearly complete at 15 min and was
saturated after 15 min. On the other hand, the multi-
layer portion slightly increased to 0.4% at 30 min
(coverage information was extracted by conventional
software, see Supporting Information, Figure S6). The
small portion ofmultilayer after one layer ofmonolayer
growth indicates the surface-mediated growth and
catalytic effect of the Au substrate. In addition, the
surface morphology of Au foil was found to be very
important for the synthesis of monolayer WS2 (see
Supporting Information, Figure S7). A high proportion
of multilayer WS2 islands was observed when WS2 was
grown on bare Au foil. However, after the surface treat-
ments including annealing, chemical mechanical pol-
ishing, and acid treatment, themonolayerWS2 filmwas

predominantly grown. Therefore, the growth of WS2
was conducted after the surface treatments of Au foil in
this work (see Supporting Information, Figure S7).
Figure 1g shows a photograph of WS2 film on Au foil

over an area of 6 cm2. To observe the change in surface
properties after complete growth, the contact angle
wasmeasured on both surfaces. As shown in Figure 1h,
contact angles of 55.8� and 73.3� on the bare Au and
WS2/Au were observed, respectively, indicating that
the surface moves toward a hydrophobic state due to
the presence of continuous monolayer WS2. The dark-
field (DF) mode in optical microscopy helps to identify
the WS2 domains on Au foil. DF mode involves detec-
tion of scattered light, which is useful for observing
rough surfaces. Figure 1i exhibits the DF image of WS2
domains indicated by the white-dashed line in the
initial growth stage. After growth of the WS2 on Au foil,
the gold surface underneath WS2 domains became
rough because of different reconstruction behavior of
Au,41 clearly distinguishing from the bare Au region

Figure 1. Growth of centimeter-scale monolayer WS2 film on gold foil. (a) Schematic diagram of the chemical vapor
deposition setup and illustration of the growth behavior of WS2 on Au foil. (b�e) SEM images of WS2 as a function of growth
time: 5, 10, 15, and 30 min, respectively. The white dotted line in (b) indicates the grain boundary of Au. The white circle in
(f) highlights some multilayer flakes. (f) Coverage of monolayer and multilayer WS2 on Au foils. (g) Photograph of WS2 on Au
foils after complete growth. The area ofWS2 film is 6 cm2. (h) Contact angles before (bottom) and after (top) growth ofWS2 on
Au foils. (i) Dark field optical image of WS2 flakes on Au foils. The domain size is 420 μm.
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(see Supporting Information, Figure S8). Themaximum
size of WS2 domains in this study was ∼420 μm at
935 �C, which was modulated with growth tempera-
ture (see Supporting Information, Figure S9). The ele-
mental analysis after growth was conducted using
X-ray photoelectron spectroscopy (XPS) (see Support-
ing Information, Figure S10). The core level spectra
ofW 4f and S 2p forWS2 filmwere clearly detected. The
stoichiometry of tungsten and sulfur was obtained to
be around 1:2.22

For further measurement of WS2 film, the WS2 film
was transferred to a SiO2 substrate. Wet-etching and
bubbling transfers were tried,36 as shown in Figure 2a.
To prevent damage to the WS2 film during the transfer
process, a PMMA supporting layer was spin-coated
onto the WS2/Au foil. For wet-etching transfer, Au foil
was etched away by the Au etchant. The PMMA/WS2
film floating on DI water was transferred to the target
substrate. This method does not allow reuse of Au foil,
which could be a limiting factor for real applications
due to the high cost of Au foil. Compared with wet-
etching transfer, bubbling transfer has a cost advan-
tage because the Au foil can be reused to grow theWS2
film after transfer.39 To conduct the bubbling transfer,
WS2 film on Au foil as a negatively charged cathode
was immersed in NaCl solution. Hydrogen bubbles are
generated according to the reaction 2H2O(l) þ 2e� f

H2(g) þ 2OH�(aq), between WS2 film and Au surface
which eventually delaminates the PMMA-coated WS2

film from Au foil. The PMMA/WS2 film was transferred
onto the SiO2/Si substrate.
Figure 2b,c shows optical images of WS2 film on

SiO2/Si substrate, prepared by wet-etching and bub-
bling transfers,39 respectively. The WS2 film is mostly
continuous over the whole area for wet-etching trans-
fer. The inset of Figure 2b shows a photograph of large-
area WS2 film (2 cm2) on a SiO2/Si substrate. However,
Figure 2c and its inset exhibit an optical image and
photograph of WS2 film on SiO2/Si transferred by the
bubbling method, respectively. The optical image is
similar to that of the wet-etching process, but some
empty portions were often visible, which requires a
special care to be free of this (see Supporting Informa-
tion, Figure S11). Figure 2d displays the representa-
tive AFM image of WS2 film after it is transferred to the
SiO2/Si substrate. The inset of Figure 2d displays the
height profile along thewhite-dashed line in Figure 2d,
indicating that the 1 nm-thick WS2 film is indeed a
monolayer. Moreover, the wrinkles formed during
transfer process were clearly observed (MoS2/Au).

36,37

To demonstrate the advantage of the bubbling trans-
fer, the regrowth ofWS2 on Au foils after both bubbling
transfer and the cleaning process (see Supporting
Information, Figure S12) were carried out. Figure 2e
displays the optical images of WS2 films on Au foil after
up to 10 repeated growth cycles, with corresponding
Raman spectra onWS2/Au foils, demonstrating that Au
foil can be reused for repeatable growth.39

Figure 2. Transfer of WS2 film to the arbitrary substrate. (a) Schematic diagrams of wet-etching and bubble transfer. After
coating PMMA on WS2/gold foils, PMMA/WS2 film was obtained in two different ways: wet-etching and bubble transfer. The
obtained films were transferred onto the target substrate. (b and c) Optical images of WS2 films on 300 nm/Si substrate
prepared by wet-etching and bubble transfer, respectively. The insets in (b) and (c) are the photographs corresponding to
each method. (d) AFM image of WS2 film on the substrate. The inset shows the height profile of the WS2 film along the white
dashed line in (d). (e) Optical images after repeatedgrowth:first, second,fifth, and 10th time after bubble transfer. The inset of
each image shows representative Raman spectra of the WS2 film corresponding to each growth cycle. All Raman spectra are
similar to each other.
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To estimate the optical properties and quality of the
transferred monolayer WS2 film on SiO2/Si substrate,
the sample was characterized by Raman spectroscopy
and PL. Raman spectroscopy has been used for deter-
mining the strain, doping effect, and thickness.42�47

Figure 3a,b displays Raman mapping images for the
intensity and full width at half-maximum (fwhm) of 2LA
(∼352 cm�1).30 A uniform contrast in both intensity
and fwhm mapping images was observed, implying
that the transferred monolayer WS2 film has uniform
thickness and crystallinity over the whole area. The
fwhm of our sample is 4.2 cm�1, which is comparable
to the value (3.8 cm�1) of exfoliated monolayer WS2
flake (see Supporting Information Figure S13). This
result supports that our sample has reasonable crystal
quality, compared to exfoliated sample. On the other
hand, Raman mapping image for the intensity and
position of A1g mode (∼417 cm�1) in Figure 3c,d
displays the uniform intensity and fwhm except for
a specific broad line in the bottom left region I. To
understand why the intensity or position of A1g mode
is different at region I and II in Figure 3c, Raman spectra

were carefully analyzed further. Figure 3e displays the
representative Raman spectra of the region I (bottom)
and II (top) in Figure 3c. The A1g mode in region I was
blue-shifted by ∼1 cm�1 compared to that in region II.
This implies that the region I is more n-type doped than
other regions.46,48 Insets of top panel in Figure 3e show
the zoom-in spectra near the B12gmode (308 cm�1). The
B12g phonon is an inactive mode for themonolayer, but
is active formultilayers.49We could not observe the B12g
mode in the Raman spectra in our sample, indicating
that the WS2 film is a monolayer in the whole area.
The PL intensity of monolayer WS2 is in general very

strong due to formation of direct bandgap compared
to that of multilayer WS2 of indirect band gap.21,50,51 In
addition, the PL intensity and peak position rely
strongly on the doping level.52,53 Figure 3f,g shows
two-dimensional (2D) PL mapping images for the
intensity and position of exciton emission near 2 eV,
respectively. Both PL images display strong intensity
and same peak position over the whole area except for
the bottom left region I. This is similar trend to the
change of A1g mode in the Raman spectra. Figure 3h

Figure 3. Optical properties of WS2 film transferred onto SiO2/Si substrate. (a�d) 2D Ramanmapping images of WS2 film for
(a) the intensity of 2LA, (b) fwhm of 2LA, (c) the intensity of A1g, and (d) the peak position of A1g peak frequency
(415.6�417.1 cm�1), respectively. at the same region with 532 nm laser excitation. (e) Representative Raman spectra at
region I and II in (c). The inset shows Raman activemode (B12g) formultilayerWS2, indicating onlymonolayerWS2. (f and g) 2D
PLmapping images for (f) PL intensity and (g) PL peak position (615�635 nm)with 532 nmexcitation laser. (h) Representative
PL spectra of region I and II in (f). (i) The deconvoluted PL spectra into neutral exciton (A�) and trion (X�) for each region.
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displays the representative PL spectra corresponding
to region I and II in Figure 3f. PL intensities and peak
positions of the characteristic peak near 2 eV in region
I and II are different from each other, where the
intensity and position of region I are weaker and red-
shifted compared to those of region II. To understand
the degradation of PL intensity in region I, the main PL
peakwas deconvoluted into two Lorentzian peaks; trion
(X�) around 1.96 eV and neutral exciton (A0) around
2.00 eV.45 It has been reported that trion was observed
with coexisting neutral exciton in n-type MoS2.

54 When
holes (electrons) are injected into n-type MoS2 or WS2,
neutral exciton emission is dramatically enhanced (sup-
pressed).45,53 In our case, the intensity of neutral exci-
ton related to peak A0 was significantly suppressed in
region I. This strongly indicates that region I in the
sample is n-type doped, correlated with Raman results.
The reason why the doping level is different in region
I is not clear at this moment. We presume that this
n-doping might be caused by chlorine doping55 intro-
duced during the NaCl bubbling transfer process.
The crystallinity of the monolayer WS2 was further

characterized using transmission electron microscopy

(TEM) and annular dark field scanning transmission
electron microscopy (ADF-STEM). The crystallinity of
the triangular WS2 domain was identified by a selec-
tive-area electron diffraction (SAED) technique using
TEM. Figure 4a presents the TEM image of a triangular
WS2 domain (∼316 μm) on a carbon-supported TEM
grid. Six SAED images corresponding to the numbered
regions in Figure 4a illustrate that the hexagonal dots
are aligned in a specific direction indicated by yellow-
dashed lines (Figure 4b), confirming that the triangular
domain is a single crystal. To analyze the atomic
arrangement of WS2 film, the film was transferred to
a TEM grid with holes, as shown in Figure 4c. The ADF-
STEM image (Figure 4d) clearly shows the lattice fringes
of WS2. The distances of the (1010) and (1120) planes
were identified by a fast Fourier transform (FFT) image
as shown in the inset of Figure 4d and were found to
be 0.27 and 0.16 nm, in good agreement with known
values.22,29 Monolayer WS2 film was confirmed by
counting the folded edge of the layer (Figure 4e). In
addition, a moiré pattern in the folded monolayer film
was observed due to the misorientation of two mono-
layers after folding. The twist angle was confirmed by

Figure 4. Atomic structure of monolayer WS2. (a) Low-resolution TEM image of a transferred WS2 domain on carbon-
supported TEM grid. (b) Selective area electron diffraction (SAED) patterns corresponding to the regions of marked numbers
in (a). The hexagonal dots fromeach regionhave the sameorientationwithin(1� tolerance, implying that theWS2domain is a
single crystalline. (c) TEM image of a transferred WS2 film on a TEM grid. (d) ADF-STEM image of WS2 film. The inset displays
the FFT images corresponding to (d). The planes of (1010) and (1120) are identified. The interplane distances of (1010) and
(1120) are 2.7 and 1.6 Å, respectively. (e) High-resolution TEM image in the edge ofWS2 film. The inset displays the FFT images
of (e). Moiré patterns were observed due to the folded monolayer film with 29.5� rotation. (f) EDX spectrum of WS2 film from
the red circle in (c).
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the FFT image in the inset of Figure 4e. The two sets of
hexagonal spots were rotated by 29.5�. The chemical
elements of tungsten and sulfur were detected using
energy-dispersive X-ray spectroscopy (EDS) at the red
circle in Figure 4c. The stoichiometry of W and S was of
a 1:2 ratio. This confirms indeed the existence of a
monolayer WS2 film.
To evaluate the electrical properties of monolayer

WS2 film, field effect transistors were fabricated after
the transfer of WS2 film onto the 300 nm SiO2/Si sub-
strate (Figure 5a) using bubbling transfer and e-beam
lithography. To fabricate an array of WS2�FETs, a wet-
etching transfer method was used. The devices were
annealed at 100 sccm of nitrogen gas at 200 �C for 5 h
in order to improve contact between the electrodes
andWS2, and also to remove oxygen-related functional
groups on the WS2 surface. The fabricated devices
were tested at a vacuum pressure of ∼10�5 Torr at
room temperature.
The transfer characteristics of the WS2�FET were

measured within a( 50 V gate bias, which was applied
through a heavily doped Si gate placed underneath the
300 nm SiO2 dielectric. As shown in Figure 5b, a well-
defined n-type switching behavior with a saturated
current in the high voltage regionwas observed, which
is in good agreement with PL results. At a VSD of 1 V, a
high on/off ratio of ∼108 was obtained. The dashed
lines in Figure 5b serve as a visual guide to extract the
subthreshold swing (SS). A 500 mV/dec SS was ex-
tracted when VDS = 1 V. Figure 5c shows IDS�VDS

characteristics for gate bias between �50 and þ50 V.
The curves exhibit nonlinear output characteristics at
low biases, indicating that a small Schottky barrier for
electron conduction was formed at the Ti/Au contacts.
The field effect transistor model: IDS = μFE 3 Ci 3Wch 3
(1/Lch) 3 (VGS � VT) 3 VDS, where μFE, Ci, Wch, Lch, and VT
are the mobility, specific gate capacitance, channel
width, channel length, and threshold voltage, respec-
tively, was used to extract the room temperature field-
effect mobility μFE.

56,57 Room-temperature μFE was
extracted from the transfer curve of two sampleswhich
were fabricated using e-beam lithography technique.
Figure 5d presents the extracted field-effectmobility as
a function of gate bias. Themaximumelectronmobility
of sample #2 at room temperature in the linear regime
was achieved to be 20.4 cm2 V�1 s�1, which is the
highest reported value among those of previous re-
ports for CVD-grown WS2 samples (see Supporting
Information Table S1).22�24 The mobility of sample #1
was 15 cm2/(V s) in the linear regime. The array of
WS2�FETs was prepared using wet-etching transfer.
Wet-etching transfer helps to obtain complete cover-
age of WS2 film with no cracks in the film, although this
approach degrades the transfer characteristics of
WS2�FETs (Figure 5e). The on-current level decreased
to 10�9 A when VDS = 1 Vwas applied, and themobility
value decreased to ∼0.1 cm2 V�1 s�1, which is lower
than that of the bubbling process. It is unclear why the
on-current was lowered, but it might be attributed to
the damage of WS2 film by etchant during a long-time

Figure 5. Electrical properties of monolayer WS2 film. (a) Schematic illustration of a back-gated WS2-field effect transistor
(FET) on SiO2/Si substrate. The insets are optical images of the real WS2�FET structure. The scale bars in low (large one) and
high (small one)magnitude image are 200 and 5 μm, respectively. (b) Transfer characteristic ofWS2�FET as a function of gate
voltage. The samples were fabricated by e-beam lithography technique. (c) Drain current�voltage curves with different gate
voltages from�50 to 50 V in steps of 10 V. The nonlinear curve indicates a Schottky barrier between the electrode and WS2.
(d) Extracted field-effect mobility as a function of gate voltage. The red shaded circle indicates the range of mobility in the
linear regime. (e) Dependence of I�V characteristic on the transfer method: wet-etching and bubbling transfer. (f) Electrical
characteristics as a function of gate voltage in a WS2�FET array, prepared using a conventional photolithography technique.
The inset displays the real WS2�FET array. The numbers in the caption correspond to each WS2�FET in the inset. All I�V
curves are nearly identical. The scale bar in the inset indicates 500 μm.
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etching process for Au or unintended doping dur-
ing the transfer process. Although the transfer tech-
nique should be improved for various applications,
the WS2�FET array is a still good tool for assessing
the uniformity of WS2 film. For a total of 16 FETs, the
dimension of the channel is different for each FET;
therefore, IDS is normalized according to channel
width. All of the FETs revealed similar transport beha-
vior, as shown in Figure 5f, implying that large-area
monolayer WS2 film has reasonable uniformity.

CONCLUSION

We successfully synthesizedWS2 film on Au foil. Lack
of solubility or compound formationwith tungsten and

sulfur in/with Au bulk helps to synthesize the surface-
mediated growth of monolayer WS2 on Au foil.
By placing the source substrate and gold together,
the high coverage uniformity (∼99%) of monolayer
WS2 film was achieved in a centimeter scale. High
growth temperature increases a domain size up to
420 μm. Bubbling transfer has advantages not only to
allow for the repeated growth of monolayer WS2 film,
but also to improve the performance of WS2 FET (to
a mobility of ∼20 cm2 V�1 s�1 and an on�off ratio
of ∼108). We believe this work sheds light on the
synthesis of a large-area monolayer WS2 film and
provides a key idea for the synthesis of other mono-
layer s-TMdCs.

EXPERIMENTAL SECTION

Synthesis of Monolayer WS2 Film on Gold Foils. Before synthesis, to
smooth the gold surface, Au foil (100 μm, 99.99% iNexus, Inc.)
was annealed at 1035 �C for 2 h, followed by chemical mechan-
ical polishing with diluted Au etchant (GE-8148, Transene) in
deionized (DI) water. Eight grams of ammoniummetatungstate
hydrate (AMT, Sigma-Aldrich) as a tungsten source was dis-
solved in 10 mL of DI water (0.8 g/mL). Twenty microliters of
AMT solution was dropped onto an Al2O3 plate using a micro-
pipette, and the plate was dried in an oven. The AMT-coated
Al2O3 plate and Au foil were placed in parallel as shown in
Figure 1a and then loaded into a 2-in. CVD chamber. To
synthesize WS2 film on Au foil, the temperature profile was
divided into two steps. First, the furnace was heated to 500 �C at
a rate of 50 �C/min in a nitrogen atmosphere with a flow rate of
300 sccm andwasmaintained at 500 �C for 20min to evaporate
the water in AMT. Second, the furnace was further heated
to 935 �C and then hydrogen sulfide gas at a rate of 20 sccm
for 15 min was supplied. After growth, the temperature was
cooled rapidly by opening the furnace.

Wet-Etching and Bubbling Transfers. To prevent damage to the
WS2 film, a PMMA protecting layer was spun onto the WS2/Au
foils, after which the transfers were performed. For the wet-etch
transfer, Au foil was etched away using Au etchant (GE-8148,
Transene) for 5 h, and then the film was rinsed in DI water
several times to remove the residual Au etchant. The resultant
film (PMMA/WS2) was transferred onto the target substrate. For
bubbling transfer, PMMA/WS2/Au foils and platinum as cathode
and anode electrode, respectively, were immersed in 1 M NaCl
solution. A constant current was applied to generate hydrogen
bubbles according to the reaction 2H2O(l) þ 2e� f H2(g) þ
2OH�(aq) at the cathode electrode. The bubbles put pressure
on the PMMA/WS2 film at the Au surface so that it delaminated
from the Au foil. The resultant film (PMMA/WS2) in both cases
was transferred to the target substrate (300 nm SiO2/Si). To
remove the PMMA layer, the film was immersed in hot acetone
for 10 min.

Characterization Methods. The surface morphology before
and after growth was characterized using optical microscopy
(Axio imager 2, CARL ZEISS) and field emission SEM (FESEM,
JSM7000F, JEOL). The contact angle was measured using water
contact measurement (PHX300, Surface Electro Optics). The
thickness of WS2 on 300 nm SiO2/Si substrate was measured
using AFM (SPA 400, SEIKO). The optical properties of WS2 film
were resolved by Raman and PL mapping at an excitation
energy of 2.33 eV (NTEGRA-SPECTRA, NT-MDT). ADF-STEM
(ARM200F, JEM) and XPS (K-Alpha, THERMO FISHER) were em-
ployed to characterize atomic structure and elemental analysis.
For TEM measurement, a low acceleration voltage (80 kV) was
used to avoid any damage to samples during the observation.

Device Fabrication and Electrical Measurement. After WS2 was tran-
sferred to the Si/SiO2 (300 nm) via bubbling transfer, e-beam

lithography and vacuum metallization (Ti/Au, 5/35 nm) were
performed to fabricate a single WS2�FET. To fabricate WS2-FET
array, fully covered WS2 film was transferred via wet-etching
transfer to the Si/SiO2 (300 nm) substrate. The channel and
electrode regimeweredefinedusing standard photolithography,
Reactive Ion Etching (RIE) (SF6 10 sccm, 20W, 10 s, All for system),
metallization (Ti/Au, 5/35 nm), and lift-off. The WS2�FET array
was further annealed in 100 sccmof nitrogen gas at 200 �C for 5 h
in order to remove the residualwater. This annealing process also
improves the contacts between the channel and electrodes and
reduces the contact resistance in the device. Electrical measure-
ments were performed using a probe station (MS tech) and SMU
analyzer (Keithley 4200) under vacuum conditions.

Hazards. The use of hydrogen disulfide gas (H2S) demands
great caution because of its toxicity. CVD should be operated
inside a fume hood and its exhaust line must be connected to
scrubber system to purify H2S gas.
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