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ABSTRACT Two-dimensional layered transition metal dichalcogenides (TMDs) show intriguing —PS — WS,

. . : . . . . . Sapphire
potential for optoelectronic devices due to their exotic electronic and optical properties. Only a few e P
efforts have been dedicated to large-area growth of TMDs. Practical applications will require improving Water

the efficiency and reducing the cost of production, through (1) new growth methods to produce large
size TMD monolayer with less-stringent conditions, and (2) nondestructive transfer techniques that

WS,/c-Sapphire c-Sapphire

reduces the etching time in base solution and imposes only minor damage to the sapphire substrate. The transferred WS, flakes are of excellent continuity

enable multiple reuse of growth substrate. In this work, we report to employ atmospheric pressure

chemical vapor deposition (APCVD) for the synthesis of large size (>100 .cm) single crystals of atomically
thin tungsten disulfide (WS;), a member of TMD family, on sapphire substrate. More importantly, we
demonstrate a polystyrene (PS) mediated delamination process via capillary force in water which

and exhibit comparable electron mobility after several growth cycles on the reused sapphire substrate. Interestingly, the photoluminescence emission from
WS, grown on the recycled sapphire is much higher than that on fresh sapphire, possibly due to p-type doping of monolayer WS, flakes by a thin layer of
water intercalated at the atomic steps of the recycled sapphire substrate. The growth and transfer techniques described here are expected to be applicable
to other atomically thin TMD materials.
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recyclability

tomically thin layered transition
Ametal dichalcogenides (TMDs) of the

family (Mo,W)(S,Se), have attracted
significant interest as two-dimensional semi-
conducting materials due to their immense
potential for various applications in solar
cells,"? light emitting diodes,>* and photo-
senors.>® Atomically thin TMDs possess
many distinctive electrical and optical prop-
erties, such as high on/off ratio,%” controlla-
ble spin and valley polarization,* indirect
band gap to direct band gap transition,”'°
strong geometrical confinement of exci-
tons,''~'®and tunable photoluminescence.'
To date, research on TMDs is largely limited
by relatively small lateral size of exfoliated
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flakes and inefficient techniques for transfer
of larger-area flakes grown by chemical vapor
deposition (CVD) to substrates suitable for
device fabrication. It is highly desirable to
develop new techniques for the prepara-
tion and transfer of large area layered TMD
crystals with high quality and continuity.
Tremendous efforts have been devoted to
study the growth and transfer of MoS,;'>™>*
however, there are limited reports on the
preparation of large area monolayer and
few-layer tungsten disulfide (WS,) 2>~%
CVD is expected to be a promising
approach to produce large area TMDs
sheets for extensive device applications in
view of the repeatability and controllability.
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Recently, centimeter size?> as well as wafer scale®®
synthesis of WS, sheets have been demonstrated using
a two-step process, which includes the pre-deposition
and sulfurization of WOs film on SiO,. The WS, sheets
grown by this method are polycrystalline with the
uniformity and thickness mainly inherited from the
nature of pre-deposited WO; film, which imposes
additional requirements for the deposition of atom-
ically thin WOs. It is noteworthy that large area, single-
crystalline WS, monolayers with the size up to hun-
dreds of micrometers can be successfully synthesized
by sandwiching WO3 powders in-between two pieces
of Si0,/Si substrates in CVD system.?® The use of SiO- as
substrate for TMDs material growth has the advantage
of good compatibility for subsequent device fabrica-
tion. However, concerning the preferred nucleation
at atomically flat terrace of the substrate, another
hydrophilic oxide, sapphire (i.e., Al,05 (0001)) seems
to be a more suitable substrate to grow large area,
highly crystalline TMDs because the (0001) plane
of c-sapphire is hexagonally arranged®” matching the
lattice symmetry of MoS,, WS,, MoSe,, and WSe, '*3°
More recently, Zhang et al.?” synthesized single crystal-
line WS, flakes with domain size up to 50 x 50 um? on
c-sapphire substrate via low pressure CVD. It should
be noted that the delicate control of the pressure and
flow rate plays a non-negligible role in determining
the morphology of WS; flakes. The use of atmospheric
pressure chemical vapor deposition (APCVD) system
to prepare layer-controllable WS, flakes with less-
stringent growth conditions is therefore desirable.
Considering the cost of the sapphire substrates, it is
extremely important to develop a technique to reuse
this substrate to lower the cost to prepare high quality
TMDs for industrial scale applications.

In this work, we successfully demonstrate the syn-
thesis of large area (domain size up to 135 um),
triangular monolayer WS, crystals on sapphire sub-
strates via APCVD. More importantly, we have devel-
oped a gentle and nondestructive transfer technique
which enables not only the transfer of WS, flakes
onto arbitrary substrates without wrinkles or cracks
but also the multiple reuse of sapphire substrate.
Our key strategy is to use hydrophobic polystyrene
(PS) as a protecting transfer layer, and to delaminate
WS, from sapphire via capillary force in water. Due to
the surface tension at water/air interface, WS,-attached
PS film can be peeled off in water, avoiding long time
etching in hot base solution or bubble generation
which could cause damage to both samples and sub-
strates. This allows the reuse of the sapphire substrates
thereby reducing the cost. In addition, the high solubi-
lity of PS in organic solvents enables quick and
complete removal of the protecting layer. The growth
of WS, with comparable lateral size on reused sapphire
is demonstrated. Enhanced photoluminescence (PL)
emission of WS, grown on recycled sapphire was
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observed and consistently high electron mobility was
measured across three different sample growths on the
same substrate. We believe that our approaches for
synthesis and transfer are essential steps to improve the
efficiency, reduce the production cost, and promote
the current efforts of device applications.

RESULTS AND DISCUSSION

Figure 1a shows a representative optical image of
monolayer WS, crystals on sapphire substrate synthe-
sized by APCVD. The crystals are nearly equilateral
triangular with a side length up to 135 um, which is
among the largest layered TMD crystals prepared on
sapphire (0001) via CVD method.?>?”'~33 Most of
the crystals are monolayers, but occasionally we are
able to find bilayer and trilayer regions at the center of
large monolayer crystals, which is supposed to be the
nucleation site.?® It is generally believed that the
growth of TMDs with CVD is a self-limiting process.'®
The lateral size of WS, increases with the partial
pressure of chalcogen precursors,>® and the thickness
of TMD crystals could be controlled by the partial
pressure of the transition metal precursors.'® In our
APCVD process, the weight of sulfur powder is ~9 times
higher than WO;, which makes the lateral growth
dominating. This could be one reason for the growth
of large size single crystals. Furthermore, we are
able to find WS, single crystals with different sizes,
ranging from 100 nm to 135 um on the same sapphire
substrate. The area of the crystals is proportional
to the growth time before the crystal growth
reaches the limit. Therefore, larger size WS, crystals
can be expected providing the growth time is long
enough.

Figure 1b shows the Raman spectra of WS, with
different thicknesses. A predominating peak at
354 cm™' is observed and assigned to the 2LA(M)
mode for monolayer WS,. The peak at 412 cm™!
corresponding to the A;q mode, although weak, is
observed as well. The separation between these two
peaks is enlarged from 67 to 72 cm ™' with increasing
thickness from monolayer to trilayer due to the red-
shift of the 2LA(M) mode, consistent with previous
reports.>>3'32 Figure 1c depicts the PL spectra of
monolayer, bilayer and trilayer WS, excited by
532 nm laser. The PL spectrum for monolayer WS,
exhibits a strong emission peak centered at ~620 nm,
corresponding to the A excitonic emission.'®?' The
PL intensity dramatically decreases as the thickness
increases from monolayer to trilayer, i.e., bilayer and
trilayer preserve 5% and 2.5% peak intensity, respec-
tively, of the monolayer (inset of Figure 1c). Besides,
with the increase in thickness, the PL peak red-shifts
(from 620 nm for monolayer, 627 nm for bilayer to
636 nm for trilayer) and the spectral width is broa-
dened indicating the transition from direct to indirect
bandgap.
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Figure 1. (a) Optical micrograph of a large WS, monolayer triangular flake with a side length of about 135 um. Inset shows the
photograph of WS, sample grown on c-sapphire (0001) substrate. (b and c) Raman and photoluminescence spectra for the
monolayer, bilayer and trilayer WS, obtained with WiTec confocal Raman spectrometer excited by 532 nm laser. The inset in
(c) shows the PL spectra for bilayer and triple layer WS, flakes. (d) Contrast spectra for the monolayer, bilayer and trilayer WS,.
(e) Comparison of PL spectra of WS, grown directly on sapphire and silica via APCVD. (f) AFM image of WS, monolayer crystal
grown on sapphire substrate with the AFM cross-section height profile for the sample as inset. Scale bar: 8 um.

The number of layers of WS, crystals are further
confirmed by contrast spectroscopy, as shown in
Figure 1d. The contrast is defined as

I—1Iy

Contrast =
I

(M
where I and I, refer to the reflected signals from WS,
and the background, respectively. It is found that
the contrast value at 630 nm has a linear relationship
with the number of layers (see Supporting Information
Figure S1), in good agreement with previous
reports.>'** The contrast spectrum for monolayer WS,
has a peak at around 620 nm, and the peak red-shifts
with the increase in the number of layers, which is
consistent with the observations in PL spectra.

It is noteworthy that monolayer WS, can also be
synthesized on SiO,/Si substrate with the same APCVD
method. However, the lateral size of the WS, grown on
SiO,/Si is about 10 um and the maximum size is up
to 30 um (see Figure S2), which is much smaller than
those grown on sapphire. Figure 1e shows the PL
spectra of WS, monolayers prepared on sapphire and
SiO,/Si substrates and their Raman spectra are pre-
sented in Figure S3. It is found that WS, on SiO,/Si has
a PL peak centered at 636 nm with a full-width at half-
maximum (FWHM) of 19.8 nm. In comparison, WS,
on sapphire has a PL peak centered at 620 nm with a
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FWHM of 13.3 nm. The different peak positions might
have originated from different doping caused by the
substrate.?®> More importantly, the PL intensity of
WS,@sapphire is about four times stronger than that
of WS,@silica. The strong emission and sharpness of
the PL spectrum attest to high optical yield of our
monolayer WS, sample grown on sapphire. The topo-
graphy of monolayer WS, triangle grown on sapphire
is investigated by the atomic force microscope (AFM),
as shown in Figure 1f. The whole crystal is nearly
atomically flat and clean. The height profile shows a
sapphire/WS, step of 0.8 nm (inset) further confirming
the thickness to be monolayer.

To identify the chemical composition of monolayer
WS,, X-ray photoemission spectroscopy (XPS) was
used to measure the binding energy of W and S.
Figure 2a,b shows the binding energy profile for W 4f
and S 2p. Three peaks at 33.67, 35.86, and 38.87 eV are
attributed to the W 4f;,,, W 4fs,,, and W 4f5,, respec-
tively. The peaks with binding energy of 162.48 and
163.60 eV can be assigned to the S 2p;,, and S 2ps3,,,
respectively. All these results are consistent with the
reported values for WS, crystal. The positions of these
XPS peaks suggested that the valence of W is +4, an
evidence for the formation of pure WS, phase.?®3¢
A full range of XPS spectrum is presented in
Figure S4a, in which the peaks from all the elements,
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Figure 2. (aand b) XPS spectra of W 4f (a) and S 2p (b) for CVD WS,. The three peaks at 33.67, 35.86, and 38.87 eV are attributed
to the W 4f,,,, W 4f5,,, and W 4f5,, respectively. The binding energy at 162.48 and 163.60 eV can be assigned to the S 2p,,
and S 2ps,,, respectively. (c) Low-magnification TEM image of the WS, flake. The marked region shows the folded monolayer.
The area at the edge clearly shows that the flake is monolayer. Scale bar: 100 nm. (d) High-resolution TEM image, the lattice
spacings of 0.22 and 0.24 nm corresponding to the (100) and (110) planes are indicated. Scale bar: 2 nm. (e) Selected area
diffraction pattern for monolayer WS,, in which the diffraction spots (110) and (100) are assigned.

such as Al,S,0, Cand W, can be resolved. Transmission
electron microscopy (TEM) was also used to evaluate
their microstructure and crystallinity. The low-
magnification TEM image in Figure 2c shows the
corner of monolayer WS, triangle where the contrast
is relatively uniform with a folded region (marked red).
Figure 2d shows the high-resolution TEM (HRTEM)
image which clearly resolves the atomic lattice of
WS,. The selected area diffraction pattern (SEAD) is
depicted in Figure 2e, in which the occurrence of
only one set of hexagonal diffraction spots suggests
that the WS, is single crystal over an aperture with a
diameter of 100 um.

To realize optoelectronic device applications, it is
important to transfer the synthesized TMDs flakes from
sapphire onto target substrates, such as silica, quartz
and plastics. It is quite challenging to avoid damage to
atomically thin samples as well as the growth substrate
and also to maintain good continuity along with the
original morphology. Here we demonstrate a PS
mediated transfer process which relies on the capillary
force at the air/water interface to delaminate WS, from
the sapphire substrate, as schematically illustrated in
Figure 3a. With the adaptation of methods developed
to transfer graphene,>” the modified transfer process
of TMDs has four steps, i.e., spin-coating PS on WS,,
etching in hot base, delaminating the polymer film
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from sapphire substrate in water, and fishing the
materials onto target substrates. Previously, highly
concentrated acid (HF) or base solution (e.g., KOH,
NaOH) was used to deep-etch the growth substrates
(sapphire or SiO,/Si) at high temperature (typical
80—100 °C) for 30—60 min so as to release the TMDs
covered by polymer (usually poly(methyl methacrylate)
(PMMA)).2%2>27 In our experiment, the hydrophobic
PS film can be detached from sapphire in water
(see Figure S6) within 30 s after pre-etching in NaOH
solution for 5 min, and films with 10 min pre-etching
will release immediately from the growth substrate.
However, long duration etching is found to cause
severe damage to the surface of sapphire substrates
(Figure S7d,e). Here, precise control of the temperature
of NaOH solution below boiling point avoids the bubble
generation and associated nonrecoverable damage to
sapphire substrate and WS, samples (see Figure S7 b,d).
It is assumed that the pre-etching for a short time
(5—10 min) only opens small gaps between PS and
sapphire at the sample edge, eliminating the need for
exposure of the center of the sapphire substrate to the
harsh etchant.

Besides the advantage of high efficiency, this new
transfer technique offers good continuity and high
quality WS, samples. To achieve nondestructive trans-
fer of atomically thin layered materials, the key issue is
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Figure 3. (a) Schematicimage of the capillary force assisted delamination process. (b) Optical microscopy image of WS, flakes
transferred on SiO,/Si. Inset: A photograph of WS, monolayers transferred onto polydimethylsiloxane (PDMS). The sample is
marked with a green triangle. (c) Raman spectrum of monolayer WS, after being transferred onto SiO,/Si. (d) PL spectrum of
monolayer WS, transferred onto SiO,/Si substrate. Two subpeaks at 611 and 627 nm can be resolved with multipeak
Lorentzian fitting. (e and f) Raman (e) and PL intensity (f) images of a typical WS, flake on SiO,/Si by integration of Raman shift
from 280 to 400 cm ' and PL emission from 600 to 660 nm, respectively. Scale bar: 5 um.

to avoid the residual stress by choosing suitable
thickness of protecting material®” and using a gentle,
controllable and efficient delamination process as
the transfer is actually a nonequilibrium process. Pre-
viously, a surface energy assisted transfer technique
was demonstrated by using thick PS film to delaminate
MoS, thin films from sapphire substrate.3® The delami-
nation by water drop is a self-happened process relying
on the capillary force between hydrophobic PS and
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hydrophilic substrate. It should be noted that lots of
broken pieces were observed while applying this
method for transferring single crystals of monolayer
MoS, due to the residual stress in thick PS film. To this
point, we produced very thin PS film with a thickness
of 100 nm as supporting layer for delamination.
Rather than an uncontrollable process as described in
ref 38, the delamination process is manually controlled
by slowly feeding the sample into water with an

VOL.9 = NO.6 = 6178-6187 = 2015 muLQL//\j Jf

Www.acsnano. org

6182



optimized delamination rate of ~0.3 cm?/s in which
the damage stress is minimized. As a result, the
transferred monolayer crystals of WS, remain intact.
Moreover, the transfer media PS has good solubi-
lity in toluene and can be completely removed in a
few minutes on the spinner3” In contrast, the use
of PMMA for transfer always leaves residues which
significantly affect the electronic properties (see
Figure 57).%7

Figure 3b—d shows the optical microscopy image,
Raman spectrum and PL spectrum of transferred
monolayer WS, flakes on SiO,/Si. We can see that the
shape of the flakes transferred to SiO,/Si was well
preserved, and the contrast from the each flake was
uniform, indicating that the transferred flakes are intact
and clean (Figure 3a) and no residual particles were
observed. The two characteristic Raman peaks of WS,
are clearly resolved without shift after the transfer.
Under the same excitation condition, the PL signal
from WS, monolayer transferred onto SiO,/Si substrate
is about eight times that of the WS, monolayer grown
directly on SiO,/Si substrate (see Figure S8). The PL
enhancement is attributed to the interference effect
from SiO,/Si substrate®” and the doping effect induced
by intercalated water beneath WS,.3°~** According to
multipeak Lorentzian fitting, the PL spectrum of trans-
ferred WS, monolayer (shown in Figure 3d) comprises
two subpeaks located at 611 and 627 nm. Figure 3e,f
shows the images of Raman and PL intensity of trans-
ferred WS, monolayer. The relatively uniform intensity
over the whole piece WS, suggests that the sample
maintains good uniformity and continuity after
transfer process.

The significant benefit of the new transfer technique
is the recyclable use of sapphire substrates due to the
minimal damage during transfer. We have demon-
strated three successive growth-delamination-transfer
cycles on the same sapphire substrate and monitored
the quality of three batches of WS, monolayers.
Figure 4a—c shows the optical images of three differ-
ent batches of samples, i.e., the first cycle (W1), the
second cycle (W2), and the third cycle (W3). It was
found that the shape of all crystals were well retained,
in which the overall reflectance contrast was uniform
under the same illumination. More than 95% of the
crystals were monolayer WS,, though occasionally we
could also observe some additional layers growth
(the small bright spots in Figure 4a—c). The Raman
images in Figure 4d—f show that the WS, monolayers
from each cycle are elementally uniform. The Raman
spectra in Figure 4j also reveal that the three batches of
samples have similar characteristic peaks without peak
shift. On the basis of the micro-Raman spectroscopy,
there is no peak shift within one piece of WS, from the
center to the edge (see Figure S9a). However, the PL
images (Figure 4g—i) of as-grown WS, monolayers on
sapphire showed interesting light emission properties
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which was never reported on WS, before. First, the PL
intensity at the center is 10 times higher than that
at the edge. And the peak position experiences a
small blue-shift (2 nm) from the center to the edge
(Figure S9b). It is proposed that the edge was grown
during the cooling stage and the relatively lower PL
emission is correlated to the sulfur deficiency.3'*®
Second, the PL emission in W1 sample shows periodic
enhancement at the central area with an intensity
peak-to-peak distance of ~250 nm. The distance is
nearly the same as the period of atomic terrace on
sapphire substrate which will be discussed later. Lastly,
the PL emission from three batches of samples in-
creases as the substrate recycles, i.e., the PL intensity
from W3 was nearly 10 times as high as W1 while
the peak red-shifts from 620 to 630 nm, as shown in
Figure 4k. It is suggested that the water intercalated
in the atomic steps of the recycled sapphire surface
is the main reason for the PL enhancement as it
causes p-type doping to our monolayer WS,
ﬂakes'13,40742,50

To understand the origin of the evolution in the PL
image at the sample center, AFM was performed on
sapphire substrates with increasing cycles (51, S2, and
S3) and the monolayer WS, grown atop. Figure 5a—c
shows the topography of S1—3 sapphire substrates.
The atomically flat terrace of sapphire can be well
resolved and the step is ~0.2 nm. The recycled sub-
strates show the similar morphology to S1 and the
presence of well-ordered atomic steps on the recycled
substrates manifest that the surface is good with
perfect atomically flat terraces. The root-mean-square
(rms) roughness of fresh and reused sapphire sub-
strates was measured to be 0.180 nm (S1), 0.161 nm
(S2), and 0.155 nm (S3). The tiny difference in the
surface roughness verified minor damage to sapphire
substrate during pre-etching in base solution. As we
expected, the morphology of grown WS, monolayer
follows that of sapphire surface very well, as shown in
Figure 5d—f. In particular, we found that distinct con-
trast difference between the center and edge of WS,
triangle crystal. As the crystal grows, it expands from
one terrace to the next one, and the step edges bend
toward the uphill direction as one goes from the edge
to the center region, which makes the center of the
crystal a little bit thicker. In addition, we are also able
to observe the atomic scale terrace within the WS,
flake as the crystal follows the feature of the substrate
seamlessly. The possible strain at the terrace as well as
postgrowth hydroxylation and hydration®° are respon-
sible for periodic PL emission observed in Figure 4g,h.
In the third cycle, the terraces on sapphire or
within WS, crystal are relatively blurred. As a result,
the PL emission (Figure 4i) does not show periodical
strips.

We further fabricate field-effect transistors to
evaluate the electronic properties of WS, monolayers
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Figure 4. (a—c) Optical microscopy images of WS, monolayer triangular flakes grown on S1, S2, and S3 sapphire substrates.
(d—f) Raman intensity images of W1, W2, and W3 samples on sapphire by integration from 280 to 400 cm™". Scale bar: 4 um.
(g—i) PLintensity images of W1, W2, and W3 samples on sapphire by integration from 590 to 690 nm. Scale bar: 4 um. (j and k)

Raman and PL spectra obtained from the center of W1, W2, and W3.

grown on recycled sapphire substrate. To make
the transistor device, WS, monolayers are delami-
nated and transferred onto SiO,/Si substrates using
the technique discussed above. Figure 5i schemati-
cally illustrates the configuration of the transistor
device with a back gate. The typical transfer curve
(Figure 5j) of WS, transistor device reveals that
the as-transferred WS, is n-type semiconducting
material with an ON/OFF ratio up to 10°. The neutral
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point of the transfer curve is nearly at zero gate
voltage, which further indicates complete removal
of polymer coating layer and a low intrinsic
doping level in the transferred WS, monolayers.®?’
The field-effect
extracted by

mobility of the device was

dig L 11
_Ga 2 2
T, wavg @)
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Figure 5. (a—c) AFM topography images of S1, S2, and S3 sapphire substrates. Scale bar: 400 nm. (d—f) AFM height images of
W1, W2, and W3. Scale bar: 1 um. (i) Schematic image of a WS, FET device. (j) The /4 vs V4 curve of WS, transistor device
measured in ambient condition. Inset: optical microscopy image of a WS, FET device. Scale bar: 10 um. (k) Electron mobility as

a function of the cycle number.

where [y is the drain current, V; is the gate voltage,
dlg/dVy is the slope, L and W are the channel length
and channel width, respectively. The capacitance G
between the channel and the back gate per unit area
is estimated to be ~1.2 F cm™2 (G; = goe,/d, where & is
the permittivity of free space, &, = 3.9 and d = 285 nm).*¢
It is concluded that WS, monolayers transferred from
fresh sapphire substrate have an average electron
mobility of 4.1 cm? V"' 57", which is much higher than
that of WS, monolayer grown by conventional CVD
and atomic layer deposition (ALD).??7 As reported
previously, high-k dielectric gate insulators can fur-
ther improve the mobility by screening the phonon
scattering.>?® In this case, no such technique was applied,
and we believe that higher mobility can be achieved
by introducing high-k dielectric gate and optimization
of the electrodes contact.*” ~*° Furthermore, WS, mono-
layers grown in subsequent cycles have comparable
electron mobility, ie., 3.7 cm? V' s for W2 and
3.8cm?V ' s for W3,

XU ET AL.

CONCLUSIONS

Large area (domain size of more than 100 um),
triangular monolayer WS, crystals were grown on
sapphire substrates using APCVD which has no ventila-
tion system. Compared with WS, crystals grown on
SiO,/Si substrates using the same method, the mono-
layer WS, crystals grown on sapphire has better
quality in terms of stronger and narrower PL emission.
A polystyrene (PS) mediated delamination process was
used to transfer WS, flakes onto arbitrary substrates
with excellent continuity. Due to the hydrophobicity
of PS and the capillary force at air/water interface, WS,
flakes can be effectively peeled off from sapphire
substrate, which greatly reduces the etching time in
base solution and in turn causes minor damage to the
sapphire substrate. The gentle and nondestructive
transfer technique affords the possibility for recyclable
use of costly sapphire crystals. We have also demon-
strated that the transferred WS, flakes exhibited
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comparable electron mobility after several growth
cycles on the reused sapphire substrate. In conclusion,
the growth and transfer techniques described here

METHODS

WS, Growth. The growth of WS, was performed in a quartz
tube with the diameter of 2 in. A 250 sccm ultrahigh purity
argon at atmospheric pressure was flowing as carrier gas.
In a typical experiment, WO5 (50 mg, Sigma-Aldrich 204781)
and sapphire substrate (8 mm x 8 mm) were placed at the
center and downstream of the furnace (18 cm from the center),
respectively. The sulfur powder (500 mg, Sigma-Aldrich,
213292) was loaded upstream and heated independently.
The furnace and the sulfur are heated to 900 and 180 °C within
30 min and kept for 60 min, respectively. The furnace was
then cooled naturally with the cover open. H, with the flow rate
of 5 sccm was introduced into the quartz chamber once the
temperature reached 900 °C. To recycle the sapphire substrates,
they were cleaned with a solution mixture of NHs/H,0,/H,0
(1:1:5, v/v) before growth. The second and third growth cycles of
WS, were performed on the same sapphire substrate with the
same synthesis condition.

Transfer. PS was used as the supporting film to peel off
the WS, crystals from sapphire substrates. PS (M,, ~192000)
dispersed in toluene solution (50 mg/mL) was spin-coated on
top of the sample at a speed of 3000 rpm. The resulting
thickness of PS film calibrated with ellipsometery spectroscopy
was ~100 nm. The edge of the PS film was scribed with scalpel
to lead in etching solution. Then, the samples were pre-etched
in hot NaOH solution (2 mol/L, 90 °C) for 10 min followed with
delamination in water for a few seconds. Lastly, the samples
were rinsed with deionized-water thrice before fishing up onto
target substrates. The PS coating was removed with toluene
after baking the sample at 120 °C for 30 min. The TEM samples
were prepared with the same method.

Characterizations. Raman and PL measurements were per-
formed using confocal microscope system (WITec, alpha 300R)
with a 100x objective (NA = 0.9) in an ambient condition.
A 532 nm laser was used to excite samples which were placed
on a piezo crystal-controlled scanning stage. The spectra are
collected using 600 line/mm grating. To avoid the sample
damage, low laser power (50 uW) is applied during the measure-
ments. The topography and thickness of WS, samples were
characterized by AFM (Bruker, Dimension Icon SPM) with
tapping mode. XPS was conducted in an ultrahigh vacuum
photoemission spectroscopy system (Kratos, AXIS Ultra-DLD)
with the chamber pressure less than 5 x 10~ '° Torr.

Device Fabrications. The field-effect transistor devices were
fabricated on WS, monolayers that had been transferred onto
SiO,/Si. The electrodes were patterned with standard UV-light
direct write lithography followed by electron-beam deposi-
tion of Ti/Au (5/50 nm) in vacuum with a chamber pressure
<6 x 107 Torr. The channel length between the source and
drain electrodes was around 5 um. The devices were annealed
at 200 °C for 2 h in argon atmosphere prior to testing. The drain
current /4 as a function of bias voltage V and gate voltage V, was
investigated using two-channel source meter unit (Agilent,
B2902A) in ambient condition.
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