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T
ransition-metaldichalcogenides (TMDCs)
are layeredmaterials with strong in-plane
covalent bonding and weak out-of-plane

van der Waals bonding. These materials have
attracted significant attention due to their
immense potential for use in various applica-
tions.1�4 Among various TMDCs, one- and
two-dimensional (1D and 2D) transition-
metal disulfides (TMSs), MS2 (M = W, Mo),
have been intensively studied to examine
their properties, including their electrical trans-
port5�8 and structure,9�11 luminescence,12�14

photocurrent,15�17 magnetism,18,19 battery-
electrode,20�23 and catalytic24 properties,
as well as their strain effects19,25,26 and valley
polarization.27,28 In particular, 2D atomically
thin MS2 nanosheets exfoliated from bulk
MS2 have shown exotic electronic and optical
properties, such as indirect-to-direct bandgap
transitionwith reducingnumberof layers, high
carrier mobility (approximately 200 cm2/V 3 s)
and strong spin�orbit coupling due to their

broken inversion symmetry.5,12,25,28�30 Thus,
atomically thin MS2 nanosheets are expected
to be widely used in the electronics field31�33

and in optical applications.2,14,15,27,28,34,35

The need to synthesize high-quality MS2
nanosheets with controllable thickness and
wafer-scale uniformity to overcome the lim-
itations of the exfoliation method, such as
isolation, small size (on the order of a few
micrometers), and low productivity, is im-
mense. Recently, attempts have been made
to satisfy these needs via the synthesis of
atomically thin MS2 nanosheets by liquid
exfoliation,13,36 annealing (NH4)2MoS4 films,37

chemical vapor deposition (CVD) using
WO3 and MoO3 with sulfur powder38�41

and sulfurization of metal42 or metal-oxide
films.12,43,44 In particular,monolayerMS2 nano-
sheets were synthesized by CVD38�41 and
sulfurization of WO3 method.12,44 However,
previously reported methods have several
limitations, such as difficulties in systematical
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ABSTRACT The synthesis of atomically thin transition-metal disulfides (MS2) with layer

controllability and large-area uniformity is an essential requirement for their application in

electronic and optical devices. In this work, we describe a process for the synthesis of WS2
nanosheets through the sulfurization of an atomic layer deposition (ALD) WO3 film with

systematic layer controllability and wafer-level uniformity. The X-ray photoemission

spectroscopy, Raman, and photoluminescence measurements exhibit that the ALD-based

WS2 nanosheets have good stoichiometry, clear Raman shift, and bandgap dependence as a

function of the number of layers. The electron mobility of the monolayer WS2 measured

using a field-effect transistor (FET) with a high-k dielectric gate insulator is shown to be

better than that of CVD-grown WS2, and the subthreshold swing is comparable to that of an exfoliated MoS2 FET device. Moreover, by utilizing the high

conformality of the ALD process, we have developed a process for the fabrication of WS2 nanotubes.

KEYWORDS: WS2 . transition-metal dichalcogenides . two-dimensional materials . atomic layer deposition . WS2 nanotube
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control of the thickness and limited wafer-scale uni-
formity. Moreover, the literature contains few reports
on the synthesis of WS2 nanosheets and less than that
of MoS2. Therefore, an improved synthesis process
for atomically thin WS2 nanosheets with systematic
thickness controllability and wafer scale uniformity is
required.
In this report, we describe a novel synthesis method

of WS2 nanosheets on SiO2 substrates by the sulfuriza-
tion of a WO3 film prepared by atomic layer deposition
(ALD). Because ALD is utilized for the deposition of the
WO3, the synthesized WS2 layer retains the inherent
benefits of the ALD process, which include thickness
controllability, reproducibility, wafer-level thickness
uniformity, and high conformality.45,46 In this way, we
systematically controlled the number of WS2 layers
(frommono- to multilayers) by controlling the number
of cycles of ALD WO3. We measured the electrical
properties of the synthesized monolayer WS2 nano-
sheets by fabricating and characterizing a top-gate
field-effect transistor (FET) using a high-k dielectric
gate insulator. Significantly higher field-effect electron
mobility and lower subthreshold swing (SS) than pre-
vious reports on synthesized WS2

40,41 were observed.
Furthermore,we fabricated1DWS2nanotubes (WNTs) by
sulfurization of ALDWO3 layer deposited on Si nanowires
(NWs). In this way, systematic thickness controllability
was realized for WNTs, which could not be achieved in
previously reported WNTs synthesis processes.47,48

RESULTS AND DISCUSSION

The overall ALD synthesis scheme for the WS2
nanosheets is illustrated in Figure 1a. The WO3 films
were deposited to the desired thickness on a SiO2

(285 nm)/Si substrate by plasma-enhanced ALD (PE-
ALD) using WH2(iPrCp)2 (source Air Liquide) and oxy-
gen plasma. Subsequently, the WO3 deposited on the
SiO2/Si substrate was placed in the center of a tube
furnace (1.2 in. in diameter) and sulfurized in Ar and
H2S ambient at high temperatures.
Figure 1(b�d) showopticalmicroscopy (OM) images

of the sulfurized WO3 nanosheets grown over 20, 30,
and 50 ALD cycles. The WS2 nanosheets were trans-
ferred to new SiO2 substrates to confirm the thickness
by atomic force microscopy (AFM) similar to a pre-
viously reportedmethod.44 The synthesizedWS2 nano-
sheets are uniform and continuous with some
wrinkles, which are unavoidably formed during the
transfer process. Additionally, the apparent colors of
the transferred WS2 nanosheets change from pale
green to dark green as the number of PE-ALD WO3

cycles increases. Figure 1(e�g) represent the mea-
sured AFM images of the transferred WS2 nanosheets.
The measured thicknesses of the synthesized WS2
nanosheets are approximately 1, 1.6, and 3 nm for 20,
30, and 50 ALD cycles, respectively. These thicknesses
correspond to mono-, bi-, and tetralayers of WS2
nanosheets, given that the height of the monolayer
WS2 on SiO2 is approximately 1 nm and the spacing

Figure 1. (a) Synthesis procedure for the ALD-based WS2 nanosheets, (b, c, and d) OM images of the transferred WS2
nanosheet on the SiO2 substrate for the mono-, bi-, and tetralayered thicknesses, respectively, and (e, f, and g) AFM images
and height profiles (inset) of the transferred WS2 nanosheet on the SiO2 substrate for the mono-, bi-, and tetralayered
thicknesses, respectively.
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between the first and the secondWS2 layers is approxi-
mately 0.6 nm.12 As reported previously, the larger
AFM-measured spacing between the first monolayer
and the substrate than that between WS2 layers is due
to the effect of distinct tip�sample and tip�substrate
interactions.4,12 The WS2 nanosheets were not formed
by the sulfurization of less than 10 cycles of PE-ALD
WO3 (Figure S2), which is attributed to a nucleation
delay during the initial growth of WO3. After the delay,
each WS2 layer forms after 10 cycles (approximately
1 nm) of the PE-ALD WO3 process. This observation
agrees with a previous report, where approximately
1 nmof a thermally evaporatedWO3 film transform to a
monolayer WS2 via sulfurization.44 Thus, we conclude
that we can systematically control the number of layers
of WS2 by controlling the number of PE-ALDWO3 cycles.
The WS2 nanosheets were further characterized

using Raman, photoluminescence (PL) and X-ray photo-
emission spectroscopy (XPS). The Raman spectra (λexc =
633 nm) for the various mono-, bi-, and tetralayer WS2
nanosheets are shown in Figure 2a. The WS2 nanosheets
exhibit first-order modes at approximately 356 and
420 cm�1, corresponding to the E12g and A1gmodes from
in-plane and out-of-plane vibrations, respectively.12,44,49 A
second-order mode is also observed: the 2LA(M) mode at
approximately 350 cm�1. The changes in the relative peak
intensity ratios (E12g/A1g) and peak distances between the
E12g and A1g modes depend on the number of layers
(mono-, bi-, or tetralayers). To clarify this observation, we
fitted the Raman peaks using a Lorentzian function and
extracted the peak intensities and positions for the over-
lapping 2LA(M), E12g and A1g modes, depending on the
number of layers. Figure 2b shows the relative peak
intensity ratio and peak distance as a function of the
numberof layers. The relativepeak intensity ratio increases
from 0.55 to 0.8 as the number of layers increased (from
mono- to tetralayer nanosheets). The relative peak in-
tensity ratio appeared to be affected primarily by the
change in scattering volume.49 Additionally, the relative
peak distance increases from 61.7 to 65 cm�1 as the
number of layers increased due to an increase in the A1g
mode frequency and a decrease in the E12g mode
frequency. These variations in the Raman frequency of
the A1g and E12g modes depending on the number of
layers can be explained by weak interlayer interactions
and the reduced long-range Coulomb interaction be-
tween the effective charges caused by an increase in the
dielectric screening, respectively.49,50

The PL spectra of the WS2 as a function of the
number of layers are shown in Figure 2c. The spectrum
of monolayer WS2 shows a strong PL signal at 2.01 eV,
which is consistent with the reported band gap for the
monolayer WS2. A weak andwide PL signal is observed
at 1.97 eV for the bilayer WS2 nanosheet. For the
tetralayer WS2 nanosheet, only a very weak PL signal
at near 1.4 eV is observed, which is due to the indirect
band gap as previously reported.12,29,30 The red shift

and low intensity of the PL signals with increasing
number of layers is due to the band gap transition from
direct to indirect, which agrees with previous results
related to the dependence of the PL signal on the
number of layers.29,30,44 These PL results again confirm
the layer controllability for the process scheme de-
scribed here. The XPS spectra of the monolayer WS2 at
theW4f and S2p core levels are shown in Figure 2d. The
W4f core level result shows three peaks at 34.8, 32.6, and
38.2 eV, which correspond to theW4f5/2 andW4f7/2 levels
for the W4þ and W5p3/2 states, respectively. The S2p core
level spectrum exhibits two peaks at 163.4 and 162.3 eV,
which are assigned to the doublet S2p1/2 and S2p3/2. The
calculated stoichiometric ratio is 2 (S/W), and all the XPS
results agree with the previous reported results for WS2.

40

Then, mono-, bi-, and tetralayer WS2 were synthe-
sized on 2 � 13 cm2 SiO2 substrates (Figure 3a) to
demonstrate the good uniformity of the current pro-
cess. It should be noted that the substrate size was
limited by the diameter of the tube furnace (1.2 in.
diameter with a 15 cm hot-zone length) in the current
experiments. The as-grown WS2 nanosheets show an
obvious color dependency on the number of layers.
The Raman spectra were measured at eight different
positions along the length of the nanosheet to confirm
large-area uniformity. The relative Raman peak inten-
sities and distances of the E12g andA1gmodes are plotted
in Figure 3b for each position. The variations in the
relative peak intensities as a function of the position are
small: between3 and 0.2% for all the samples. In addition,

Figure 2. (a) Raman spectra for the mono- (red), bi- (blue),
and tetralayer (black) WS2 nanosheets on SiO2 substrates,
the 2LA(M) (dash) and E12g (solid) peaks were deconvoluted
using a Lorentzian function, (b) relative Raman peak inten-
sities (red) and peak distances (blue) of the E12g and A1g

bands for themono-, bi-, and tetralayer WS2 nanosheets, (c)
PL spectra for the mono- (red), bi- (blue), and tetralayer
(black) WS2 nanosheets on SiO2 substrates and (d) XPS
measurements for the W4f (red) and S2p (blue) core levels
of the monolayer WS2 nanosheet.
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the relative Raman peak intensities and distances vary
with thenumberof layers, from0.5 to 0.8 and from61.5 to
65 cm�1, respectively, as shown in Figure 2. This result
confirms good uniformity and thickness control for the
ALD-based WS2 nanosheet, up to the 6 in. wafer length
scale.
The crystallinity of the ALD-based monolayer WS2

nanosheet was evaluated using high-resolution TEM
(HRTEM). Figure 3c shows a low-magnification TEM
image of a folded region of the transferred WS2
nanosheet on a TEM grid, which formed during TEM
sample preparation. The HRTEM image in Figure 3d
shows periodically arranged atoms at the selected
region of the ALD-based monolayer WS2 nanosheet.
A honeycomb-like structure and 6-fold coordination
symmetry are observed in the fast Fourier transforma-
tion (FFT) image (Figure S3). The selected-area electron
diffraction (SEAD) patterns of the ALD-based mono-
layer WS2 nanosheet (shown in the inset of Figure 3d)
taken with an approximately 30 nm aperture size
indicates a polycrystalline crystal structure and diffraction
points of (100) and (110).12 The approximate grain size is
10�20 nm, which is similar to that of MoS2 nanosheet
synthesized by sulfurization of Mo thin film.42

To evaluate the electrical performance of the ALD-
based monolayer WS2 nanosheet, we fabricated a top-
gate FET on the WS2/SiO2 substrate by evaporating
Au(60 nm)/Ti(5 nm) electrodes and an ALD HfO2 (50 nm)
gate insulator through conventional photolithography
and reactive ion (O2 plasma) etching processes, as

shown in Figure 4a. Figure 4b shows the characteristics
measured at room temperature in air. The field-effect
electron mobility was extracted from the linear regime
of the transfer curve using the equation μ = (ΔId/ΔVg) �
L/(WCoxVd), where L, W, and Cox are the channel length,
channel width, and gate capacitance per unit area,
respectively. The extracted field effect electron mobility
is 3.9 cm2/V 3 s, which is much higher than the previously
reported value for a CVD WS2 FET device (approximately
0.01 cm2/V 3 s).

40 This result shows that our WS2 nano-
sheet is of good quality, which is required for electronic
devices. The significant improvement in the field-effect
mobility of the current device is partially due to the
dielectric screening effect from the high-k dielectric gate
insulator.5,51 Furthermore, the subthreshold swing (SS)
value is as lowas 0.6 V/dec,which is comparable to that of
an FET device fabricated using exfoliated MoS2.

16 Nota-
bly, this is the first FET with a high-k dielectric gate
insulator prepared using a synthesized WS2 nanosheet.
One of the most important advantages of the ALD

process is its excellent conformality. Thus, the ALD
process can conformally deposit films on complex
structures such as trenches and NWs. On the basis of
the high conformality of the ALD process, we have also
developed a novel process to fabricate WS2 nanotubes
(WNTs). Figure 5a shows the process scheme for fabricat-
ing WS2 nanotubes. Aligned Si NWs were oxidized at
1000 �C for 1 h in O2 ambient to form a SiO2 layer. AWO3

filmwas conformally depositedby 50 cycles of PE-ALDon
the SiO2/Si NWs, which was followed by a sulfurization

Figure 3. (a) Large-area (approximately 13 cm) mono-, bi-, and tetralayer WS2 nanosheets on SiO2 substrates (at a size
comparable to a cellular phone display screen), (b) relative Ramanpeak intensities (upper) andpeak distances (bottom) of the
E12g andA1g bands for eightmeasurement points on themono- (red), bi- (blue), and tetralayer (black)WS2nanosheets, (c) low-
magnification TEM image for amonolayerWS2 nanosheet on a TEMgrid, (d) a HRTEM image of amonolayerWS2 nanosheet at
a selected region, and (inset) the SAED pattern of the polycrystalline monolayer WS2 nanosheet.
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process to form WS2. After sulfurization, the WS2/SiO2/Si
NWswere immersed in HF solution to etch the SiO2 layer,
which resulted in isolated WNTs.

The scanning electron microscopy (SEM) images for
each procedure are shown in the Supporting Informa-
tion (Figure S4). Figure 5b shows an SEM image of the
WNTs after the SiO2 sample was transferred. The WNTs
appear to be transparent due to the atomically thin
structure, as indicated by arrows. Figure 5c shows a
low-magnification TEM image of a WNT on a TEM grid.
The WNT has a diameter of approximately 400 nm,
replicating the diameter of the Si NW template. A
relatively large surface roughness is seen for the WTNs
as a result of the large surface roughness of the SiO2/Si
NWs. The HRTEM image for the region denoted by a
red circle of WNTs (Figure 5d) clearly shows the forma-
tion of tetralayer WS2 with an interlayer spacing of
0.65 nm, which is consistent with planar WS2. Chemical
composition analysis of a WNT was conducted using
high-angle annular dark-field (HAADF) and energy-
dispersive X-ray spectrometry (EDX) elemental map-
ping of the W and S (Figure 5e�g). The HAADF image
shows a torn region on the WNT surface that appeared
during the TEM sample preparation. The elementmaps
corresponding to the W and S confirm the presence of
WNTs, which is further supported by the Raman spec-
troscopy result (Figure S4(e)). In previous reports, the
WNTs were synthesized using sulfurization of WO3

nanowhiskers and nanoneedles. However, it is difficult
to control the geometry of theWNTs, such as diameter,
length and number of layers, by those methods.47,48 In
contrast, for the current WNT fabrication method based
on ALD and nanotemplates, it is relatively easy to control

Figure 4. (a) FET structure on the monolayer WS2, (b)
transfer curve for the FET fabricated on a monolayer WS2
nanosheet, and (c) output curve for the FET fabricated on a
monolayer WS2 nanosheet.

Figure 5. (a) Synthesis procedure for theWNTs, (b) SEM image of theWNTs and (inset) crossedWNTs, (c) a low-magnification
TEM image of an individual WNT on a TEM grid, (d) a HRTEM image of the edge of the tetralayer WNT (red circle in (c)) and
(inset) the intensity profile of the region denoted by the solid line, (e) a HAADF TEM image of an individualWNTon a TEMgrid,
and EDX elemental maps of (f) W and (g) S in the HAADF image.

A
RTIC

LE



SONG ET AL. VOL. 7 ’ NO. 12 ’ 11333–11340 ’ 2013

www.acsnano.org

11338

thediameter, length, andnumber of layers of theWNTs. It
should be noted that the current processing scheme is
not limited to Si NWs; numerous other nanotemplates,
including NWs, nanoparticles, and nanohole structures
could be exploited. Thus, our conformal and systematic
layer-control synthesis method for WS2 is expected to be
applicable to various multidimensional nanostructures.

CONCLUSION

In summary, we have reported an ALD-based WS2
synthesis process based on the sulfurization of highly

pure PE-ALD WO3 films. We demonstrated that the
ALD-based WS2 nanosheet synthesis process has a sys-
tematic layer controllability andwafer-level uniformity. The
fabricated WS2-based top-gate FET exhibited high field-
effect electron mobility of approximately 3.9 cm2/V 3 s and
a low SS of 0.6 V/decMoreover, we demonstrated that the
high conformality of theALD-basedWS2 synthesis process
enables the fabrication of WNTs using nanotempates. It
should be noted that the ALD-based TMDC synthesis
process is not limited to WS2. We expect similar process
schemes can be developed for other TMDC materials.

EXPERIMENTAL SECTION
WO3 Film Growth. A 6 in. ALD chamber with a loadlock

chamber was used for the deposition of the WO3 films. The
WO3 films were deposited onto SiO2/Si substrates using a newly
synthesized precursor, WH2(iPrCp)2, and O2 plasma at a 300 �C
growth temperature. The temperature of the bubbler contain-
ing WH2(iPrCp)2 was kept at 95 �C for adequate vapor pressure,
and vaporized WH2(iPrCp)2 molecules were carried into the
chamber by pure argon (99.999%) carrier gas. The O2 flow and
plasma power were fixed at 300 sccm and 200 W, respectively.
An ALD cycle consists of four steps: WH2(iPrCp)2 precursor
exposure (ts), Ar purging (tp), O2 plasma reactant exposure (tr),
and another Ar purging (tp). In the PE-ALD WO3 process, the ts,
tp, and tr were fixed at 5, 12, and 5 s, respectively. Optimization
of PE-ALD WO3 process is described in the Supporting Informa-
tion (Figure S1).

Sulfurization of WO3 Film. To the sulfurization of WO3 film, the
WO3deposited on the SiO2/Si substratewas placed in the center
of a tube furnace (1.2 in. in diameter). Initially, the sample was
heated to 470 �C for 60 min under flowing H2 (25 sccm) and Ar
(25 sccm) gas to remove any organic contaminants on the
surface. Second, the temperature was gradually increased from
470 to 1000 �C over a period of 90 min and was maintained at
1000 �C for 30 min with flowing Ar (50 sccm) and H2S (5 sccm).
The sample was subsequently cooled to room temperature
under a flowing Ar (50 sccm) atmosphere.

Transfer of WS2 Nanosheet. As-synthesized WS2 nanosheet on
the SiO2 substrate was coated with polymethyl methacrylate
(PMMA) by spin coating at 4000 rpm for 60 s. After curing the
PMMAat 100 �C for 15min, the samplewas immersed in 10%HF
solution in order to etch the SiO2 layer. Subsequently, the
sample was washed out by DI water and scooped onto a clean
SiO2/Si substrate. The PMMA was removed by acetone and
washed out by isopropyl alcohol.

WS2 Nanotubes Fabrication. Aligned Si NWs were fabricated
using gold-assisted chemical etching method52 and oxidized in
O2 ambient (0.6 Torr) at 1000 �C for 1 h to form a SiO2 layer on
the Si NWs surface. A WO3 film was deposited (50 cycles) by PE-
ALD on the SiO2/Si NWs which have diameter of 400 nm and
length of a few micrometers. Subsequently, WO3/SiO2/Si NWs
were sulfurized to form WS2/SiO2/Si NWs array. WS2/SiO2/Si
NWs were immersed in 10% HF solution to etch the SiO2 layer.
Then, sample was immersed in DI water to float the WNT on the
surface of DI water, and new SiO2/Si substrate was used to fish
the floating WNTs.

Characterization of WS2 Nanosheets and Nanotubes. OM (Olympus
DX51), Raman spectroscopy (HORIBA, Lab Ram ARAMIS; 633 nm
laser excitation wavelength), AFM (VEECO, Multimode), PL
(SPEX1403, SPEX; 532 nm laser excitation wavelength), XPS
(Thermo U. K, K-alpha), SEM (JEOL Ltd., JSM-6701F), TEM, and
EDX (Tecnai G2 F20 S-TWIN; accelerating voltage, 200 kV) were
employed to characterize the WS2 nanosheets and nanotubes.
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