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ABSTRACT: Transition-metal dichalcogenides (TMDs) have
attracted intense research interest for a broad range of device
applications. Atomic layer deposition (ALD), a CMOS compatible
technique, can enable the preparation of high-quality TMD films
on 8 to 12 in. wafers for large-scale circuit integration. However,
the ALD growth mechanisms are still not fully understood. In this
work, we systematically investigated the growth mechanisms for
WS2 and found them to be strongly affected by nucleation density
and film thickness. Transmission electron microscope imaging
reveals the coexistence and competition of lateral and vertical
growth mechanisms at different growth stages, and the critical
thicknesses for each mechanism are obtained. The in-plane lateral
growth mode dominates when the film thickness remains less than 5.6 nm (8 layers), while the vertical growth mode dominates
when the thickness is greater than 20 nm. From the resulting understanding of these growth mechanisms, the conditions for film
deposition were optimized and a maximum grain size of 108 nm was achieved. WS2-based field-effect transistors were fabricated with
electron mobility and on/off current ratio up to 3.21 cm2 V−1 s−1 and 105, respectively. Particularly, this work proves the capability of
synthesis of TMD films in a wafer scale with excellent controllability of thickness and morphology, enabling many potential
applications other than transistors, such as nanowire- or nanosheet-based supercapacitors, batteries, sensors, and catalysis.
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■ INTRODUCTION

Transition-metal dichalcogenides (TMDs), a family of layered
materials with a composition of the form MX2 (where M =
transition metal such as W, Mo, Nb, Ti, etc., and X = S, Se,
Te), are considered to be promising channel materials,
particularly in the monolayer form, for alleviating short
channel effects in field-effect transistors (FETs) as CMOS
technology continues to scale down.1,2 For example,
monolayer WS2 has a direct band gap of 1.9 eV instead of
an indirect band gap of 1.4 eV for bulk WS2,

3 enabling its
promising applications in transistors,4,5 integrated circuits,6,7

photodetectors,8 and valleytronic and spintronic devices.9 For
electronic and optoelectronic applications, layer numbers,
defects, and grain boundaries have significant effects on the
electrical and optical properties of TMDs.10 Synthesis of
TMDs can be achieved by both top-down and bottom-up
methodologies. The top-down approach, represented by
mechanical exfoliation, is ideal for research purposes that
require ultra-high-quality monolayers11−13 but is not well
suited for the wafer-scale production. To address this issue,
bottom-up methods, such as chemical vapor deposition
(CVD), have been intensively studied.14−16 Centimeter-scale

monolayer WS2 thin films synthesized by CVD processes have
been demonstrated17−19 but precisely controlling thickness
and uniformity across 8 or 12 in. wafers and depositing over
3D nanostructures with a very high aspect ratio remain very
challenging.
Atomic layer deposition (ALD), a self-limiting reaction

process that is widely used in the CMOS industry for high-k
dielectric deposition and metallization, is considered to be a
promising solution for preparing TMD films.20−22 ALD, as a
complementary technology with CVD, can be used to deposit
TMD films with controllable thickness over high aspect ratio
complex three-dimensional nanostructures.23 However, several
studies have indicated that the TMD growth mechanism in
ALD does not obey the ideal self-limiting atomic-level growth
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model, leading to unwanted morphologies.24,25 For example,
the ALD growth of atomically thin MoS2 has been observed to
exhibit a transition from lateral to vertical growth upon the
coalescence of grains following initial nucleation upon the
growth substrate.25 These phenomena have been described in
the literature, but a comprehensive study of ALD growth
mechanisms is still lacking.
Herein, the growth mechanisms of ALD WS2 were

investigated in detail. By analyzing the morphologies and
microstructures of as-grown films at different growth stages, it
is found that the growth mechanisms governing the growth of
WS2 at different stages are controlled by the corresponding
variations in nucleation densities. Specifically, the lateral
growth mechanism during initial island growth results from
low nucleation densities at the substrate surface; whereas a
subsequently observed vertical growth mechanism is due to the
increased nucleation densities on as-deposited films. With the
help of this understanding, film growth was optimized for
transistor applications. The average grain size was 50 nm and
the maximum grain diameter reached 108 nm. Top-gated WS2
FETs fabricated on the optimized films exhibit excellent
electrical properties. The key achievement of this work is the
successful clarification of the thickness-dependent growth
mechanism and related device performance of ALD-grown
WS2 films, which should accelerate the realization of highly
uniform TMD films to enable an excellent device performance
to be achieved at a wafer scale. In addition, this understanding
of growth mechanisms enables the realization of nanowire/
nanosheet morphologies, which are of interest for applications
such as supercapacitors,26 catalysts,27 and sensors.28

■ RESULTS AND DISCUSSION

One typical cycle of the ALD synthesis process for WS2 is
illustrated in Figure 1a. Low-cost and less-toxic WCl6 (99.9%)
and (CH3)3SiSSi(CH3)3 (HMDST, 98%) precursors are
successively introduced into the reaction chamber by a carrier
gas (Ar). WS2 films grow on sapphire substrates in a self-
limiting reaction. The as-deposited WS2 films are then post-
annealed in a sulfur atmosphere at 950 °C for 2 h to fill the
sulfur vacancies.
Figure 1b shows photographs of WS2 samples with different

ALD cycle numbers ranging from 300 to 800 cycles,
confirming film uniformity over the entire 2 in. sapphire
substrates for all samples. Because this work focuses principally
on the investigation of growth mechanisms, we use 2 in.
sapphire as standard substrates. As the number of cycles
increases, the sample color becomes a deeper brown color.
Figure 1c shows the absorption spectra of films with different
thicknesses. The absorbance increases with an increasing
number of ALD cycles, consistent with the steadily increasing
film thickness. The A (617.1 nm, 2.01 eV) and B (514.3 nm,
2.41 eV) exciton peaks for WS2 films grown with 300−800
ALD cycles can be clearly observed in the absorption curves. A
and B exciton peaks were not found in WS2 films with 200
cycles, indicating that the film did not result in fully formed
films at this stage. The film thicknesses were measured by
cross-sectional transmission electron microscopy (TEM) and
atomic force microscopy (AFM). The cycle number-depend-
ent thickness curve is plotted in Figure S1. AFM images at the
five positions of the 600-cycle annealed WS2 film are also
shown in Figure S2, which confirmed the good uniformity of
ALD-grown WS2 films.

Figure 1. Illustration of ALD-grown WS2 films on sapphire substrates. (a) Schematic of ALD-grown WS2 films. (b) Photographs of sapphire
substrate, 200, 300, 400, 500, 600, 700, and 800 ALD cycles growth on sapphires. (c) Ultraviolet−visible−near infrared (UV−vis−NIR) absorption
spectra of WS2 films with different thicknesses.
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To study the growth mechanisms of WS2 films, the
microstructure and morphology of the samples were
characterized by scanning electron microscopy (SEM) and
TEM imaging. The growth mechanism of ALD WS2 involves
both lateral and vertical growth processes, coexisting and
competing with each other. SEM images of films at different
growth stages are further described in the Supporting
Information (Figure S3). As shown in Figure 2, at the initial
stage (stage I), WS2 first grew on sapphire in small islands or
non-connected films, dominated by lateral growth. Island
growth is frequently present in ALD processes for material
growth.29,30 As illustrated by TEM results for as-deposited
samples and annealed samples, a layered structure consisting of
the metal sandwiched in-between sulfur was clearly observed in
annealed WS2 films, indicating that the post-annealing
treatment procedure is necessary for improving crystallinity,
grain size, and horizontal alignment of basal planes. The islands
continually expand and eventually form a smooth planar film,
with a thickness of 8 layers up to 400 cycles, TEM images still
show that the film is flat and continuous (Figure 2, stage II).
No warpages or kinks were found in cross-sectional TEM
images, confirming the preferred lateral growth orientation.
The growth mode was affected by the nucleation densities and
grain growth mechanism: when the nucleation density was very
low, that is, thickness <8 layers, the lateral growth dominated.
Due to the extremely low nucleation density on the substrate
surface, after the formation of a WS2 crystal nucleus, the

precursor can only adsorb at dangling bonds on the side of the
WS2 island leading to lateral growth, resulting in the rapid
expansion of the WS2 islands. However, due to the lack of a
dangling bond on the top surface of the WS2 islands, the films
did not grow along the direction perpendicular to the
substrate. As illustrated in Figure 2 (stage II), plan-view
TEM results along with grain size analysis show an average
grain size of 50 nm and a maximum grain diameter of 108 nm.
EDX mapping of smooth planar film WS2 films is shown in
Figure S4, confirming the W and S elements of the WS2 layers.
When the WS2 films exceed 8 layers in thickness, lateral and

vertical growths coexist. Warpages are observed on top of the
films, and WS2 grows along the warpages, which tended to
form nanowires after annealing (Figure 2, stage III). Although
previous literature reported that TMD materials prepared by
ALD tend to appear in a nanowire morphology, the
mechanism behind this tendency has not been ex-
plored.24,25,31,32 The formation and growth of WS2 crystal
nuclei are very different from those formed during the island
stage with low nucleation density. We believe that the
appearance of defects led to the increase of nucleation density
on the growth surface at this stage, and the presence of
dislocations made the grains no longer grow along the lateral
direction, resulting in the tiny warping morphology. The
coexistence of planar films and nanowires confirms our
proposed growth mechanism. As the thickness increased
beyond 20 nm, vertical growth dominated. In this mode, as

Figure 2. Growth mechanism of ALD WS2 films. Schematic illustrations of different stages of growth are shown, along with corresponding TEM,
and/or EDX spectroscopy images below each illustrated growth stage. The island growth stage (stage I) occurs first. Cross-sectional TEM images
revealed island structures and non-connected films. TEM results without/with annealing are shown. The subsequent in-plane lateral growth mode
(stage II) then dominates when the film remains thinner than eight layers, as revealed by top-view/cross-sectional TEM images of WS2. Selected
area electron diffraction patterns for films at the bottom right of stage II show the random orientation of different grains. Lateral and vertical growth
modes coexist (stage III) when the thickness is in the range of 5.6−20 nm. TEM results reveal the initial appearance of wire microstructures during
stage III. The vertical growth mode (stage IV) dominates when the thickness is greater than 20 nm, as illustrated in both the top-view and cross-
sectional TEM. Fiber WS2 and sapphire substrate elements are labeled with energy-dispersive X-ray (EDX) spectra.
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the nucleation density keeps increasing, warpages and/or
vertical nanowires tend to grow rapidly once the adjacent ones
are contacted and merged together. Two vertically grown
nanowires, as shown in Figure 2 (stage IV), are derived from
warpages, and the interaction between the two microwarps
leads to a transition in the direction of growth. The weakening
of the van der Waals attraction as the number of layers
increases may also be a possible contribution to this
mechanism.33,34 As a result, large amounts of perpendicular
WS2 nanowires could be observed, leading to a much faster
vertical (perpendicular to the substrate surface) growth rate of
nanowires compared to planar film growth (Figures S5 and
S6). The non-linear growth rate after 700 cycles, as shown in
Figure S1, also confirms this rule.
The stoichiometry and bonding states between W, S, and O

atoms of 500-cycle smooth continuous WS2 films before and
after annealing were analyzed by XPS. Figure S7 shows the
whole spectra of as-deposited and annealed WS2 films. Core-
level photoelectron spectra of W 4f and S 2p regions
corroborated the importance of the annealing process to

improve the film quality, as shown in Figure 3a,b. Two
doublets were fitted to the W 4f spectra in as-deposited
samples, with WS2 peaks at binding energies of 31.6 and 33.8
eV corresponding to the W4+-S 4f7/2 and W4+-S 4f5/2 levels,
respectively; peaks corresponding to WS2+X are at 32.9 and
35.1 eV. In addition, two doublets were fitted to the S 2p
spectra in the as-deposited samples; the peaks for W4+-S 2p3/2

and W4+-S 2p1/2 appear at 161.2 and 162.4 eV, while WS2+X
corresponds to the binding energies of 161.3 and 162.8 eV.
Before annealing, WS2 films are in a sulfur-rich state, with a
substantial presence of WS2+X components; the stoichiometric
ratio of W/S was around 1:2.3. The coordination number of
the W atom is higher in WS2+X, the electrons in the orbital are
attracted by the S atom more, resulting in the chemical
displacement toward higher binding energy. After the film was
annealed in a high-temperature sulfur atmosphere, it was found
that the W 4f core-level photoelectron spectra changed
significantly. Only a doublet corresponding to W 4f in WS2
with binding energies of 33.2 eV (W4+-S 4f7/2) and 35.4 eV
(W4+-S 4f5/2) was detected, and the peaks for W4+-S 2p3/2 and

Figure 3. Materials characterization of ALD grown WS2 films. (a) Fine XPS spectra of W 4f and S 2p peaks for as-deposited 400-cycle WS2. Both
WS2 and WS2+X were observed. The W/S ratio was 1:2.3. (b) Fine XPS spectra of W 4f and S 2p of annealed 400-cycle WS2. Only WS2 was
observed, indicating the necessity of annealing. The W/S ratio was 1:2.1. (c) Raman spectra of annealed WS2 films with different film thicknesses.
Δ shift increased when increasing the film thickness. (d) RBS of films with 3.5 nm thickness. (e) Electron Hall mobility of WS2 at temperatures
varying from 10 to 300 K.
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W4+-S 2p1/2 appear at 162.8 and 163.9 eV. The peaks for W 4f
and S 2p become sharper and the ratio between W and S is
1:2.1, which is very close to the standard stoichiometric value
for WS2.
The Raman spectra for WS2 on sapphire with various

thicknesses from 400 to 700 ALD cycles are shown in Figure
3c. The frequency difference “Δ shift” in the Raman spectra
between the A1g (plane vibration of S atoms) and E2g (in-plane
vibration of W and S atoms) modes has been used to
determine the number of layers.35 With increasing film
thickness, the E2g mode exhibited a clear red shift from
355.2 to 350.8 cm−1, and the A1g mode showed a slight blue
shift from 419.1 to 420.9 cm−1. The Δ shift increases from 63.8
to 67.4 cm−1 with the ALD cycle number from 400 to 700,
which indicates that the WS2 films become thicker. Such
dependence of Raman shifts on film thickness further proves
the thickness controllability in our ALD WS2 synthesis
method.
Rutherford backscattering spectrometry (RBS) measure-

ments were performed under a backscattering angle of 160°
and an appropriate grazing angle of 100° (with the sample
oriented perpendicular to an incident He++ ion beam of 2.275
meV). The results show that the atomic concentrations of W
and S are 34.6 and 61.4%, as shown in Figure 3d. The electron

Hall mobility of 400-cycle WS2 was 57.94 cm2 V−1 s−1 at 10 K
and 10.55 cm2 V−1 s−1 at 300 K, respectively, sufficient for
transistor applications, as shown in Figure 3e. As shown in
Figure S8, the X-ray diffraction (XRD) pattern of the smooth
planar film with 400 ALD cycles shows intense peaks at 2θ
values 14.08°, indexed to the (0002) planes of the 2H-WS2
system, with the C axis perpendicular to the substrate as
expected.
To evaluate the electrical properties of our ALD-grown WS2

films, we fabricated top-gated FETs with 30 nm Al2O3 as the
gate dielectric. The device architecture is shown in Figure 4a.
WS2 thin-film samples with different thicknesses were used
from 300 to 700 ALD cycles. Ti/Au metallization was used to
form metal contacts for source, drain, and gate. The transfer
characteristic of WS2 FETs with different thicknesses is shown
in Figure 4b. The channel length and width are 10 and 40 μm,
respectively, and the drain voltage is 0.4 V. The WS2 FETs
exhibited an n-type behavior with a large on/off current ratio
up to 105. WS2 FETs with a thickness of 300 ALD cycles were
found not to work normally because the films prepared with
fewer than 300 ALD cycles were not continuous and thus not
suitable for device fabrication. From the transfer characteristic
curves shown in Figure 4b, we confirm that the drain current Id
of the device increases with increasing thickness up to 500

Figure 4. Transistor device geometry and characterization. (a) Schematic illustration of top-gated WS2 FET on a sapphire substrate. (b) Transfer
characteristics of WS2 n-FET with 10 μm gate length and 40 μm gate width with different ALD cycles. (c) Transfer characteristics of 500 cycles
WS2 n-FET for drain voltages (Vd) of 0.1−0.4 V. The on-current reaches 3.4 × 10−6 A at a drain voltage of 0.4 V. (d) Output characteristics of 500
cycles WS2 n-FET.
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cycles. However, when cycle numbers exceed 600, the drain
current decreases with increasing thickness. The field-effect
mobility of the electrons was calculated from the transfer
characteristic curve by using the equation: μ = (ΔIds/ΔVtg) ×
L/(WCoxVds), where L and W are the channel length and
width, Cox = ε1ε0/d was the capacitance between the drain and
the gate per unit area, ε1, ε0 are the dielectric constants of the
Al2O3 layer and vacuum, and d is the thickness of the high-k
dielectric. The electron mobility of WS2 FETs with 500 ALD
cycles is 3.21 cm2 V−1 s−1, while the values of 400, 600, and
700 ALD cycles are 1.49, 1.23, and 0.47 cm2 V−1 s−1,
respectively. Due to the influence of contact resistance, the
field-effect mobilities are generally much lower than the Hall
mobility, which have been systematically investigated pre-
viously.36 The fabricated FETs based on the 500-cycle WS2
film presented the maximum drain current and the highest
mobility. However, as the thickness increases, the vertical
growth mode gradually dominates, the surface roughness
increases rapidly and a large number of defects are generated,
resulting in a drop of device performance. Although the
degradation of device performance is within the acceptable
range, the prospect that flat films can be used to produce
superior device preparations is credible.
Figure 4c,d shows the transfer characteristic curve and

output characteristic curve of the 500-cycle WS2 FETs. The
output characteristic indicates that the drain current nearly
saturates at Vd = 3 V. This observation confirms the
importance of the precise control of film thickness, that is,
film surface morphology, for device performance. Table 1
shows the benchmarks of the ALD-prepared TMD films in
recent years.

■ CONCLUSIONS

In summary, we have reported a systematic investigation of the
WS2 synthesis process using ALD. The results demonstrate
that ALD-WS2 synthesis can be precisely controlled in various
morphologies. The nucleation mechanism and growth
mechanism of WS2 are greatly affected by the nucleation
density. The abrupt increase of nucleation densities after
continuous film formation leads to a change of the growth
mechanism from lateral film growth to vertical nanowire
growth. In different growth stages, lateral growth and vertical
growth mechanisms coexist in competition with each other.
Top-gated FETs based on the prepared WS2 films show a high
on/off ratio of 105 and field-effect carrier mobility of 3.21 cm2

V−1 s−1. In addition to WS2 as studied in this work, growth and
morphology control for other TMD materials would likely
benefit from these insights. We believe this work sheds light on
the synthesis of a wafer-scale continuous TMD film via ALD
and provides a path for precisely controlling the layer numbers
and sample morphologies for applications spanning from
electronics and optoelectronics, requiring highly uniform thin-

film morphologies, to sensing, catalytic and energy-related
fields demanding nanostructured morphologies.

■ METHODS
Substrate. 2 in. c-plane single-crystal sapphires with a ⟨0001⟩

orientation and 0.5 mm thickness (Al2O3 > 99.99%) are used as the
substrate. Before deposition, the substrates were successively cleaned
in acetone and absolute alcohol with an ultrasonic bath for 15 min,
respectively. The sample was then rinsed in deionized water to
remove the residue from the previous step and dried by pure N2 gas.

WS2 Film Growth. The WS2 films were deposited using a Beneq
TFS-200 ALD reactor. Ar gas was purged into a reactor between the
WCl6 (99.9%) and (CH3)3SiSSi(CH3)3 (HMDST, 98%) pulse steps.
The WCl6 temperature was kept at 90 °C, while the HMDST was
kept at room temperature. One cycle of ALD WS2 deposition includes
1 s WCl6 pulse time, followed by 12 s of purge time (99.99% Ar) and
1 s of HMDST pulse time, followed by 5 s of purge time, respectively.
The reaction temperature in the reactor was set to 400 °C.

Annealing. After the ALD process, the as-deposited WS2 film
samples were placed in the central constant temperature area of the
tube furnace at 950 °C, and 50 mg of the sulfur powder was placed
and heated to form an appropriate sulfur atmosphere. The annealing
time was 2 h and the ramping rate was 20 °C/min.

Characterization. X-ray photoelectron spectroscopy (XPS) was
performed with an ULVAC PHI QuantERA II. A 1486 eV Al Kα
anode was used as the source of X-ray radiation. Raman spectra were
measured with a Nano LabRam HR Evolution Raman spectrometer
using 532 nm laser excitation. The RBS instrument used for the
analysis was a NEC Pelletron, model 3SDH. Hall effect measurements
was performed with a Lakeshore 8400 instrument. X-ray diffraction
were measured with a Bruker D8 ADVANCE. Absorption spectrum
was obtained with an UV−vis−NIR spectrophotometer Agilent Cary
5000.

Device Fabrication. Annealed WS2 films were first patterned by
ultraviolet lithography to define the active area, with LOR 3A and
S1813 as the adhesive and photoresist, respectively. CF4 and Ar
plasma were then used for etching in RIE (40/10 sccm, 150 W, 2
min). After the removal of the photoresistor with acetone, the source
and drain were patterned by lithography and physical vapor
deposition (15/70 nm Ti/Au), followed by a lift-off process. With
trimethylaluminum and H2O as precursors, 30 nm Al2O3 gate
dielectric layer was grown at 250 °C using a Beneq TFS-200 ALD
system. Finally, the Ti/Au top-gate electrodes were formed using the
same process as for the source/drain electrodes.

Electrical Measurements. All of the electrical measurements
were conducted using an Agilent B1500 semiconductor device
analyzer under ambient conditions.
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*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c13467.

Growth rate of the ALD WS2 process; AFM images at
five positions of the 600-cycle annealed WS2 film; SEM
images of films in different growth stages; EDX mapping
of smooth planar film WS2 films; HAADF-STEM and

Table 1. Benchmarks of ALD-Grown TMDs

reference TMDs wafer scale growth method Ion/Ioff@4.6 mV/cm controllable thickness controllable morphology

this work WS2 8 in. ALD 105 yes yes
18, 19 WS2 12 in. ALD N/A yes no
37 MoS2 4 in. ALD N/A yes no
38 MoS2 2 in. ALD N/A yes no
39 WSe2 no ALD 105 yes no
40 MoS2 no ALD N/A N/A no
22 MoS2 no ALD N/A yes no
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