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ABSTRACT

Atomically thin layered tungsten diselenide (WSe2 ) has attracted tremendous research attention for its potential applications in nextgeneration electronics. This article reports the synthesis method of high-quality monolayer to trilayer WSe2 by molten-salt-assisted chemical
vapor deposition. With the optimization of different types of molten salts and depths of corundum boat, large trilayer WSe2 films can be
grown with domain size up to 80 μm for the first time. A systematic study of the electrical properties of the n-type field-effect transistor has
been carried out based on WSe2 with the above three different layer thicknesses. The trilayer WSe2 devices exhibit higher drive current, mobility, on/off ratio, and lower contact resistance than both bilayer and monolayer counterparts. Moreover, short channel transistors using the
trilayer WSe2 with a channel length of 230 nm have been fabricated, exhibiting an excellent on/off ratio up to 108 and a high current density of
187 μA/μm. This facile synthesis of high-quality large-area multilayer WSe2 provides a pathway for future high-performance two-dimensional
electronic devices.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0048983

Transition metal dichalcogenides (TMDCs) have received
increasing attention for electronic and optoelectronic applications
due to their excellent transport properties and ultrathin body
nature.1–4 WSe2 , one of the TMDC materials, exhibits ambipolar
transport behavior and is capable of operating in both n-type and
p-type transistor modes with different growth conditions, as well
as interface and contact engineering.5–8 However, the field-effect
transistors made from WSe2 so far are largely based on mechanical exfoliation, especially the n-type ones.9–12 Large-area synthesis
using chemical vapor deposition (CVD) has been proved to be a
successful method in previous work for graphene and MoS2 and
is considered to be one of the most facile approaches for low-cost,
high-quality material growth.13,14 Furthermore, multilayer WSe2
beyond monolayer can provide better electrical contact with metal
and less interface scattering while maintaining the ultrathin body
nature, which has yet to be explored, especially on the electrical performance.15–18 Previous work showed bilayer CVD WSe2 growth
with p-type behavior with a single-crystal edge length less than
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40 μm.20–22 Recently, molten salts have received increasing attention
for their role in the CVD growth because they can increase mass flux
by reducing the melting points of the metal precursors, thus increasing the reaction rate, which can yield a much larger single crystal size
of the bilayer of about 120 μm.19 As for the electrical performance,
the previous best n-type WSe2 transistors are built on mechanical
exfoliation flakes with a carrier mobility of 44 cm2 /V s, an on/off
ratio of 106 , and a current density of 210 μA/μm.9 The current density of WSe2 transistors based on CVD growth is only one-tenth of
that of the best exfoliated ones.16–18,27
In this article, we report systematic material synthesis for
growing large-area monolayer to trilayer WSe2 using molten
salt-assisted low-pressure chemical vapor deposition (LPCVD).
With the optimized salt type and adjusting metal precursor boat
depth, the large size nuclei of the metal precursor lead to highquality multilayer growth of single-crystalline WSe2 . The resulting WSe2 grown on sapphire was transferred onto a silicon substrate with a 20 nm high-κ HfO2 dielectric on top for the back-gate
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transistor fabrication. The n-type field-effect transistors built on the
trilayer channel show much higher performance compared with the
monolayer and bilayer counterparts, including contact resistance,
mobility, and output current. The trilayer short channel (230 nm)
device exhibits a record high on/off ratio of 108 and an output
current of 187 μA/μm among all CVD grown results. This lowcost, high-quality growth process shows the potential for larger
domain crystal growth for future high-performance 2D electronic
devices.
WSe2 domains from monolayer to trilayer were grown on cplane sapphire substrates by the molten-salt-assisted low-pressure
chemical vapor deposition (LPCVD) process. The growth process
for WSe2 by the LPCVD method was carried out in a 1-in. diameter quartz tube furnace as depicted in Fig. 1(a). First, c-plane (0001)
sapphire substrates were cleaned with acetone, isopropanol alcohol,
and deionized water. Then, 60 mg WO2 powder and 3 mg KCl were
added in a clean corundum boat with a depth of 6 mm. A piece of
sapphire substrate was placed above the WO2 solid source. 300 mg
Se powder was added in a ceramic boat, which was able to provide a relatively low mass flux of the Se precursor compared with
the corundum boat, which is beneficial to form single crystalline
films rather than polycrystalline films.19 Se powder and WO2 powder were located in a quartz tube, keeping a distance of around
19 cm from each other. Before heating the furnace, the base pressure was pumped down below 4 Pa to remove excess oxygen
gas and moisture.23 Then, a mixture of gas with 8 SCCM H2
and 105 SCCM Ar was introduced into the furnace while maintaining pressure at around 1700 Pa. As depicted in Fig. 1(b),
the two heating zones were heated to 300 and 890 ○ C, respectively, with a ramping rate of 30 ○ C/min. After reaching the target temperature, it was maintained at the growth temperature for
15 min. Finally, the furnace was cooled down naturally to room
temperature.
As depicted in Fig. 1(c), WSe2 single crystals from monolayer
to trilayer were grown on c-plane sapphire substrates. The molten

FIG. 1. (a) LPCVD setup for the synthesis of multilayer WSe2 on sapphire. (b) The
temperature profile for precursors Se and WO2 . (c) Optical microscopic image of
WSe2 from monolayer to trilayer. The scale bar is 10 μm.
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salt KCl can reduce the melting temperature of WO2 , thus yielding
large size nuclei on sapphire which provide enough sources for the
layer-to-layer growth of WSe2 . WO2 was used here for the metal precursor instead of WO3 23–28 because WO3 sublimates readily above
850 ○ C and can easily produce a high mass flux of the metal precursor leading to high-density nuclei, which typically result in polycrystalline films rather than high-quality multilayer single crystalline
films.
It should be noted here that in order to grow multilayer WSe2 ,
we adopted KCl as the salt assistance, in addition to a few other
commonly used salts, such as sodium. In previous work, only metal
and chalcogen precursors were used, which typically resulted in the
growth of monolayer or bilayer of large domain size.16–18,31 Largesize multilayer WSe2 is difficult to obtain partly due to the high
melting points of W and WO3 . Recently, molten-salt-assisted methods were employed to facilitate the growth of monolayer and bilayer
WSe2 .17 In our growth process, we studied the growth effect of three
kinds of molten salts, as shown in Figs. 2(a)–2(d). First, clean and
large monolayer triangle shape single crystals were grown without
any salt assistance, with an average size of about 100 μm. Then, three
different salts NaI, KI, and KCl were added to the WO2 precursor.27
The typical optical micrographs of CVD WSe2 of the NaI-assisted
growth are shown in Fig. 2(b). Compared to Fig. 2(a), some white
points can be observed on the surface of the substrate and on top of
the monolayer WSe2 crystals, which can be identified as WOx Sey Iz .
Mixing WO2 and NaI will produce a molten solution, with a much
higher vapor pressure than WO2 , which promotes the reaction rate
and results in the formation of large nuclei. The large nuclei are
essential for layer-by-layer growth to form multilayers in the end.
Despite the emergence of the nuclei, NaI is still insufficient for any
sizable layer-by-layer growth. Next, KI was introduced to replace

FIG. 2. (a) Optical micrographs of CVD grown WSe2 without molten salts. (b)–(d)
Optical micrographs of CVD grown WSe2 with different molten salts; the corresponding molten salts are NaI, KI, and KCl, respectively. The scale bar is
50 μm.
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NaI, and irregular bilayer regions can be grown on the triangular
monolayer WSe2 crystals, with a size typically below 20 μm as shown
in Fig. 2(c). Finally, KCl was introduced and the growth resulted in
not only large size bilayer crystals but also trilayer WSe2 regions with
an average size of about 50 μm.
In order to optimize the crystal size of the multilayer WSe2 ,
we used the corundum boats with different depths to change the
distances between the substrate and the WO2 /KCl precursors, as
shown in the schematic diagram in Fig. 3(a). When the furnace
is heated, the WO2 precursor mixture with KCl leads to the formation of volatile compound WO2 Cl2 . Under H2 /Ar atmosphere
carrying the selenium precursor, WO2 Cl2 forms WOx Sey Clz , which
forms the nucleation centers for WSe2 growth. The density and size
of the nuclei will determine the geometries of the resulting crystal films. The density of nuclei is usually decided by the mass flow
rate and will mainly affect the resulting domain size of single crystals. On the other hand, multilayer growth requires large size nuclei
because each layer grows from the same nuclei, provided that multilayers are concentric. The layer-by-layer growth will be limited from
source supply if nuclei are small.19 Here, the corundum boats used
to carry WO2 /KCl precursors inside also supports the sapphire substrate on top, and the depth of the boat is the distance between the
substrate and the WO2 /KCl precursors. In order to achieve the optimal depth for growing large-size films, we used corundum boats
with six different depths. When the boat depth is around 5 mm,
both the size and density of few-layer domains decrease, and when
it is much deeper denser triangles can be observed as shown in
Fig. 3(b).
When the boat depth is above 8 mm, only monolayer WSe2
under 20 μm can be obtained. When the depth decreases from
8 to 6 mm, bilayer and trilayer regions begin to grow and the
largest domain can be achieved at the depth of 6 mm as shown in
Fig. 3(c). The nuclei growth and the film growth along the nuclei
can be viewed as a competing process during the whole growth
period. When the boat is deep enough, the nuclei size remains

FIG. 3. (a) Schematic diagram of layer size and thickness optimization of WSe2
by controlling the nucleation conditions. (b) Optical micrographs of CVD grown
WSe2 with the boat depth of 5 mm. The scale bar is 50 μm. (c) The correlation of the average size of the triangle crystal domains with various boat
depths.
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small as the in-plane growth dominates, which results in large area
monolayer crystals. When the depth is reduced gradually, the nuclei
size will grow larger, and out-of-plane growth, i.e., multilayer vertical growth, and in-plane lateral growth happen concurrently. Under
this circumstance, a larger monolayer on the bottom will be grown,
while out-of-plane growth will start from the nuclei followed by
the in-plane growth of the second layer, which repeats similarly for
the third layer. When the depth is reduced too much, the nuclei
will become too thick and large, preventing the lateral growth of
large-area few-layer WSe2 .
As shown in Fig. 4(a), the morphology of monolayer, bilayer,
and trilayer CVD WSe2 has been determined using an atomic
force microscope (AFM) according to the optical image as shown
in Fig. 4(b), and the step heights are found to be about 0.8 nm
for each layer, consistent with previous reports.29,30 Raman spectroscopy characterization was used to distinguish WSe2 with different layers after transferring the film onto 100 nm SiO2 on a Si
substrate. Raman spectra collected from the monolayer and bilayer
WSe2 show peaks at 250 and 251 cm−1 , respectively, as shown in
Fig. 4(c), corresponding to the E1 2g mode, in agreement with previous reports.31,32 As shown in Fig. 4(d), the intensity of Raman
mapping spectra at peaks is consistent with the spectrum position,
and the color contrast distribution indicates a good uniformity of the
film.
In order to study the layer-dependent electrical properties of
WSe2 , back-gated transistors were fabricated with the device structure shown in Fig. 5(a). After growth on sapphire, WSe2 films
were transferred onto 20 nm high-κ HfO2 dielectrics, which were
deposited by atomic layer deposition (ALD) on a highly degenerated p-type Si substrate. As for the transfer process, a 400-nm thick
PMMA layer was spin-coated on the as-grown WSe2 on sapphire,
and then, a layer of heat release tapes (HRTs) was applied to the
PMMA layer followed by soaking in deionized water for 2 h. Then,
the HRT peeled off the PMMA layer and WSe2 from the sapphire

FIG. 4. (a) AFM image (left) of the multilayer WSe2 transferred from sapphire to
the 100 nm SiO2 /Si substrate and the corresponding height profiles (right) of WSe2
from monolayer to trilayer. The scale bar is 1 μm. (b) Optical micrograph of trilayer
WSe2 . (c) Corresponding Raman spectra of WSe2 from monolayer to trilayer. (d)
Corresponding Raman mapping spectra of trilayer WSe2 in (b). The scale bar is
10 μm.
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FIG. 5. (a) Schematic view of the WSe2 transistors. (b) Layer-dependent transfer characteristics at 1 V with 1 μm channel length back-gated WSe2 transistors. (c) Layerdependent contact resistance extracted using the transfer length method with different channel lengths. (d) On-current and electron mobility comparison of CVD WSe2
transistors with different layers.

substrate and was transferred onto 20 nm HfO2 on silicon. Finally,
the HRT was removed by heating, and PMMA was dissolved with
acetone. A post-annealing process step was performed for WSe2 to
remove the PMMA residual before device fabrication. As for the
device fabrication, the WSe2 channel was patterned by electron beam
lithography (EBL). Then, S/D ohmic contacts were formed with
20 nm Ni/60 nm Au metal deposition by E-beam evaporation. The
channel lengths range from 0.23 to 3 μm.
Figure 5(b) shows the transfer characteristics of the layerdependent WSe2 transistors at V ds = 1 V with Lch = 1 μm. The
off-current is almost constant for the devices with different layers. The trilayer WSe2 transistor shows the highest performance
among the three types of devices, exhibiting one order of magnitude higher on/off ratio (2 × 108 ), one order of magnitude higher
on-current (I on ), and five times higher mobility than the monolayer
device. As shown in Fig. 3(c), the contact resistance (Rc ) can be
extracted from the transfer characteristics for three different channel lengths, resulting in 19, 11, and 3.2 kΩ μm for the monolayer,
bilayer, and trilayer devices, respectively. The contact resistance is
the smallest for the trilayer devices due to the higher density of
states of thicker semiconductors and smaller bandgap as well, which
is beneficial for high-performance devices. As shown in Fig. 5(d),
both the mobility and on/off ratio are the highest for the trilayer
devices.
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Figures 6(a) and 6(b) show the transfer and output characteristic curves of a short channel (230 nm) back-gated trilayer WSe2 transistor. It shows typical n-type behavior with a field-effect mobility of
32 cm2 /V s, an on/off ratio of 2.6×108 , and a maximum drain current
of 187 μA/μm. Decent current saturation can also be observed from
the output characteristics with clear Ohmic contact using Ni.35 As
shown in Fig. 6(c), the on-current increases from 35 to 187 μA/μm
as the channel length decreases from 3 to 0.23 μm, which is the
largest on-current among CVD WSe2 n-type transistors. In addition, as shown in Fig. 6(d), our trilayer WSe2 transistors exhibit
the largest on/off ratio (I max /I min in the transfer characteristics at
Vds = 1 V) among CVD WSe2 n-type transistors.16,17,27,33,34
In conclusion, this paper reports the synthesis of large
single-crystal monolayer to trilayer WSe2 on sapphire and highperformance transistor characteristics. The largest trilayer domain
size achieved is up to 80 μm by the molten salt-assisted method with
an optimized mass flow of precursors and the size growth of nuclei
on the substrate. As the layer number of WSe2 increases, the mean
mobility increases from 3.4, 8.4, to 22 cm2 /V s for the monolayer,
bilayer, and trilayer, respectively. Field-effect transistors fabricated
on the trilayer WSe2 show a much higher on/off ratio and on-current
compared with previous work. This work demonstrates the potential of CVD trilayer WSe2 for future high-performance short channel
electronic devices.
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FIG. 6. (a) The transfer and (b) output characteristics at drain-to-source voltages of 0.05 and 1 V with 0.23 μm channel length back-gated trilayer WSe2 transistors. (c)
On-current and (d) on/off ratio benchmark of the trilayer WSe2 with different channel lengths.16,17,27,33,34

See the supplementary material for the statistical distribution
of the crystal sizes and electrical performance of the transistors and
other related electrical characteristics.
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