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ABSTRACT

Orientation-controlled growth of two-dimensional (2D) transition metal dichalcogenides (TMDCs) may enable many new electronic
and optical applications. However, previous studies reporting aligned growth of WSe, usually yielded very small domain sizes.
Herein, we introduced gold vapor into the chemical vapor deposition (CVD) process as a catalyst to assist the growth of WSe, and
successfully achieved highly aligned monolayer WSe; triangular flakes grown on c-plane sapphire with large domain sizes (130 pm)
and fast growth rate (4.3 um-s™'). When the aligned WSe, domains merged together, a continuous monolayer WSe;, was formed
with good uniformity. After transferring to Si/SiO, substrates, field effect transistors were fabricated on the continuous monolayer
WSe,, and an average mobility of 12 cm?V~"-s™" was achieved, demonstrating the good quality of the material. This report paves
the way to study the effect of catalytic metal vapor in the CVD process of TMDCs and contributes a novel approach to realize the

growth of aligned TMDC flakes.
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1 Introduction

Two-dimensional (2D) layered materials beyond graphene,
especially transition metal dichalcogenides (TMDCs), have
attracted a lot of attention in recent years due to their intriguing
properties [1, 2]. For example, tungsten diselenide (WSe.), which
is one of the well-studied species among the large family of
TMDCs, has been demonstrated to be a promising candidate
for various applications including field-effect transistors [3-6],
sensors [7, 8], and printed and flexible electronics [9-12].
Compared with the mechanical exfoliation method, chemical
vapor deposition (CVD) is a better solution to achieve large-
scale, good-uniformity, and high-yield TMDCs [13-16].

The orientation of TMDCs synthesized by the traditional
CVD method is usually random with small size [13, 17-28].
When the growth conditions are precisely controlled, TMDC
flakes can merge together to form a continuous film [17, 29].
If the orientation of the TMDC flakes is random, the grain
boundaries between two flakes can significantly degrade the
electronic properties of the obtained film, and thus the
wafer-scale electronic applications of TMDCs could be greatly
limited. However, when flakes in the same orientation merge
together, seamless coalescence may lead to single-crystalline
films [29, 30]. Therefore, TMDC flakes grown in the same
orientation are highly preferred. In addition, aligned growth
of TMDCs with large domain size is highly desired, because
large flake size can reduce the formation of grain boundaries

in subsequent coalescence.

In order to achieve aligned growth of TMDCs, the selection
of growth substrate is very important. Since thermally grown
SiO: is amorphous, it is not suitable for aligned growth of
TMDCs. As a result, many researchers have explored various
substrates such as BN [18], GaN [19, 20], mica [21], graphene
[22-24], and graphite [25]. The deposited TMDC domains
can be aligned by the substrate lattice or step edges. Recently,
c-plane sapphire has been widely studied as a substrate to
grow aligned TMDC flakes. Dumcenco et al. achieved aligned
growth of MoS: on sapphire substrates and obtained continuous
films by coalescence of MoS: flakes [26], which was a significant
accomplishment. However, in their work, only ~ 91.5% of
the MoS; flakes are well aligned, and the relatively small flake
size (~ 20 pm) and slow growth rate (~ 0.04 pm-s™) are still
limitations of their MoS, growth. Furthermore, it is known
that WSe;, is more challenging to synthesize than MoS,, because
selenium precursor is less reactive than sulfur. In addition,
WOs precursor is more difficult to sublimate than MoO;
(boiling points of WOs; and MoOs are 1,700 and 1,155 °C,
respectively), and therefore it is more difficult to control the
tungsten supply than the molybdenum supply during the
CVD process. Previously, we found that the WSe: flakes with
a trapezoid shape can nucleate along the sapphire step edges
and grow in an aligned fashion when a high-temperature
treatment was applied for the c-plane sapphire substrates, but
the typical grain size was less than 10 um [27]. It was reported
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that atomic step-terrace structures can be formed on the surface
of c-plane sapphire after high temperature (> 950 °C) annealing
due to high-temperature-triggered surface reconstruction
[31, 32]. Besides, some other researchers also demonstrated
that aligned growth of TMDC flakes in triangle shapes is
also possible using traditional CVD or metalorganic CVD on
sapphire without the high temperature (> 950 °C) treatment,
owing to the lattice match between c-plane sapphire and
TMDCs. Huang et al. reported aligned growth of WSe; on
sapphire and the average domain size for the aligned WSe;
was about 5 pm [13]. Eichfeld et al. [23] and Zhang et al. [17]
used metal-organic CVD to achieve aligned WSe: on sapphire,
but their domain sizes were less than 2 um and the flakes were
not strictly monolayer. In the work mentioned above, large
randomly oriented WSe; flakes up to 100 um can be synthesized;
however, the reported flake size is much smaller when the
aligned growth was achieved. There are still several problems
with the state-of-art TMDC aligned growth techniques: (1) the
domain size is usually very small (< 10 um) due to high
nucleation density; (2) the thickness is not uniform in some
reports, which would limit the electronic applications because
TMDOC flakes with different thickness have different bandgaps;
(3) the growth rate is usually low (< 2 pm-min™).

By introducing Au vapor in WSe. CVD and using c-plane
sapphire as substrates, we have successfully achieved highly
aligned monolayer WSe; with large domain size (~ 100 um),
uniform thickness (monolayer), and fast growth rate (~ 200
pm-min~'). At the edge of the sapphire substrate, aligned WSe
can also merge together to form a continuous monolayer WSe
film. The high quality and good uniformity of the WSe film were
confirmed using Raman spectroscopy, photoluminescence (PL),
and transmission electron microscopy (TEM) characterizations.
In addition, field-effect transistors (FETs) fabricated on con-
tinuous monolayer WSe: showed good performance, indicating
the potential for practical applications.

2 Experimental

2.1 Gold assisted CVD growth of WSe: on sapphire

The gold-vapor-assisted CVD process was performed in a
horizontal quartz tube. The system set up is schematically
illustrated in Fig. 1(a), and a photograph of the setup
before the CVD process is shown in Fig. S1 in the Electronic
Supplementary Material (ESM). In a typical CVD process, a
piece of Au foil with 0.1 g WO was placed in a quartz boat
(Boat A) and a piece of c-plane sapphire (~ 2 cm x 1 cm in size)
was placed on top of the WO; powder with the polished side
facing WOs, the position of WO; powder is right below the
upstream edge of the substrate. The vertical distance between
the sapphire substrate and the gold foil is 3 mm. The whole
quartz boat was put in the center of the tube furnace, where
the highest temperature could be achieved. Another quartz
boat (Boat B) with 1 g Se powders was placed upstream outside
the heating zone of the furnace initially, with a stainless-steel
rod used to control the position of the quartz boat during
the heating process. The whole system was first evacuated
to 450 Torr with a vacuum pump, and then 100 sccm Ar was
introduced to the system as the carrier gas. Later on, the center
of the furnace was gradually heated from room temperature
to 900 °C in 15 min and maintained at the temperature for
another 2 min to ensure sufficient amount of Au vapor was
present in the chamber and the substrate was preheated to the
desired temperature. It's worth mentioning that there was still
no Se vapor in the chamber at this time since Boat B with Se
powder was still outside the heating zone. Then a magnet was
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Figure 1 (a) Schematic diagram showing the gold-vapor-assisted CVD set

up. (b) An OM image showing the aligned WSe flakes with large domain
size we can achieve. (c) Comparison study of the largest domain size between
this work and previously reported aligned TMDC growth works. (d) Raman
and (e) PL spectra of a typical WSe: flake grown by the gold-vapor-assisted
CVD on a sapphire substrate.

used to control the stainless-steel rod from outside the quartz
tube and to push Boat B to the region with a temperature about
250 °C inside the heat zone. At the same time, 4 sccm H, was
introduced into the chamber to reduce the WO; to WOs-.. In
this way, the chamber was filled by Se vapor and WOs_ vapor
to start the deposition of WSe.. After 30 s growth time, the
reaction was terminated by moving both boats quickly to the low-
temperature zone. Using this method, we are able to synthesize
aligned monolayer WSe; with large domain size (> 100 pm) and
fast growth rate (~ 200 um-min™").

2.2 Transfer of WSe:

To fabricate field-effect transistors on as-grown WSe; and
perform TEM characterization, a modified transfer process
was developed. First, the sapphire substrate with grown WSe;
was spin-coated (3,500 rpm, 60 s, baking at 90 °C for 15min)
with polystyrene (PS) solution, which was prepared by
dissolving 0.9 g PS (280,000 g-mol™) in 10 mL toluene. Then,
we scratched the PS film from the edge and immersed the
substrate in hot water (80 °C) for 20 min. Water could penetrate
between the PS layer and sapphire, delaminating the PS film
together with WSe; from the substrate. The WSe,-PS assembly
was picked up by a target substrate. Subsequently, the substrate
was baked at 80 °C for 1 h and 150 °C for 30 min to remove
any water residue and eliminate possible wrinkles. Finally, the
PS layer was removed by rinsing with toluene.

2.3 Characterizations

Raman and PL spectra were measured using a Renishaw Raman
system, with 532 nm laser. The TEM characterization was
conducted on a JEOL JEM-2100F at 200 kV. Back-gated WSe:
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field-effect transistors were fabricated on Si/SiO substrates with
285 nm SiO:; following standard photolithography, development
and e-beam evaporation of Ti/Au (1 nm/50 nm) source/drain
electrodes. An Agilent 4156B Semiconductor Parameter Analyzer
was used to measure device performance.

3 Result and discussion

A typical optical microscope (OM) image of WSe: flakes
grown using the gold-vapor-assisted CVD approach is shown
in Fig. 1(b). All the flakes have only two orientations (0° and
60°) and their thickness is uniform judging from the optical
microscope image. In addition, the domain size can be larger
than 100 um. In Fig. 1(c), we compared the largest domain
size in our work with other aligned TMDC work [13, 17-28].
Among all of the aligned TMDC growth work, our domain
size is 4 times larger than the previous record, which reported
MoS; slightly smaller than 20 pm [18-22, 24-26, 28]. More
specifically, among all of the aligned WSe, growth work, our
domain size is 9 times larger than the largest domain size
reported previously [13, 17, 23, 27].

Raman and PL spectroscopy were collected to characterize
the WSe; grown using our gold-vapor-assisted CVD. The Raman
spectrum excited by a 532 nm laser is shown in Fig. 1(d). The
two characteristic peaks at 248 and 259 cm™ can be attributed
to E'; mode and Ai; mode, respectively, indicating that the
WSe: is monolayer [33]. In addition, the two high-energy
peaks at 360 and 375 cm™ can be assigned to 2E,; and Ajg+LA
modes, but no B's peak at ~ 307 cm™ can be observed,
consistent with typical Raman spectra of monolayer WSe; [13].
The PL spectrum shown in Fig. 1(e) was also excited using a
532 nm laser. A single strong peak can be observed at 767 nm
and the full width at half-maximum (FWHM) is about 34 nm.
The sharp peak can be attributed to the direct bandgap emission,
which is another evidence of the monolayer nature of the
synthesized WSe: [34, 35].

We also found that the WSe; growth behavior had location
dependence. The optical microscope images together with
a statistical morphology study of WSe; flakes grown in the
downstream region (defined as ~ 1 cm region from the
downstream edge of the substrate) and the upstream region
(defined as ~ 1 cm region from the upstream edge) on the same
sapphire substrate are shown in Fig. 2. In the downstream
region (Fig. 2(a)), the WSe; flakes were strictly monolayer. The
edge orientation of the flakes was dominated by 0° and 60°
with a ratio as high as 97%, as illustrated in the statistical
analysis in Fig. 2(b). The largest flake size we observed was
about 130 um and the average size was up to 95 um, and the
corresponding size distribution is depicted in Fig. 2(c). In
this way, the average growth rate in this region was as high as
3.2 um-s™ due to the catalytic effect of Au. In comparison, the
morphology of WSe: flakes grown in the upstream region of
the same sapphire substrate is shown in Fig. 2(d). Obviously,
the upstream region showed inferior alignment behavior and
smaller domain sizes than the downstream region. Aligned
behavior and 0° and 60° edge orientations were found in most
of the flakes (~ 63%), as shown in Fig. 2(e). The edge sizes of
the WSe, domains were usually less than 60 um with an average
size of about 37 pum, which was much smaller than the size of
WSe: flakes in the downstream region. The detailed distribution
of edge sizes in the upstream region is shown in Fig. 2(f). Since
the Se precursor was not in the hot zone of the furnace until
the starting point of the growth, we can assume that the Se
vapor supply was sufficient with a constant rate. When the
Se supply is limited, the WSe; flakes usually have hexagonal
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Figure 2 (a) The OM image of the WSe; flakes grown in the downstream
region, and the corresponding histograms of (b) the orientation distribution
and (c) edge size distribution. (d) The OM image of the WSe; flakes grown
in the upstream region, and the corresponding histograms of (e) the
orientation distribution and (f) edge size distribution.

morphology. However, the WSe: flakes grown by our method
are always in triangle shape, suggesting that Se supply is excess.
Aljarb et al. also reported that the alignment of MoS, had
location dependency, and the downstream region behaved
better than the upstream region [28]. We hypothesize that this
phenomenon should be highly related to the Se and WOs-
concentration in the gas phase. In the upstream region, the
WO concentration was higher because WO; precursor was
placed right below the upstream end of the substrate. Due to
the high WOs-. concentration, the growth of WSe: is under
kinetic control and it was easier for WO;-. to nucleate on
the sapphire substrate to form WSe: seeds. In this way, WSe:
flakes are not always formed in low energy lattice matching
orientation, leading to inferior alignment behavior in upstream
region. In contrast, the WO;_« concentration in the downstream
region was lower, the growth is under thermodynamic control,
so that only WSe: seeds with good lattice matching with the
substrate can be formed. Therefore, the WSe: flakes only
showed 0° and 60° orientations and the incoming precursors
preferred to contribute to the lateral growth of the existing flakes,
resulting in larger domain size and lower nucleation density.
In order to understand the role of gold foil in the CVD
process, we performed a series of control experiments following
the same growth procedure but without using a gold foil. The
results of control experiments with the 30-second and 5-minute
growth times are shown in Fig. S2 in the ESM. When no gold
foil was used, with 30 seconds growth time, which is the typical
growth time we used for our gold-vapor-assisted CVD, only
small nucleation seeds and small but thick WSe flakes (~ 1 um in
size) could be found on the substrate (Fig. S1(a) in the ESM),
and no large monolayer WSe flake was observed, in contrast to
Fig. 1(b). When the growth time increased to 5 min, we were
able to observe WSe, monolayer flakes with thick nucleation
seeds at the centers of the monolayer flakes (Fig. S1(b) in the
ESM). The domain size of the monolayer flakes was around
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10 pm, and an irregular polygon grew from a single nucleation
seed because it was difficult for nucleation to happen in lack
of gold vapor. In addition, in our typical gold-vapor-assisted
growth, the vertical distance between the sapphire substrate and
the gold foil is 3 mm. We observed that when the gap distance
was increased to 5 mm, thicker and smaller WSe: flakes were
obtained, because less Au vapor could reach the substrate. If
the distance was further increased to 10 mm, we obtained WSe:
flakes with size and thickness similar to WSe: flakes obtained
without Au foil. This also demonstrates the key role of gold foil
in the CVD process: only thick, small and randomly orientated
flakes can be obtained if there is inadequate Au vapor reaching
the substrate. Based on the above facts, we can confirm that the
gold vapor can not only improve the growth rate dramatically,
but also increase the size of obtained WSe flakes.

The catalytic effect of metals was reported in several previous
papers, albeit with different experimental settings and results
[36-44]. For example, Gao et al. used gold foils as substrates
for WS; [42] and WSe; [43] synthesis and observed millimeter-
sized domains. Due to the catalytic effect on the Au foil surface,
the attachment of W and Se on the edges of WSe; flakes is
highly preferred. In addition, Liu et al. also reported that Cu
vapor can assist WSe, CVD to prepare strictly monolayer WSe,
with a fast growth rate [44]. However, neither of the above work
showed orientation control. In our gold-vapor-assisted CVD
system, the vapor pressure of Au is about 5 x 107 Pa, and the
calculation is shown in the ESM. It’s reasonable to suggest that
the vaporized Au atoms tend to attach onto the edges of WSe;,
because of the high activity W and Se atoms with dangling
bonds on the edges. Then, these Au atoms perform as active sites
for subsequent lateral growth, which can accelerate the rate of
growth and reduce the probability of nucleation and vertical
growth. In combination with a lattice-matching substrate like
sapphire, well-aligned WSe: with large size can be achieved.
After the growth, XPS and EDX were used to examine the Au
residue on the surface of the substrate. As shown in Figs. 4 and
S5 in the ESM, no discernible gold signal was detected. This is
because only a trace amount of Au could be vaporized and
then participated in the growth process. To demonstrate the
existence of gold vapor in the system, we prolonged the growth
time to 48 h while keeping all the other conditions unchanged.
After 48 h, it was clear that the gold foil became tattered and
gold signal was detected on the substrate through EDS (as
shown in Fig. S6 in the ESM).

It’s also worth mentioning that the aligned monolayer WSe:
flakes can merge to form a millimeter-sized continuous
monolayer WSe: film at locations close to the downstream
edge of the sapphire substrates. The continuous WSe: film size
is typically about 0.5 cm x 1 cm. Figure 3(a) shows the optical
microscope image of a typical continuous monolayer WSe,
region. Due to the uniformity of the WSe; film. Figure 3(a)
just shows a uniform image without any discernable pattern.
The reason why continuous films are more likely to be formed
close to edges of the sapphire substrate can be attributed to
the higher gold vapor concentration at the edges, as the edges
of the sapphire substrate are located very close to the gold
foil. The Raman and PL spectra of a typical location in the
continuous region is shown in Figs. 3(b) and 3(c), which are
very similar to the Raman and PL of WSe; single flakes. In the
photoluminescence spectrum shown in Fig. 3(c), the single
strong peak at 763 nm shows a FWHM of about 32 nm (marked
in Fig. 3(c)), demonstrating the monolayer nature of the
obtained continuous film. In order to confirm the uniformity,
we performed Raman characterization in 5 selected positions
(labeled as “a” to “¢” in Fig. 3(a)), and the corresponding Raman
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Figure 3 (a) An OM image of a continuous monolayer WSe region.

(b) Raman and (c) PL spectra of a typical position in the continuous

region. (d) Raman spectra in the five locations a-e in (a).

spectra are exhibited in Fig. 3(d). All the Raman spectra
collected in the 5 positions had strong E';; and Ay, peaks and
no B'y peak, indicating that the aligned monolayer WSe; flakes
can merge to form a continuous monolayer WSe; film with
good uniformity. It's also worth mentioning that we observed
the intermediate state of the merging process in some locations.
In Fig. S3 in the ESM, the brighter part is a continuous
monolayer WSe; area, and the darker part is the exposed
sapphire substrate which has not been covered by WSe, yet.
We can clearly see that most of the edges of the WSe; are
parallel to each other, indicating the perfect alignment of the
WSe: flakes before they merged together. Because of the
pre-aligned lattice orientation of the individual WSe, domains,
in principle, there should be much fewer grain boundaries
than a continuous film formed by WSe, domains with random
orientations [29, 30]. The reduction of grain boundary can
effectively improve the electronic performance of the continuous
WSe:; and is very important for large-scale electronic device
fabrication.

In our CVD method, the Au foil can be repeatedly used
without any extra treatment. Gao et al. used Au foil under
similar conditions as our CVD growth, observed that Au
foil didn’t show any apparent change after being reused for
100 times [43]. Furthermore, by combining wafer-scale Au foil
and more precise control of selenium and tungsten precursor
supply (e.g., by using gaseous precursors), our gold assisted
CVD growth with fast growth rate has potential for scalable
production of WSe..

In order to further evaluate the quality of the WSe, grown
by our method, TEM experiments were conducted. Figure 4(a)
shows a low-magnification TEM image of the straight edge of
a monolayer WSe: flake. The edge was slightly folded due to
the transfer process. The selected area electron diffraction
(SAED) pattern shown in Fig. 4(b) was collected in the area
shown in Fig. 4(a). The SAED pattern presents only one set
of six-fold symmetry diffraction spots, indicating that the
as-grown WSe; flake in Fig. 4(a) is single crystalline and has a
hexagonal lattice structure. Indices of the diffraction spots are
labeled in Fig. 4(b). Furthermore, the high-resolution TEM
image of our monolayer WSe; is shown in Fig. 4(c), with (100)
and (110) crystal planes highlighted. The periodic honeycomb-
like structure represents the atomic structure of the single
crystalline WSe.. The measured lattice distances of the (100)
and (110) plane are 0.28 and 0.31 nm, which are very close
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to the ideal value (shown below), only 6 and 24 pm off,
respectively.

V3

TaWSez =0.2855

In principle, the high quality of WSe: grown by our method
can lead to excellent electronic device performance. In order
to explore the potential electronics applications of our aligned
WSe;, we modified a wet transfer method reported in Ref. [45]
to transfer our continuous monolayer WSe; to Si/SiO; substrates
with 285 nm SiO; dielectric. Then, FETs were fabricated on
the continuous WSe; film using photolithography followed
by metal evaporation to deposit 1 nm Ti and 50 nm Au as
electrodes (as shown in Fig. S7 in the ESM). The transfer
characteristic of a typical back-gated FET is depicted in Fig. 5(a),

Figure 4 (a) Low-magnification TEM image showing the straight edge of a
WSe: flake. (b) Typical SAED pattern of the WSe, sample in (a). (c) High-
magnification TEM image of the WSe; sample in (a) showing the uniform
hexagonal lattice structure.
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continuous monolayer WSe: film. (a) Ins—Vs and (b) Ins—Vbps curves of a
typical WSe; FET. (c) Histogram exhibiting the mobility distribution of 26
FETs fabricated on continuous monolayer WSe: film.

5

indicating that the WSe, grown by our gold-vapor-assisted
CVD has a p-type behavior. In addition, the on current of the
device was as high as 1.7 x 10 A and when a constant voltage
of —1 V was applied between the source and the drain, and the
corresponding ON/OFF ratio is about 6 x 10°. The field effect
mobility of charge carriers can be calculated using the
equation below

p = (dIog/dV,) x (LI(WC, V)

where L is the channel length, W is the channel width, and G
is the gate oxide capacitance. In this way, the mobility extracted
from the FET in Fig. 5(a) is around 21 cm>V~":s™". The Ins—Vbs
curves of the same device are plotted in Fig. 5(b). The linear
output characteristic suggests that ohmic contacts were formed
between the Ti/Au electrodes and the underneath WSe.. In
order to investigate the quality of our WSe;, we measured 26
FETs fabricated by photolithography and plotted a histogram
of mobility distribution in Fig. 5(c). The FETs showed
decent mobility of 12 cm*>V™"s™ on average. The good FET
performance demonstrates the uniformity of our continuous
monolayer WSe; film formed by merging of aligned WSe:
flakes, which is ready for potential large-scale nanofabrication
processes.

4 Conclusion

In summary, we have successfully developed an Au-vapor-
assisted CVD method to synthesize aligned monolayer WSe..
The advantages of this approach can be concluded as follows:
(1) 97% of WSe flakes in the downstream region have 0° and
60° edge orientations; (2) the edge size of the aligned monolayer
WSe flakes can be as large as 130 pm; (3) thanks to the catalytic
effect of Au, our CVD set up can achieve a fast growth rate of
4.3 um-s™' and the growth time can be as short as 30 s. With
Raman, PL, and TEM characterization and FET device study,
we have demonstrated that the aligned monolayer WSe: per-
formed good quality. The continuous monolayer WSe: film
formed by individual aligned domains showed outstanding
uniformity and electronic properties, and it is suitable for
large-scale and low-cost nanofabrication processes like
photolithography. We believe that the introduction of catalytic
metal vapor should be able to impact the CVD process of
other TMDC:s with various substrates.
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