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R
ecently, two-dimensional (2D) layered
materials beyond graphene have at-
tracted huge amounts of attention

especially for those transition metal dichal-
cogenides (TMDCs) with formula of MX2
(M = Mo, W; X = S, Se).1�4 Such TMDCs are
also layered materials like graphene coupled
by weak van der Waals forces between adja-
cent layers. But more than that, each TMDC
layer contains three covalent bonded X�M�X
atomic layers. Besides the unique structure,
these materials exhibit interesting properties
when the thickness goes down to monolayer
or few-layers,2,5�7 making them good can-
didates for advanced electronics,8�11 opto-
electronic devices,12�15 energy storage
devices,16 and electrocatalysts.17 So far,
myriad research efforts have been devoted
to these materials focusing on material
synthesis,2,18�23 characterization,24,25 funda-
mental property studies,4,26�28 and applica-
tions.11�15,29,30 Among those four materials
(MoS2, MoSe2, WS2, and WSe2), MoS2 is
the most heavily studied one. On the other

hand, WSe2 has not been well studied
until some recent papers.13�15 Compared
to MoS2, WSe2 possesses a smaller band-
gap and it exhibits ambipolar transport
phenomenon.13�15

Chemical vapor deposition (CVD) is a
widely usedmethod for TMDC synthesis.18�21

Early in 2012, Balendhran and Kalantar-zadeh
et al. have shown the preparation of thin
MoS2 flakes by evaporation of sulfur and
MoO3, followed by exfoliation.31 Although
CVD growth of MoS2 has been well devel-
oped, only a few papers reported the suc-
cessful growth of 2D WSe2 structures.32�34

The difficulty of CVD growth of WSe2 is
believed to originate from the low reactivity
of selenium.20,32 For example, Huang et al.

have reported the synthesis of large area
monolayer WSe2 on sapphire under low-
pressure CVD, and they found that adding
H2 as an additional reducing reactant is
a must for successful WSe2 synthesis.32

Few-layer WSe2 synthesis was also reported
recently by Lin et al. using graphene as an
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ABSTRACT Two-dimensional (2D) layered tungsten diselenides

(WSe2) material has recently drawn a lot of attention due to its

unique optoelectronic properties and ambipolar transport behavior.

However, direct chemical vapor deposition (CVD) synthesis of 2D

WSe2 is not as straightforward as other 2D materials due to the low

reactivity between reactants in WSe2 synthesis. In addition, the

growth mechanism of WSe2 in such CVD process remains unclear. Here we report the observation of a screw-dislocation-driven (SDD) spiral growth of 2D

WSe2 flakes and pyramid-like structures using a sulfur-assisted CVD method. Few-layer and pyramid-like WSe2 flakes instead of monolayer were

synthesized by introducing a small amount of sulfur as a reducer to help the selenization of WO3, which is the precursor of tungsten. Clear observations of

steps, helical fringes, and herringbone contours under atomic force microscope characterization reveal the existence of screw dislocations in the as-grown

WSe2. The generation and propagation mechanisms of screw dislocations during the growth of WSe2 were discussed. Back-gated field-effect transistors

were made on these 2D WSe2 materials, which show on/off current ratios of 106 and mobility up to 44 cm2/(V 3 s).

KEYWORDS: tungsten diselenides . WSe2 . screwdislocation . two-dimensional layeredmaterials . transitionmetal dichalcogenides .
TMDC . chemical vapor deposition
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epitaxial substrate.34 Nevertheless, the growth me-
chanism of WSe2 is still not clear. And more efforts
should be devoted to further explore the controlled
synthesis ofWSe2. Here we report a sulfur-assisted CVD
method to grow few-layer and pyramid-like WSe2
flakes following a screw-dislocation-driven (SDD)
growth fashion. Such SDD growth is a universal growth
mechanism in nanomaterials including 1D nano-
tubes,35,36 1D nanowires,37�39 and 2D nanoplates.40,41

However, it has not been reported in CVD synthesis of
2D layered materials. We believe this unique growth
process in our method is due to low concentration
of the reactants, and accordingly, relevant models are
proposed to understand the SDDgrowth process in the
CVD synthesis of WSe2 flakes.

RESULTS AND DISCUSSIONS

Figure 1a illustrates the CVD setup we used for the
synthesis of few-layer and pyramid-like WSe2 flakes in
this study. Similar to recent CVD methods for TMDC
synthesis,30,32 a quartz boat containing WO3 powders
with a Si/SiO2 substrate sitting on topwas placed in the
middle of a 1-in. tube furnace. The temperature of WO3

varied from 875 to 925 �C. Selenium and sulfur pow-
ders were loaded in two separated quartz boats and
put at the upstream region. Note that only very small
amounts of sulfur powders were used and they were

intentionally put at a position with temperature below
the melting point of sulfur to minimize their sublima-
tion. After the growth, the SDD grown flakes can be
found everywhere on the substrate. But the nucleation
density is higher at positions closer to the WO3 pow-
ders. More experimental details can be found in the
Methods section.
When the growth temperature and time were

adjusted, a variety of WSe2 flakes with different
thicknesses and morphologies were synthesized
(Figure 1b�m), including few-layer triangles, few-layer
hexagons, thick triangles, and thick hexagons.
Figure 1b�d shows optical microscopy images of thin
flakes synthesized at temperatures ranging from875 to
900 �C. Besides the triangular and merged triangular
flakes that are commonly observed in CVD-grown
TMDCs,25 hexagonal flakes are also occasionally found
here. The lateral sizes of these flakes are ranging from
3 to 5 μm. When the growth temperature increased to
925 �C, we found that the flakes were predominantly
thick ones based on optical microscopy observations.
This is consistent with recent results showing that
additional layers would grow at high temperature
during CVD synthesis of MoS2 and WSe2.

32,42 In our
experiments, we found that the growth window of
WSe2 is narrow, and temperature plays the most im-
portant role in determining the thickness and shape

Figure 1. CVD setup and optical microscopy characterization of CVD-grown few-layer and pyramid-like WSe2 flakes. (a) A
schematic diagram shows the CVD setup for the sulfur-assisted WSe2 growth. (b�d) Optical microscopy images of thin WSe2
flakes with different shapes. (e�m) Optical microscopy images of thick WSe2 flakes with different stacking morphologies.
The color contrasts reflect the thickness variations both from sample to sample and from center to edge within each sample.
The white dotted lines indicate the stacking angles between top and bottom features in thick flakes. The scale bars are 3 μm
for all images.
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of the materials. In general, both thin and thick
flakes coexist at a temperature of 900 �C (Supporting
Information Figure S1a), while at relative high tem-
peratures (above 925 �C), all the flakes are thick ones
with heights over 10 nm (Supporting Information
Figure S1b). We did a statistical analysis of the samples
grown at 900 �C based on Supporting Information
Figure S1a, and the results show that 78% are thin
flakes and 22% are thick flakes (>10 nm). Temperature
also plays a crucial role in affecting the shapes of as-
grown materials. Most flakes are triangular when the
growth temperature is below 900 �C. After the growth
temperature rises to 925 �C, both triangular flakes
and hexagonal flakes exist. Statistical studies on the
samples grown at 925 �C shows that 96% are triangular
and 4% are hexagonal. We note that this ratio may
vary from location to location on a substrate. Very
interestingly, most thick WSe2 flakes in our products
have intriguing terrace-like morphologies with differ-
ent stacking angles and shapes, as exhibited from
Figure 1e�m. The color contrasts of these images in
Figure 1 reflect the differences of thickness among the
WSe2 samples. On the basis of the optical microscope
inspections, the thicknesses of these thick flakes de-
crease from centers to edges, indicating the formation
of pyramid-like structures. To be noticed, although
Figure 1 shows all possible morphologies observed

during the experiments, some stacking types do ap-
pear more frequently than others. Detailed results will
be discussed later.
To further explore the detailed structures of thin and

stacked thick WSe2 flakes, we performed systematical
atomic force microscopy (AFM) and Raman studies.
AFM characterization shows thatmost of the thin flakes
(Figure 1b�d) are few-layer materials, such as trilayers
(Figure 2a,b) and four-layers (Supporting Information
Figure S2), as evident from the cross-section height
profiles (bottomparts of Figure 2a,b).More importantly,
we frequently observed that there are ribbon-like
features lying on top of these thin flakes (Supporting
Information Figure S3). The ribbons usually have
heights equal to one or two-layer thickness of WSe2
(red andblack height profiles in Figure 2a,b). Figure 2c,d
shows Raman spectra taken from several such thin
flakes. Two characteristic peaks were observed in the
region from 245 to 260 cm�1, which can be assigned
to E2g

1 and A1g modes of WSe2, respectively.
43�45 For

few-layer WSe2, these two peaks are very close to each
other and thickness-dependent shift of Raman peak
position is relatively small comparing to MoS2.

43,46

Therefore, it is difficult to use the peak-to-peak distance
to precisely determine the layer numbers. Nevertheless,
the existence of B2g

1 peaks at 309 cm�1 reveals that
they are few-layer flakes,44,45 which is consistent with

Figure 2. AFM and Raman characterization of thinWSe2 flakes. (a and b) AFM images along with cross section height profiles
of two thin WSe2 flakes with ribbon-like features on top. The bottom layers are 2.5 and 3 nm in height, corresponding to
around trilayerWSe2. The heights of ribbon layers are∼0.9 or∼1.7 nm, corresponding to one or two layers of WSe2. (c and d)
Raman spectra of several thinWSe2 flakes. Characteristic peaks of E2g

1, A1g, and B2g
1 modes of WSe2 were detected, while the

A1g peak ofWS2was not observed. (e and f) Raman intensitymappingof A1g (259 cm
�1) andB2g

1 peaks (309 cm�1) of the same
WSe2 flake shown in panel b. The excitation wavelength of laser is 532 nm during Raman measurements.
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AFM measurements shown above. Moreover, there is
no peak found at∼420 cm�1, which would correspond
to A1g mode of WS2, indicating the absence of sulfur
doping or the sulfur concentration is negligible in
the as-grown WSe2 flakes. Moreover, we performed
transmission electron microscope (TEM) and energy
dispersive X-ray spectroscopy (EDX) studies. The as-
grown WSe2 flakes were first transferred onto TEM
grid, using a method reported previously.47 Figure S4
(Supporting Information) are the TEM images and
a typical EDX spectrum, showingno obvious sulfur peak
was found. We have acquired a few spectra from
different flakes, and the results are very similar. Quanti-
tative analysis shows that if we only count the three
elements of W, Se, and S, the atomic ratio of S is below
0.5%, which is the limit of EDX technique. However,
we cannot exclude the possibility that there are trace
amount of sulfur-doping in as-grown WSe2 flakes.
Compared with recent papers on the growth of TMDC
alloys,48�51 the amount of sulfur as well as its tempera-
ture were much lower in our study, which leads to
the growth ofWSe2 flakeswith negligible sulfur doping,
if any.
We also performed Raman mapping on the same

flake shown in Figure 2b. Figure 2e,f shows Raman
intensity mapping images for the A1g and B2g

1 modes
ofWSe2, respectively. As it can be clearly discerned, the
areas covered by ribbons are darker than other parts.
The same mapping study was performed on another
flakewith ribbons on top, and the results are consistent
with Figure 2e,f (Supporting Information Figure S3b).
This suggests that the ribbon-covered parts are thicker
than other areas since both A1g and B2g

1 peak inten-
sities will decrease with increasing the layer numbers
of WSe2.

44,45 The intensity of Raman peaks are de-
termined by the intensity of incident light and the

amount of materials involved during the scattering
process. For thick WSe2 materials, or more generally
high reflective index TMDCs, the local electrical field
will be much weaker than the incident electrical field,
the so-called local field effect. Therefore, thick WSe2
materials will exhibit weak Raman signal. On the other
hand, for very thin WSe2 layers, the local field effect is
relatively small, and the Raman intensity will be related
to the amount of materials involved during Raman
scattering process.52 Therefore, the overall Raman
intensity will be jointed determined by the local filed
effect and the amount of materials, and theremight be
a peak at certain height. In our study, we observed that
the intensity of Raman peaks decreased in few-layer
samples when increasing the layer numbers. This is
consistent with a recent study where they showed that
bilayer WSe2 exhibit the strongest Raman intensity,
and decrease in the order of 3L, 4L, and 5L.44

AFM characterization reveals even more interesting
features for stacked thick WSe2 flakes. Figure 3a,d,e,f
shows AFM phase images of four typical thick
flakes with different stacking morphologies. In a more
systematical AFM analysis (Supporting Information
Figures S5 and S6), we found that flakes with different
stackingmorphologies appear at different frequencies.
Among the 10 triangular flakes we examined, six of
them have a 0� stacking angle, two have a 60� stacking
angle, and one has a 15� stacking angle. We also
checked 10 hexagonal flakes; eight of them are hexa-
gon-triangle stacks with a 30� stacking angle, and two
flakes are hexagon�hexagon stacks. These results of
stacking angles and shapes are consistent with what
been observed under optical microscopy (Figure 1).
Moreover, steps and helical fringes were clearly
observed, which strongly support the existence of
screw dislocations in these WSe2 samples. Additional

Figure 3. AFM studies of thick WSe2 flakes with different stacking morphologies. (a) AFM phase image of a thick triangular
flake. Helical fringes and herringbone contours are clearly observed. (b) A 3D AFM image of the flake in (a), showing a
pyramid-like structure vividly with a height of ∼40 nm from base to the summit. (c) AFM height profile of the pyramid-like
flake along the red line in (b). (d�f) AFM phase images of three other thick flakes with different morphologies.
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evidence like herringbone contours were also ob-
served. Taking all the optical microscopy, AFM, and
Raman observations together (Figures 1� 3), we pro-
posed that these WSe2 flakes followed a SDD spiral
growth fashion.40,41 In classical crystal growth theory,
there are three basic growth types:40,41 SDD growth
(BCF theory),53,54 layer-by-layer (LBL) growth,53 and
dendritic growth. The growth preference depends
on the degree of supersaturation as expressed as σ =
ln(c/co), where σ is the degree of supersaturation, c is
the precursor concentration, and co is the equilibrium
concentration.40,41,53 At a low supersaturation (σ) con-
dition, SDD growth is much more favorable than the
other two because screw dislocations can provide
active edges as nucleation sites, while LBL growth
and dendritic growth require nuclei formations that
occur only at certain high supersaturation conditions.
To describe the screw dislocations more quantita-

tively, we measured the key parameters of the screw
dislocations in as-grown WSe2 flakes, including step
height (h), terrace width (λ), and slope (p = h/λ). These
values can reflect the growth conditions at certain
degree. In most cases, low supersaturation (σ) would
result in a small p and large λ.40 Figure 3b is a three-
dimensional (3D) image of the same flake shown in
Figure 3a. A pyramid-like structure with a height of
40 nm (from base to summit) is clearly observed. The
height profile along the red dash line in Figure 3b is
shown in Figure 3c. The step height (h) of this particular
dislocation hillock is measured to be ∼0.86 nm, which
is very close to the thickness of an individualWSe2 layer
(composed to Se�W�Se layer and has a height
of ∼0.7 nm). This value is equal to one elemental
Burgers vector.41 Along with the single helical pattern,
we conclude that only a single screw dislocation with
one elemental Burgers vector is involved in this parti-
cular flake. Other spiral growth modes with different
Burgers vectors or multiple screw dislocations also
exist. For example, the sample in Figure 3f has two
helical patterns, which can be a result of simulta-
neously growth from two screw dislocations. Another
important parameter, terrace width (λ), of the sample
in Figure 3a,b is∼68 nm, which is smaller comparing to
the other flakes in Figure 3d�f. From screw dislocation
growth theory, the terrace width is mostly affected
by the reactant concentrations. Specifically, the value
of λ is determined by the lateral step velocity (νs)
and growth rate normal to the surface (Rm). A sample
grown with a relative higher Rm and smaller νs would
display a smaller λ. And usually, a smaller λ facilitates
a better observation of herringbone contours than a
larger λdoes. This is the reasonwhy Figure 3a has sharp
herringbone contours while the others do not.With the
measured terrace width (λ) and step height (h), we can
calculate that the flake shown in Figure 3a,b has a slope
of p = h/λ = 0.0126. Typically, a small terrace width will
lead to a high slope of the pyramid. Moreover, along

this study, we have examined tens of such spiral grown
flakes and found that both clockwise and counter-
clockwise grown samples with varied stacking angles
exist. The different spiral features are likely to originate
from the spiral growth curvature, and the spiral curva-
ture depends much on the reactant concentrations as
well. However, such concentration-curvature relation is
rather complicated. In other words, the terrace width
and curvature do not have direct relations. For exam-
ple, in our experiments, we find flakes with the same
stacking angle, but different terrace widths as shown
in Supporting Information Figures S5 and S6. As the
concentrations of reactants in a CVD tube furnace
varies from location to location due to the use of solid
precursors, this leads to the observation of many kinds
of stacking morphologies on a same substrate.
To illustrate how a screw dislocation may generate,

taking the situation with only one elemental Burgers
vector as an example, we drew schematic diagrams to
illustrate this process (Figure 4a�c). When two WSe2
domains intersect, it can cause an uplifting of one grain
boundary (Figure 4b). This process will leave some
unsaturated Se atoms hanging on this uplifted edge.
At this moment, latter sources can be either added to
the lateral edges forming a lateral growth or to the
uplifted edge forming a second layer growth. Once the
second layer is extended, a screw dislocation will be
created, which facilitates further spiral growth of WSe2
following a SDD model (Figure 4c). This stage corre-
sponds to what we have observed on those thin flakes
in Figure 2a,b. Later on, among those three growth
modes of LBL growth, continuous lateral growth, and
SDD spiral growth, which growth type is preferred
depends on the concentration of reactants. As men-
tioned above, according to classical crystal growth
theory, SDD spiral growth is the most favorable type
at low supersaturation conditions.40,41 For CVD growth
of MoS2, MoO3 and S react with each other easily,
thus the concentrations of active reactants may be
high enough to facilitate a large area lateral growth
and few-layer LBL growth. Nevertheless, some similar
uplifted second layer features also exist under certain
conditions.42 On the other hand, it is rather different for
CVD growth of WSe2. Due to the low reactivity of Se,
Huang et al. found that H2 has to be introduced to help
reduce WO3 into WO3�x and to obtain monolayer
dominated WSe2 flakes.

32 Here in our case, we discov-
ered that sulfur can play a similar role as H2 does, and it
is not a requirement to have H2 involved. Since sulfur is
not a strong reducer as H2 is, and the amount of sulfur
is quite little in our case, the concentration of WO3‑x

active source is still not high enough for other types
of growth except SDD growth in our case. So in this
situation, lateral growth and LBL growth are likely to be
prohibited while spiral growth on screw dislocations is
preferred. We also performed CVD experiments with-
out the addition of sulfur powders, and no such WSe2
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growth was found. This is consistent with Huang et al.'s
recent results.32

Figure 4d illustrates how a screw dislocation propa-
gates and eventually leads to the pyramid-like WSe2
flake. At first with a low supersaturation environment,
the step propagation velocities at the dislocation core
(νc) and outer edges (νo) are approximately the same.
This is evidenced by the uniformity of terrace width (λ)
in AFM images. Thus, the steps can continuously
spread without piling up. Moreover, the growth rate
normal to the surface (Rm) is much lower than lateral
step velocities (νs), which leads to a 2D flake instead of
a 1D structure.40 A product at the early stage with only
a few terrace steps was shown in Figure 4e, which
clearly reveals the early structures of screw dislocations
in the samples. During the CVD growth period, the
concentration of Se will decrease gradually along
with the Ar flow due to the amount of Se powder left
will decrease. On the basis of SDD growth theory, the
terrace width will increase as the reactant concentra-
tion decreases. This may be the main reason that
we frequently observe on most flakes that the terrace
width increases after certain periods.
We further performed electrical transport measure-

ments to study the electronic quality of the as-grown
WSe2 flakes. Compared to a recent study of CVD
growth of WSe2 on sapphire,32 our samples were
grown directly on Si/SiO2 substrates, which facilitates
the fabrication of back-gated field-effect transistors

(FETs). The devices were fabricated using standard
e-beam lithography and the electrodes were 1 nm/
75 nm of Ti/Pd (see Methods for details). Figure 5a
shows a device with a 2 μm channel length on a 5 nm-
thick flake and Figure 5b shows another device with a
1 μmchannel length on a 20 nm-thick flake. The Ids�Vg
family curves are shown in each corresponding figure
(Figure 5c,d). Interestingly, since Pd was used as the
contacts, these devices show unipolar p-type behavior.
This is differentwith recent results of ambipolar transport
behavior of WSe2 flakes when using Au as contact.14,15

The results suggest that the transport behavior of WSe2
can be tuned by careful selection of metal contacts,
as also demonstrated in MoS2 devices.55 The on/off
current ratios of the devices are around 104 to 106, and
effective hole mobility is about 40 cm2/(V 3 s). These
values compared favorably with recent reported values
for few-layer WSe2.

10,56

CONCLUSION

In conclusion, few-layer and pyramid-like WSe2
flakes were synthesized using a sulfur-assisted CVD
method. The WSe2 growth was proposed to follow a
SDD growth process due to the low supersaturation of
reactants. Sulfur was found to play an important role
here as it can partially reduce the WO3 while keeping
the WO3‑x concentration low. Key screw dislocation
features including steps, helical fringes, and herring-
bone contours were observed to support the spiral

Figure 4. Proposed models for SDD growth of WSe2. (a) Two adjacent WSe2 domains before intersecting. (b) The boundary
uplifting occurs when the two domains intersect. (c) A screw dislocation generated after the second layer extension on the
uplifted edge. (d) Schematic diagrams showing the process of screwdislocation propagation. (e) AFM image of a spiral grown
flake at early stage. A zoom-in image with the height profile shown in the right part.
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growth. Schematic models were drawn to illustrate
how the screw dislocations generate and propagate. In
addition, transistors fabricated using theseWSe2 flakes
show that they possess decent device performance

with on/off current ratio up to 106 and hole mobility
up to 44 cm2/(V 3 s). This work sheds new light on the
understanding of growth mechanism of layered WSe2,
which might be also adoptable in other 2D materials.

METHODS
CVD Growth of WSe2 Flakes. In a typical experiment, WO3

nanopowders (40 mg, Sigma-Aldrich) were loaded in a quartz
boat and put at the center of a 1-in. tube furnace. A Si/SiO2

substrate (300 nm SiO2) was placed on top of the quartz boat
at a distance ∼0.5 cm at the downstream of the WO3 powders.
Selenium powders (30 mg, Sigma-Aldrich) and a small amount
of sulfur powders (5 mg, Sigma-Aldrich) were put at upstream
with temperatures of 400 �C (for selenium) and 85 �C (for sulfur).
Since the temperature was below the melting point of sulfur
(115.2 �C), only very little sulfur vaporwas carried to the reaction
zone by a small flow of Ar gas (14 sccm). This is evident from
the fact that there is still some sulfur left in the boat after the
experiments. The furnace was first purged with 100 sccm of Ar
for 10 min, then raised to the growth temperatures in 16 min,
and kept for 12 min for WSe2 growth. After that, it was naturally
cooled down to room temperature. The flow rate of Ar was
14 sccm during the CVD process.

Characterization. The as-grown flakes were characterized
by optical microscopy, Raman spectroscopy (532 nm laser,
Renishaw Raman), AFM (DI 3100 Digital Instruments, tapping
mode), and TEM (JEOL 2100 F, 200 kV, equipped with detector
for EDX).

Device Fabrication and Measurements. The transistors were di-
rectly fabricated on Si/SiO2 substrates where WSe2 were grown
using standard e-beam lithography. A PMMA layer was first
spin-coated onto the Si/SiO2 surface. Then, e-beam lithography
was conducted to pattern source/drain electrodes, followed
by developing, metal deposition, and lift-off processes. Ti/Pd
electrodes (1 nm/75 nm) were deposited at 1� 10�6 Torr using
an e-beam evaporator. The device measurements were per-
formed under Aglient 4516 in ambient condition.
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