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ABSTRACT: A multistep diffusion-mediated process was
developed to control the nucleation density, size, and lateral
growth rate of WSe2 domains on c-plane sapphire for the epitaxial
growth of large area monolayer films by gas source chemical vapor
deposition (CVD). The process consists of an initial nucleation
step followed by an annealing period in H2Se to promote surface
diffusion of tungsten-containing species to form oriented WSe2
islands with uniform size and controlled density. The growth
conditions were then adjusted to suppress further nucleation and
laterally grow the WSe2 islands to form a fully coalesced
monolayer film in less than 1 h. Postgrowth structural characterization demonstrates that the WSe2 monolayers are single
crystal and epitaxially oriented with respect to the sapphire and contain antiphase grain boundaries due to coalescence of 0° and
60° oriented WSe2 domains. The process also provides fundamental insights into the two-dimensional (2D) growth mechanism.
For example, the evolution of domain size and cluster density with annealing time follows a 2D ripening process, enabling an
estimate of the tungsten-species surface diffusivity. The lateral growth rate of domains was found to be relatively independent of
substrate temperature over the range of 700−900 °C suggesting a mass transport limited process, however, the domain shape
(triangular versus truncated triangular) varied with temperature over this same range due to local variations in the Se/W adatom
ratio. The results provide an important step toward atomic level control of the epitaxial growth of WSe2 monolayers in a scalable
process that is suitable for large area device fabrication.
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Monolayer two-dimensional (2D) materials, particularly
the family of transition metal dichalcogenides

(TMDCs), have been a focus of increasing interest due to
the limitations of zero-gap graphene and their own unique
properties. For example, monolayer TMDCs such as MoS2 and
WSe2 are direct-gap semiconductors1 with large exciton binding
energies2,3 and thus are of interest for photonics and
optoelectronics.4,5 In addition, WSe2 exhibits other intriguing
electronic properties including native p-type conductivity,6,7

low effective mass,8,9 and suitable band alignment with
monolayer MoS2

10−12 for broken-gap tunnel field-effect
transistors.13 The development of device technologies based
on TMDCs has, however, been hampered by difficulties in
synthesizing large area monolayer and few layer films. Powder
vapor transport (PVT), also referred to as powder source
chemical vapor deposition (CVD), has been widely used to
prepare TMDC crystal domains and films;14,15 however, it is
difficult to control and modulate the source supply in this

process and uniform deposition over large substrate areas is
challenging. Epitaxial TMDC films have been grown on CaF2,
epitaxial graphene, and sapphire substrates by molecular beam
epitaxy (MBE)16−21 but domain sizes are typically smaller than
films grown by PVT or CVD. As a result, recent efforts have
focused on the development of gas source CVD methods such
as metalorganic CVD (MOCVD) for TMDCs which offers
process flexibility and scalability.22,23

In gas source CVD, both the metal and chalcogen precursors
are located outside of the deposition chamber which enables
independent control of precursor partial pressures and ratios.
MOCVD has been used to prepare large area, coalesced
polycrystalline MoS2, WS2, and WSe2 monolayer and few-layer
films on a variety of substrates22,24−26 and epitaxial growth of
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WS2 and WSe2 domains by MOCVD on epitaxial graphene
have been demonstrated.23,27,28 The realization of large area
single crystal TMDC monolayer films, however, requires the
ability to control the density and orientation of nuclei on the
substrate surface and the lateral growth rate of the domains to
achieve fully coalesced 2D monolayer films with minimal 3D
growth.
In this study, we demonstrate a diffusion-controlled gas

source CVD process for the epitaxial growth of large area,
single crystal WSe2 monolayer and few layer films on c-plane
sapphire ((0001) α-Al2O3). A multistep growth process was
developed which employs modulation of the metal precursor
partial pressure to independently control nucleation, domain

ripening, lateral growth, and film coalescence via surface
diffusion processes. By separating out the nucleation and lateral
growth stages, the effects of process conditions on surface
diffusion and lateral growth can be clearly discerned, providing
insights into the fundamental processes that control WSe2
domain growth.
A schematic of the multistep process employed in this work

is shown in Figure 1 along with representative atomic force
microscopy (AFM) images of the sample surface throughout
the process. The WSe2 films were synthesized by gas source
chemical vapor deposition (CVD) in a cold wall vertical quartz
tube reactor with an inductively heated SiC-coated graphite
susceptor (Figure S1). The sapphire substrate was heated to the

Figure 1. (a) Schematic diagram of the multistep process showing variation in W(CO)6 flow rate that was used to control nucleation, ripening, and
lateral growth. AFM images of WSe2 grown on sapphire substrate (surface steps aligned horizontally) after (b) nucleation stage (inset shows the 5
times magnification of the surface, scale bar: 50 nm), (c) ripening stage, and (d) lateral growth stage.

Figure 2. (a) AFM images of WSe2 grown on sapphire substrate under 30 s nucleation time and varied ripening time for 7.5, 15, and 30 min. (b)
WSe2 domain size as a function of ripening time and cubic root of ripening time (inset). (c) Cluster density as a function of ripening time and
reciprocal of ripening time (inset). (d) Substrate surface coverage as a function of ripening time.
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growth temperature of 800 °C under H2 and exposed to H2Se
which was held at a constant flow rate of 7 sccm throughout the
entire process. Tungsten hexacarbonyl (W(CO)6) was initially
introduced into the reactor at a higher flow rate (∼1.2 × 10−3

sccm) for 30 s to drive nucleation on the sapphire surface.
Immediately after this short nucleation step, a high density of
W-containing nanoscale clusters (∼5 nm in size) are present on
the stepped sapphire surface along with a few larger particles
(Figure 1b). X-ray photoelectron spectroscopy (XPS) analysis
(Figure S2) suggests that the clusters are W-rich WSex
nanoparticles, consistent with results from prior cross-section
TEM analysis.23 The W(CO)6 flow was then removed from the
inlet gas stream and the sample was annealed in H2Se for 15
min. During this annealing period, the density of nanoscale
clusters decreased significantly and oriented triangular WSe2
islands with uniform size formed in a process that resembles
two-dimensional ripening (Figure 1c). The W(CO)6 was then
reintroduced into the inlet gas at a lower flow rate than the
nucleation step (∼4.2 × 10−4 sccm) to limit further nucleation
and promote lateral growth of the domains (Figure 1d).
The nucleation and ripening steps provide a means to

control the density, size, and orientation of WSe2 islands which
is essential for achieving coalesced monolayer films. For
example, the density of WSe2 islands on the sapphire surface
after 10 min ripening was found to increase approximately
linearly from 4 to 60 μm−2 as the nucleation time was increased
from 30 s to 5 min (Figure S3) for a W(CO)6 flow rate of 1.2 ×
10−3 sccm during the nucleation stage. The shortest nucleation
time (30 s) was chosen for subsequent studies in order to
achieve the largest WSe2 domain size prior to coalescence.
A detailed study of the ripening stage provides insights into

surface diffusion which is the key mechanism responsible for
lateral growth of 2D monolayer domains. Figure 2a shows the
WSe2 surface morphology grown using a constant nucleation
time of 30 s and increasing ripening times ranging from 7.5 to
30 min. As ripening proceeds, triangular domains start to
appear with increasing density and size while the small clusters
between the triangles decrease in number. The size of the
triangular domains (measured by the edge length of the

triangle) increases rapidly up to ∼200 nm within the first 15
min of ripening (Figure 2b) with a corresponding decrease in
cluster density (Figure 2c). During this same time period, the
total surface coverage decreases from 15% to 8.5% (Figure 2d)
mainly due to differences in the projected areas of clusters
versus triangular WSe2 domains. Beyond 15 min, the domain
size, cluster density, and coverage remain relatively constant or
decrease only slightly with further annealing time.
The time dependencies of the domain size and cluster

density within the first 15 min are consistent with classical
models of 2D ripening29−32 whereby large particles increase in
size as t1/3 (Figure 2b inset) and small particles decrease in
density as 1/t (Figure 2c inset). The exact mechanism by which
ripening occurs is not known although it is believed to be
associated with surface diffusion of W adatoms or migration of
W-rich WSex clusters. A simplified comparison of the vapor
pressures of W (<10−6 Torr)33 and Se (∼2750 Torr)34 at 800
°C suggests that there should be negligible desorption of W-
containing species from the surface and hence are likely the
species involved in the ripening process. Tungsten-containing
adatoms may diffuse from small to large clusters driven by the
concentration gradient resulting from the Gibbs−Thomson
effect (known as Ostwald ripening),31 or the clusters
themselves may migrate on the surface and coalesce into larger
domains (known as Smoluchowski ripening),32,35 or a
combination of both processes may occur. In the case of 2D
Smoluchowski ripening, the surface diffusion coefficient (D) of
the clusters can be estimated based on Brownian motion and
the Einstein equation =L Dt2D where LD is the mean
cluster displacement and t is the ripening time.35 The mean
cluster displacement can be approximated as LD ≈ 1/2Lav
where Lav is the average distance between clusters which can be
estimated from the surface cluster density (N) as

=L N(1/ )av (Figure S4a). The cluster density is then
related to the ripening time as 1/N = 16Dt. A plot of (1/N) as a
function of t (Figure S4b) shows a linear dependence in the
first 10 min of ripening from which the cluster surface diffusion
coefficient can be estimated as 1.2 × 10−14 cm2/s. This value,

Figure 3. (a) SEM images of WSe2 grown on sapphire substrate under 30 s nucleation time, 15 min ripening time, and varied lateral growth time for
5, 20, 30, and 45 min. (b) WSe2 monolayer domain size and surface coverage as a function of lateral growth time and bilayer surface coverage as a
function of lateral growth time. A fully coalesced monolayer WSe2 film is achieved in ∼45 min lateral growth. (c) Orientation histogram from 10 and
20 min samples confirms that WSe2 domain edges are primarily oriented at 0° and 60° with respect to steps on sapphire. (d) Schematic illustrating
0° and 60° oriented WSe2 domains on sapphire (0001) surface.
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which we associate with the diffusivity of the W-rich WSex
particles, is comparable to the diffusivities of ∼5 nm Pt particles
on alumina (1.5 × 10−14 cm2/s at 600 °C)32 and ∼6 nm Au
particles on sapphire (2.0 × 10−14 cm2/s at 500 °C).36 Note
that small clusters are also present on the top surface of the
WSe2 islands after ripening, typically near the edge of a domain
(Figure 2a). These small clusters are similar to those present on
the sapphire surface but are unable to migrate over the domain
edge due to an Ehrlich-Schwoebel diffusion barrier.37,38

To achieve a coalesced monolayer of WSe2, continued
nucleation between or on top of the initial WSe2 islands needs
to be suppressed in order to promote lateral growth of existing
domains. Therefore, following the nucleation and ripening
steps, the W(CO)6 precursor was reintroduced into the inlet
gas stream at a lower flow rate of 4.2 × 10−4 sccm in order to
reduce the gas phase supersaturation which is the driving force
for crystal nucleation and growth.39 Figure 3a shows scanning
electron microscope (SEM) images of samples grown using 30
s nucleation time, 15 min ripening time, and varied lateral
growth time of 5, 20, 30, and 45 min. Immediately after
ripening, the domains are approximately 120 nm in size and
cover 8% of the sapphire surface (t = 0 of Figure 3b). As the
lateral growth time is increased, the density of triangular
domains remains relatively constant and the domain size and
surface coverage increase nearly linearly with lateral growth
time from 5 to 15 min (Figure 3b). It should be noted that the
lateral growth rate in first 5 min appears to be reduced which is
likely due to a short time lag for the W(CO)6 precursor to
reach the substrate after it is reintroduced into the inlet gas
stream. As the surface coverage increases above ∼50% (15
min), however, the lateral growth rate of the monolayer
decreases likely due to precursor adsorption occurring more
frequently on existing WSe2 monolayers rather than on the
sapphire surface. As the WSe2 monolayer domains increase in
size, the adatoms must diffuse a longer distance to reach the
domain edges, therefore, it becomes more likely that they will
contribute to bilayer growth instead rather than fill in the initial

monolayer. Indeed, the lateral growth rate and coverage of
bilayers increases after 15 min when the monolayer lateral
growth rate decreases (Figure 3b). A fully coalesced monolayer
with ∼36% bilayer coverage across the entire 1 cm × 1 cm
sapphire substrate can be achieved in ∼45 min.
The WSe2 domains clearly exhibit preferred orientations on

the (0001) sapphire surface which begins during the ripening
stage (Figure 2) and is maintained throughout the lateral
growth stage. A histogram (Figure 3c) of domain orientations
measured after 5, 10, and 20 min of lateral growth when the
domains are still isolated from each other shows two preferred
orientations of 0° and 60° with respect to the step edge
direction which corresponds to the [112̅0] direction of
sapphire, similar to that reported for epitaxial growth of
MoS2 domains on (0001) sapphire substrate by oxide powder
vaporization.40 The preferred orientation results from the
commensurability between WSe2 and sapphire (0001).
Although there is large lattice mismatch between WSe2 (a =
3.282 Å)41 and sapphire (001) (a = 4.760 Å),42 it is reduced to
∼3.4% mismatch for 3 × 3 WSe2 unit cells on a 2 × 2 (0001)
sapphire surface (Figure 3d). Raman and room-temperature
photoluminescence (PL) spectroscopy confirm the existence of
monolayer WSe2 due to the absence of a breathing mode at
∼310 cm−1 WSe2 (Figure S5a)

43−46 and a strong PL peak that
varies from 1.60 to 1.64 eV (Figure S5b)43 across the sample
surface. Raman mapping (Figure S5c) indicates that film is
largely monolayer across the 5 μm × 5 μm scan area, however,
smaller scale lateral variations are evident from changes in the
Raman peak intensity (Figure S5c) and PL peak position
(Figure S5d). The lateral nonuniformity may arise from
localized Fermi level modulations in the WSe2 due to surface
reconstruction of sapphire at the step edges,47 and/or local
variations in strain in the WSe2 film due to tensile stress that is
induced in the film upon cooldown from the growth
temperature due to differences in the coefficients of thermal
expansion of WSe2 (αa = 11.08 × 10−6/°C)48 and sapphire (αa

Figure 4. (a) SEM images of WSe2 grown on sapphire substrate under 30 s of nucleation, 15 min of ripening, and 10 min of lateral growth at varied
substrate temperatures of 600 °C, 700 °C, 800 °C, and 900 °C. H2Se flow rate was held constant at 7 sccm and Se/W ratio was ∼26000 during the
lateral growth stage. Inset SEM images show the shape of the WSe2 domains. (b) WSe2 domain size and domain density as a function of substrate
temperature. (c) Schematic diagram showing the variation of WSe2 domain shape under different surface Se:W ratios. (d) SEM image of WSe2
grown under 30 s of nucleation, 15 min of ripening, and 10 min of lateral growth at substrate temperature of 900 °C. H2Se flow rate was increased to
10 sccm and Se/W ratio was ∼37000 during the lateral growth stage. Inset SEM image shows the shape of WSe2 domain.
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= 8.1 × 10−6/°C)49 as has been reported for CVD-grown
MoSe2 on SiO2.

50

The multistep process also provides a pathway to study the
effects of growth conditions on the domain shape and lateral
growth rate independent of their impact on the nucleation
process. For example, Figure 4a shows the WSe2 domain
morphology after 10 min of lateral growth at 600 °C, 700 °C,
800 °C, and 900 °C with the nucleation and ripening
conditions held constant (30 s of nucleation and 15 min of
ripening at 800 °C) to maintain a constant initial WSe2 domain
density and size. Over the temperature range from 700 to 900
°C, the domain size and density are only weakly dependent on
the growth temperature (Figure 4b) suggesting that the growth
is limited by mass transport of precursors to the growth surface
as is commonly observed for MOCVD growth of III−V
epilayers.51 This is reasonable considering that both W(CO)6
and H2Se are expected to decompose in the gas phase at
temperatures as low as 375 °C,52−54 consequently, WSe2
growth is unlikely to be limited by kinetics at the growth
conditions used in this study. At a lower temperature of 600 °C,
however, a bimodal distribution of domain sizes was observed.
The larger domains can be attributed to the initial islands
formed during the nucleation and ripening stages while the
smaller domains likely arise from additional nucleation
occurring during the lateral growth step due to reduced surface
diffusion at the lower substrate temperature. In this case,
surface adatoms are likely to form new nucleation sites rather
than diffuse to one of the existing WSe2 islands and contribute
to lateral growth.

The change in substrate temperature also alters the shape of
the WSe2 domains which evolves from triangular at 700 °C to
truncated triangular at 900 °C (Figure 4a insets). Previous
reports have demonstrated a similar shape evolution of
individual MoS2 and WSe2 domains in PVT with respect to
the source evaporation temperature,55 substrate location
relative to the source,56 and growth temperature.57 On the
basis of these prior studies, the triangular domains shape can be
attributed to the faster growth rate of W-terminated edges
relative to the Se-terminated edges due to excess Se at the
growth front which is expected given the high Se/W inlet gas
ratio (∼26,000) used in the growth process. As the growth
temperature is increased, however, the W-terminated edge
growth rate decreases relative to that of the Se-terminated edge
resulting in truncated triangular domains which are expected to
transition to a hexagonal shape when the local Se:W ratio is ∼2
(Figure 4c).56 While the Se/W inlet gas ratio remained
constant in these experiments, the local Se/W ratio at the
growth front is expected to be strongly temperature dependent
due to the large differences in vapor pressure between Se and
W which will impact surface adatom concentrations. As
previously discussed, the vapor pressure of selenium is ∼2750
Torr at 800 °C and increases logarithmically with temper-
ature58 while the vapor pressure of W remains negligibly low
throughout this temperature range.33 Consequently, the
sticking coefficient of Se on the sapphire surface should
decrease significantly with temperature relative to that of W
resulting in a reduction in the local Se:W ratio on the surface as
the temperature is increased. To test this hypothesis, the Se/W
inlet gas ratio was raised from 26,000 to 37,000 for growth at

Figure 5. (a) Experimentally constructed RHEED 2D reciprocal space structure of WSe2 plotted as the intensity (k∥) versus 360° azimuthal
directions from 100 RHEED patterns recorded when the sample was rotated azimuthally with a 1.8° step size from 0° to 180° in 100 steps. (b)
Theoretical simulation of 2D reciprocal space structure of WSe2 looking along the out-of-plane [0001] direction which matches the experimental
result in (a), showing [101̅0] WSe2 ∥ [101 ̅0] α-Al2O3. (c) θ-2θ X-ray diffractogram recorded at φ = 30° showing reflections which correspond to
(112 ̅0) of WSe2 and α-Al2O3. (d) φ-scan recorded at 2θ = 37.91° showing [112 ̅0] WSe2 ∥ [112 ̅0] α-Al2O3. (e) Low-magnification TEM image of
coalesced WSe2 showing single layer structure and sequent layers and the corresponding SAED pattern (inset). (f) Atomic resolution HAADF-
STEM image showing the existence of antiphase grain boundaries in the film. (g) Higher-resolution HAADF-STEM image showing 4|8 rings
attributed to the coalescence of 0° and 60° WSe2 domains.
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900 °C which resulted in a transition back from truncated
triangular to triangular shaped domains (Figure 4d) confirming
the local Se/W dependence of the domain shape.
The regular orientation of WSe2 domains on the surface of

the noncoalesced samples suggests that the film is epitaxially
oriented with respect to the sapphire. This was confirmed and
quantified through the use of reflection high energy electron
diffraction (RHEED) analysis and in-plane X-ray diffraction
(XRD) which were carried out on 1 cm × 1 cm fully coalesced
monolayer films. Figure 5a shows the experimentally measured
RHEED 2D reciprocal space structure of the WSe2 monolayer
plotted as the intensity k∥ (the momentum transfer parallel to
the surface) versus 360° azimuthal directions constructed from
100 RHEED patterns recorded when the sample was rotated
azimuthally with a 1.8° step size from 0° to 180° in 100 steps as
previously demonstrated.59,60 The experimental RHEED 2D
reciprocal space structure shows 6-fold symmetry and is
consistent with the simulated pattern (Figure 5b) for WSe2
when the out-of-plane direction is the [0001] direction,
indicating that the WSe2 monolayer is nominally single crystal
with an epitaxial relation of [101 ̅0] WSe2 ∥ [101 ̅0] α-Al2O3.
The epitaxial relation was also confirmed by in-plane XRD
measurements61 which were carried out across the entire 1 cm
× 1 cm sample area. The X-ray θ−2θ scan recorded using in-
plane diffraction geometry at a ϕ angle where the 112 ̅0 peak of
α-Al2O3 was observed, revealed the presence of both WSe2 and
substrate 112 ̅0 peaks (Figure 5c). Rotation around the surface
normal fixing the 2θ angle at the 112 ̅0 peaks of WSe2 and α-
Al2O3 (Figure 5d) shows epitaxial growth with an in-plane
epitaxial relation of [112 ̅0] WSe2 ∥ [112 ̅0] α-Al2O3 which is
consistent with RHEED measurement based on the crystal
symmetry of WSe2. The measured full width at half-maximum
(fwhm) of (112 ̅0) peaks of WSe2 in Figure 5d show a narrow
value of 0.28° indicating the film is highly oriented.
High-resolution scanning transmission electron microscopy

(STEM) was used to further study crystallinity and identify
defects and grain boundaries in WSe2 films removed from the
sapphire substrate by a water transfer process.62 The STEM
image (Figure 5e) under low magnification and the
corresponding selected area electron diffraction (SAED)
pattern (Figure 5e inset) shows that the film consists of a
single crystal coalesced monolayer of WSe2 with some
additional bilayer and trilayer growth. High-angle annular
dark-field scanning TEM (HAADF-STEM) images (Figure
5f,g) display the atomic structure of the WSe2 film where W
and Se atoms can be identified by analyzing the intensity profile
due to the Z-contrast (atomic number) characteristics in the
monolayer region of WSe2. A 60° grain boundary (GB) (mirror
twin boundary) is evident in the monolayer region of WSe2
(marked by red dashed line in Figure 5f). Figure 5g shows a
higher resolution HAADF-STEM image of the 60° GB that is
parallel to the zigzag geometry of the WSe2 lattice and is
stitched together by 4-fold (marked in yellow) and 8-fold
(marked in green) (4|8) rings via point sharing at common Se2
sites. This indicates the formation of antiphase boundaries that
result from coalescence of 0° and 60° WSe2 domains.63,64

In summary, we demonstrate a diffusion-controlled gas
source CVD process for the epitaxial growth of large area, fully
coalesced single crystal WSe2 monolayer and few layer films on
c-plane sapphire. A multistep growth process was developed
which employs modulation of the metal precursor partial
pressure to independently control nucleation, domain ripening,
lateral growth, and film coalescence via surface diffusion

processes. By separating out the nucleation and lateral growth
stages, the effects of process conditions on nucleation density,
lateral growth rate, and domain shape can be clearly
distinguished, providing experimental insights into the
fundamental mechanisms that control 2D domain growth.
The results of this study are an important step in the
development of a reproducible epitaxial growth technology for
large area monolayer TMDC films and 2D heterostructures.
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