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1. Introduction

The limited grain size (<200 nm) for transition metal 
dichalcogenides (TMDs) grown by molecular beam 
epitaxy (MBE) reported in the literature thus far is 
unsuitable for high-performance device applications 
[1–15]. Most of these results exhibit films with almost 
full surface coverage consisting of these small grains, 
indicating a high density of nucleation and grain 
boundary formation in the film. In this work, the 
fundamental nucleation and growth mechanism of 
WSe2 is investigated through a detailed experimental 
design combined with first-principles kinetic 
modeling. The fundamental understanding gained 
through this investigation has enabled an increase of 
over one order of magnitude in grain size. This study 
focuses on WSe2 but can also be extended to improve 
the growth of other TMD compounds and is applicable 
to other growth techniques in addition to MBE.

TMDs are two-dimensional (2D) layered materials 
that have attracted great attention due to their relatively 
inert surfaces and remarkable thickness-dependent 
electrical and optical properties [16–21]. For semicon-
ducting TMDs like MoS2 and WSe2, an indirect to direct 
bandgap transition occurs as the film thickness is 
reduced from multilayer to monolayer due to quantum 
confinement [22–24]. Furthermore, the lack of covalent 
bonding between adjacent TMD layers enables hetero-
structure fabrication with a relaxed lattice matching cri-
teria, allowing the stacking of materials based primarily 
on their electronic properties and quantum mechanical 
effects [25–29]. Among these materials, WSe2 is one of 
the most interesting TMDs for a variety of devices due to 
its attractive electronic properties such as valley coher-
ence for valleytronics, large band spin splitting for spin-
tronics, and low carrier effective mass with suitable band 
alignment for broken-gap tunnel field-effect transistor 
(FET) applications [25, 30–32].
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Abstract
The limited grain size (<200 nm) for transition metal dichalcogenides (TMDs) grown by molecular 
beam epitaxy (MBE) reported in the literature thus far is unsuitable for high-performance device 
applications. In this work, the fundamental nucleation and growth behavior of WSe2 is investigated 
through a detailed experimental design combined with on-lattice, diffusion-based first principles 
kinetic modeling to enable large area TMD growth. A three-stage adsorption-diffusion-attachment 
mechanism is identified and the adatom stage is revealed to play a significant role in the nucleation 
behavior. To limit the nucleation density and promote 2D layered growth, it is necessary to have a low 
metal flux in conjunction with an elevated substrate temperature. At the same time, providing a Se-
rich environment further limits the formation of W-rich nuclei which suppresses vertical growth and 
promotes 2D growth. The fundamental understanding gained through this investigation has enabled 
an increase of over one order of magnitude in grain size for WSe2 thus far, and provides valuable 
insight into improving the growth of other TMD compounds by MBE and other growth techniques 
such as chemical vapor deposition (CVD).
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The majority of WSe2-based devices reported in 
the literature to date have used exfoliated geological 
WSe2 [33–36]. However, the geological TMD crystals, 
along with those produced by chemical vapor trans-
port (CVT), have been shown to have a high density 
of structural defects, high impurity levels, and a large 
degree of variability across the same sample surface 
[37–40]. MBE is a promising growth method for 
TMDs, and heterostructures thereof, due to the poten-
tial of enhanced quality provided by a combination of 
high purity elemental sources and growth in an ultra-
high vacuum (UHV) system. TMD materials such as 
HfSe2, SnSe2, WSe2, MoTe2, and WTe2 have been grown 
by MBE with promising microstructure [2–7, 11–13, 
21]. Like in those prior reports, we observe here rota-
tional alignment between the WSe2 layer and van der 
Waals substrates such as graphite, Bi2Se3, and MoS2, 
and the absence of strain and misfit dislocations.

To facilitate device quality films with larger grains, 
we combine experimental MBE growth with an on-
lattice, diffusion-based first principles kinetic Monte 
Carlo (KMC) model, which enabled the identifica-
tion of a three-stage adsorption-diffusion-attachment 
mechanism. It is shown that the adatom stage plays a 
significant role in the nucleation behavior. The com-
plex competition between kinetic factors includ-
ing adsorption, desorption, on-substrate diffusion, 
attachment, and edge diffusion, which control differ-
ent aspects of growth, has a significant influence on 
grain size.

2. Methods

van der Waals epitaxy was performed in a VG Semicon 
V80H MBE system using elemental sources (an 
effusion cell for selenium and an e-beam evaporator 
for tungsten) with a base pressure of ~3  ×  10−10 
mbar and a background pressure of ~1  ×  10−9 mbar 
during growth. The growth chamber is equipped with 
an in situ reflection high-energy electron diffraction 
(RHEED) system to monitor crystal quality during 
growth. A systematic study of the impact of W and Se 
flux, substrate temperature, and their co-interaction 
was performed by systematically varying each of these 
parameters. The substrate temperatures investigated 
for WSe2 growth were between 350 °C and 550 °C, the 
W flux was varied from 2  ×  10−9 mbar to 1  ×  10−8 
mbar, and the Se flux range was between 1  ×  10−7 mbar 
and 1  ×  10−6 mbar. The detailed parameter settings 
for each experiment can be found in the supporting 
information table S1 (stacks.iop.org/TDM/4/045019/
mmedia).

The substrate for the majority of the WSe2 growth 
presented here was highly oriented pyrolytic graphite 
(HOPG) with a size of 12  ×  12 mm2. Other substrates 
studied include c-plane (0 0 0 1) sapphire and MBE-
grown Bi2Se3 on sapphire. As Bi2Se3 has a maximum 
thermal budget of 320 °C before chalcogen loss and 
sapphire is a non-van der Waals substrate, a direct 

comparison of the WSe2 growth on the various sub-
strates is not included in this work. Instead, we focus 
on the nucleation and growth on HOPG, a van der 
Waals substrate with high thermal stability. Detailed 
sample preparation steps are described in the support-
ing information.

Cross-sectional transmission electron microscopy 
(TEM) samples were made by FIB-SEM Nova 200 with 
a lift-out method. A JEM-ARM200F transmission 
electron microscope operated at 200 kV with probe 
aberration corrector was used for WSe2 cross-section 
imaging.

The surface structure of the WSe2 was examined in 
a separate UHV chamber (base pressure ~1  ×  10−10 
mbar) using an Omicron variable-temperature scan-
ning tunneling microscope described in detail else-
where [41]. The scanning tunneling microscopy 
(STM) image was obtained under constant current 
mode at room temperature, without any thermal treat-
ment prior to imaging. The images were processed 
using WSxM software [42]. The I–V spectra were 
obtained from an average of 10 curves.

Atomic-force microscopy (AFM) measurements 
were carried out using a Veeco Model 3100 Dimension 
V atomic probe microscope with a silicon tip. More 
details about the AFM spatial resolution can be found 
in the supporting information.

The KMC simulation model includes adsorption, 
desorption, and atom hopping within the lattice sites 
of the bulk TMD. The hopping rates follow transition 
state theory, in the form of the Arrhenius relation. The 
adsorption energies and diffusion barriers are calcu-
lated from density functional theory (DFT) by VASP 
coupled by the nudged elastic band theory [43–47] 
which are then used as inputs into the KMC simula-
tions. Random numbers are generated to select the 
proceeding events. For further details of the simula-
tion, please refer to reference [48].

3. Results and discussion

3.1. Observed properties confirming high-quality 
WSe2 growth by van der Waals epitaxy
HOPG was chosen as the substrate material for the 
majority of this study due to its inert 2D surface and 
thermal stability at elevated substrate temperatures. 
The high resolution STM image (9  ×  9 nm2) of 
monolayer WSe2 grown on HOPG shown in figure 1(a) 
reveals the hexagonal moiré pattern (highlighted by 
blue dots) due to the lattice mismatch between WSe2 
and graphite. The measured periodic spacing from the 
moiré pattern (~9.8 Å) agrees well with the expected 
superposition between HOPG and unstrained WSe2 
with zero rotation angle at the interface [14]. This 
unstrained growth and rotational alignment are 
important characteristics of van der Waals epitaxy. 
Scanning tunneling spectroscopy (STS) spectra of 
monolayer and bilayer WSe2 from the same sample 
(height line profile in the supporting information) 
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are shown in figure 1(b) and demonstrate the decrease 
in bandgap as the film thickness is increased from 
monolayer (2.6 eV) to bilayer (1.8 eV).

One issue with HOPG is its highly textured nature, 
where, even though there is out-of-plane alignment, 
there is in-plane rotational misorientation between 
different grains (see further discussion of this wire tex-
turing of HOPG in the supporting information). This 
makes it difficult to determine the rotational align-
ment between the growing TMD layer and the HOPG 
substrate by diffraction techniques. The confirmation 
of rotational alignment between the WSe2 and the 
substrate was enabled by using single-crystal Bi2Se3, 
another van der Waals material, as the substrate. In 
situ RHEED of WSe2 grown on the Bi2Se3 is shown in 
figures 1(c)–(e). When the WSe2 partially covers the 
Bi2Se3 surface, two different sets of RHEED streaks in 
the  [ ]1 0 1 0  direction corresponding to the reciprocal 
lattice of both WSe2 and Bi2Se3 are observed (figure 
1(c)). The simultaneous appearance of streaks from 
both the substrate and WSe2 indicates that the grown 
WSe2 is rotationally aligned to the substrate, consistent 
with the observation of zero rotation angle between 
the growing WSe2 and the substrate as shown in the 
moiré pattern from the STM image in figure 1(a). The 
extracted in-plane lattice constant (a  =  3.29 Å  ±  0.03 
Å) from the RHEED pattern, and confirmed by the 
STM measurement of 3.28 Å, is consistent with other 
reports [49]. When the substrate is fully covered, a sin-
gle set of RHEED patterns appear in the  [ ]1 0 1 0  and 
[ ]1 1 2 0  directions, corresponding to the reciprocal 
lattice of WSe2 that is fully azimuthally aligned to the  
substrate (figures 1(d) and (e)). Similar rotational 
alignment has previously been observed in other epi-
taxially grown TMDs [1, 4, 8, 29, 50–52]. The corre-
sponding cross-sectional TEM image of the WSe2/
Bi2Se3 heterostructure is presented in figure 1(f). 
The interface and crystalline properties of WSe2 on 
Bi2Se3 are very similar to the growth on HOPG as 
shown in the supporting information (figure S3). 
The layered structure of the WSe2 is evident and an  

atomically abrupt interface between the WSe2 and 
Bi2Se3 is observed, with the complete absence of mis-
fit dislocations despite a 21% lattice mismatch, further 
confirming the unstrained growth. The interlayer dis-
tance of the WSe2 is measured to be 6.4 Å, consistent 
with the inter-planar spacing of WSe2 crystals [53]. 
Further characterization, including x-ray photoelec-
tron spectroscopy (XPS), Raman spectroscopy, and 
out-of-plane x-ray diffraction (XRD), in conjunction 
with the experimentally determined band alignment 
can be found in the supporting information to dem-
onstrate high-quality WSe2 crystalline films grown by 
MBE on all van der Waals substrates.

3.2. Novel growth modes in 2D materials and grain 
boundary reduction
The characterization results presented above show 
that WSe2 grows unstrained and with its own lattice 
constant, indicating that lattice mismatch is not a 
significant factor in growing high-quality TMD films, 
as expected. However, the lattice mismatch results in 
the formation of grain boundaries as illustrated in 
figure 2(a). The distance between nucleation sites on 
a lattice-mismatched substrate is statistically unlikely 
to be an integer multiple of the WSe2 lattice constant 
due to the different lattice spacing of the substrate and 
TMD material. As a result, incomplete unit cells form 
when the rotationally aligned grains merge together 
[54]. These grain boundaries are, of course, expected 
to degrade carrier mobility [55–57]. The density of 
grain boundaries increases for samples with a high 
nucleation density. Therefore, reducing the nucleation 
density is critical to achieving higher quality films. In 
this paper, we investigate the nucleation and growth 
mechanism to minimize the formation of these grain 
boundaries and thus achieve large area unstrained 
grains.

Attempts have been made to categorize TMD 
growth using traditional growth modes for three-
dimensional (3D) materials, namely the Volmer–
Weber, Stranski–Kranstanov, and Frank–van der 

Figure 1. (a) STM (9  ×  9 nm2, Vb  =  0.14 V, It  =  1.2 nA) image of monolayer WSe2 on HOPG shows the moiré pattern that indicates 
unstrained WSe2 rotationally aligned to the substrate, (b) STS analysis (Vb  =  2 V, It  =  0.3 nA) of mono- and bi-layer WSe2 grown 
on HOPG, showing the bandgap transition, (c)–(e) RHEED patterns of WSe2 growth on a single crystal Bi2Se3 substrate: for sub-
monolayer WSe2 (c) and for full WSe2 coverage (d) and (e), confirming rotational alignment to the substrate, (f) TEM image of a 
multilayered WSe2 film grown on Bi2Se3 showing the layered structure and atomically abrupt interface with no evidence of misfit 
dislocations.

2D Mater. 4 (2017) 045019
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Merwe modes [58]. These growth modes are gener-
alized based on surface tension comparisons between 
the deposited film and the substrate [59]. However, 
the traditional categorization for the 3D materials is 
also based on the implicit assumption that the out-
of-plane interaction of the material under deposition 
is comparable with the in-plane interaction, thus the 
aforementioned terms are interchangeable with the 
surface tension within the context of 3D materials. 
For 3D films, a strong interatomic interaction leads 
to both a strong surface tension and a strong out-of-
plain interaction, the latter of which allows strain to 
be accumulated as the atomic layers grow [59]. How-
ever, the results presented in this work demonstrate 
that such reasoning does not apply to van der Waals 
material systems where the in-plane interaction is 
dominant over both of the out-of-plane interac-
tions (epilayer–substrate and epilayer–epilayer). The 
dangling-bond-free surface of the ideal TMD crystal 
can, in theory, avoid vertical island growth (coarsen-
ing) and allows a thickness controlled layer-by-layer 
growth scenario [48]. Moreover, these traditional 
growth mode models are predominantly based on 
equilibrium thermodynamics and provide no infor-
mation on crucial kinetic issues such as diffusion and 
nucleation. In fact, many observations suggest that 
under most experimental growth conditions, TMD 
growth strongly deviates from equilibrium. Imper-
fect structures such as grains with fractal morphology 
and unusual nuclei formation are observed in previ-
ous studies and later in this work [8]. These deviations 
from the ideal occur due to kinetic factors includ-
ing adsorption, desorption, on-substrate diffusion, 
attachment, and edge diffusion. The lack of an exist-
ing applicable growth mechanism and an inadequate 
description of kinetic processes illustrate the need to 
combine experiment with a kinetic model to describe 
not only the thermodynamic relations, but also the 
atomic scale events. Combining an MBE exper imental 
parameter study with on-lattice diffusion based KMC 
simulations provides the necessary insight to achieve 
larger grains and 2D growth.

3.3. Kinetics and thermodynamics of nucleus 
formation and critical nucleus size
To begin the consideration of TMD nucleation and 
growth by MBE, a three-stage model is proposed:

( ) ( )
� �Gas Adatoms Flake ,

desorption

adsorption

self-diffusion

attachment

self-diffusion
 (1)

with the reaction energy diagram shown in figure 2(b) 
[60]. In this study, only atomic precursors are included, 
since the strong binding energy of clusters of the metal 
or chalcogen requires an overly high activation energy 
(5.44 eV for W-dimers and 4.64 eV for Se dimers) to 
participate in the epitaxial process [61, 62]. Atoms 
arriving at the substrate surface, rather than being 
reflected back into the ambient, have a probability of 
being adsorbed on the surface. The adsorbed atoms 
become adatoms and have a certain lifetime with 
diffusion occurring on the substrate surface. This stage 
of adatom diffusion on the substrate surface plays a 
pivotal role in nucleus creation and in the growth of an 

existing nucleus. A homogeneous nucleation requires 

that several adatoms arrive at the same spot via random 

substrate diffusion, which is improbable and requires a 
high local density of adatoms. The Gibbs free energy 
calculation can be expressed as π γ= +π

νG r G r44

3
3 2  

for spherical nuclei or γ= +G a G a33

4
2

A  for planar 

triangular nuclei, where Gν is the Gibbs volume energy, 
GA is the Gibbs area energy, and γ is the interfacial 
energy or edge energy for 2D domains [63]. Although 
the WSe2 nuclei shape highly depends on the growth 
conditions, which will be discussed later, both cases 
indicate that only a spherical nucleus with r greater  

than the critical size = − γ

ν
r

Gc
2

, or a planar domain 

with edge a greater than the critical size = − γ
a

Gc
4 3

A
 

is stable. The Gibbs and interfacial/edge energies 

for TMDs are not well established to date, making it 
difficult to deduce the critical cluster size analytically. 
From the KMC simulations, we are able to determine 
that a critical nucleus of WSe2 takes the form of 
W15  ±  1Se28  ±  3 with a size of 1.63  ±  0.21 nm within the 

Figure 2. (a) Illustration of grain boundary formation due to lattice mismatch in van der Waals epitaxy, (b) reaction energy diagram 
of the growth process employed in the simulations, (c) STM image of the smallest triangular WSe2 nucleus of 3.0  ±  0.3 nm grain 
size, comparable with KMC simulation result of 1.63  ±  0.21 nm.

2D Mater. 4 (2017) 045019



5

R Yue et al

temperature range from 400 to 800 °C (see supporting 
information for details). While we expect the critical 
nucleus size to be temperature dependent, the change 
in the critical nucleus size within this temperature 
range is negligible (within the error bars of the critical 
nucleus size in our calculations). Experimentally, the 
smallest triangular WSe2 nucleus observed from STM 
for 15 different spots (scan range of 100  ×  100 nm2) 
across the sample is 3.0  ±  0.3 nm (figure 2(c)) and 
we observe a non-triangular nucleus of 2.5  ±  0.3 nm. 
After a stable nucleus is formed, it can capture 
incoming adatoms that approach the nucleus via on-
substrate diffusion.

3.4. Suppressing nuclei and grain boundary 
formation rate
As shown in figures 3(a)–(d), the rate of nuclei 
formation during the initial stages is high, followed 
by a subsequent slowing down of the nuclei formation 
rate. A similar trend has also been observed in the 
MBE growth of other materials [59, 64]. This is a sign 
of the competition between nucleation and adatom 
attachment and suggests the necessity to include 
the adatom kinetics to our understanding. In the 
temperature range studied here, the diffusion length of 
the adatoms exceeds the average adatom–adatom and 
adatom–nucleus distance. Therefore, when the nuclei 
density increases to a level comparable to the surface 
adatom density, it becomes favorable for the adatoms 
to attach to an existing nucleus rather than to form a 

new one, and thus the formation of new nuclei ceases 
and existing nuclei grow in size [64].

Similar to the experimental observations, the 
simulation results in figure 3(e) confirm that the for-
mation rate of new nuclei decreases as the nuclei den-
sity increases, reaching the saturated nuclei density 
before the surface coverage reaches 10%. In addition, 
the satur ated nucleation density in figure 3(f) shows a 
strong dependence on both the substrate temperature 
and the flux which motivates further experimental 
invest igation of these growth parameters.

The impact of substrate temperature is shown 
in figures 4(a)–(c), where increasing the substrate 
temperature reduces the growth rate and nucleation 
density. The underlying reason is due to the increased 
desorption rate at elevated temperature, consistent 
with the results from simulation (figure 3(f)). The 
W flux also has a large impact on the nucleation and 
growth rates (figures 4(d)–(f)). Decreasing the W 
flux from 1  ×  10−8 mbar to 2  ×  10−9 mbar results 
in a dramatic decrease in the density of nuclei, with 
almost no nuclei observed after 1.5 h growth time 
for W fluxes lower than 2  ×  10−9 mbar. These results 
are consistent with the KMC simulations shown in 
figure 3(f), i.e. that the nuclei count decreases with 
decreasing adsorption rate, which is proportional 
to the flux. With both reduced substrate temper-
ature and higher W flux, it is reasonable to expect a 
higher surface adatom density, and a corresponding 
exponential increase in nucleation density indicates 

Figure 3. (a)–(d) AFM images that show how nucleation density increases rapidly during the low coverage stage and becomes stable 
after reaching ~15% coverage, (e) simulated homogeneous WSe2 nuclei desnity as a function of normalized time under different 
adsorption rates at 400 °C with the chalcogen-to-metal ratio equal to 2.0, (f) simulated saturated nuclei density as a function of 
adsorption rate for different substrate temperatures. The growth conditions for figures (a)–(d) include: W flux of 5  ×  10−9 mbar,  
Se flux of 7  ×  10−7 mbar, and substrate temperature of 500 °C.

2D Mater. 4 (2017) 045019
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a close relationship between the adatom density and 
stable nuclei formation [59].

3.5. Sticking coefficient dependence on 
temperature and nucleus composition
The percentage of precursor that results in stable 
domains, commonly referred to as the sticking 
coefficient (Sc), is a product of two conversion factors 
corresponding to the two-step reaction illustrated 
in equation (1): (1) the percentage of atoms incident 
upon the surface which become adatoms, and (2) 
the percentage of adatoms which result in stable 
domains. The estimated sticking coefficient of W 
atoms drops from about 16% to 4.1% when the 
substrate temperature is elevated from 450 °C to 
525 °C (the method used for this approximation is 
described in the supporting information). These 
low sticking coefficients, which are consistent with 
the KMC simulations, confirm that a significant 
fraction of adatoms do not make it past the 
adsorption–desorption step in equation (1), and 
so do not contribute to deposition. There is almost 
no WSe2 growth at 550 °C during the 1.5 h growth 
time, suggesting a further reduction in the sticking 
coefficient and an enhanced desorption rate due 
to the elevated substrate temperature. The sticking 
coefficient of Se atoms is considerably lower than that 

for W and is dependent on the chemical environment. 
For a substrate temperature of 450 °C, the calculated 
Se Sc values are ~0.13% for a W flux of 5  ×  10−9 mbar 
(figure 4(e)) and ~0.36% for a W flux of 1  ×  10−8 
mbar (figure 4(d)). Thus, the sticking coefficients are 
dependent on the chemical environment, a common 
observation in the epitaxy of compound crystals [65–
67], where different elements depend on each other to 
form the desired crystal structure.

According to first principles DFT calculations, the 
absolute value of the adsorption energy (1.49 eV for W 
and 0.65 eV for Se), which dictates the desorption rate, 
is over an order of magnitude higher than the diffu-
sion energy barrier (0.03 eV for W and 0.06 eV for Se) 
[60]. Since desorption is negligible at low temperature, 
most of the adatoms are able to form stable domains 
that exceed the critical nucleus size. However, the des-
orption rate increases exponentially at elevated sub-
strate temperature due to the Arrhenius nature of the 
process ( = −∆

≠

r D e0
G

k TB , where D0, ΔG≠, kB and T cor-
respond to the pre-exponential coefficient, activation 
energy, Boltzmann constant and temperature, respec-
tively). More adatoms desorb from the surface at these 
elevated temperatures before forming stable nuclei, 
reducing the adatom density and sticking coefficient. 
Therefore, simulation and experimental results point 

Figure 4. AFM images showing the impact of substrate temperature ((a)–(c)) and W flux ((d)–(f)) in limiting nucleation density, 
(g) the simulated sticking coefficient, as a function of the adsorption rate, for three different substrate temperatures, inserted are the 
corresponding domain morphology images obtained during simulation, (h)–(j) AFM images of the various grain morphologies 
observed indicating that low substrate temperature or high W flux will lead to non-compact, discontinuous growth. The apparent 
non-alignment of grains shown in (h) are caused by the wire-textured HOPG substrate (see supporting information for more 
details).

2D Mater. 4 (2017) 045019
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to the use of higher substrate temperatures and smaller 
W fluxes to reduce the nucleation density by reducing 
the adatom density.

3.6. Compact versus fractal grain morphology
The morphology of the growing grains is another 
important aspect in the ability to predict the quality of 
TMD films. Compact domains with triangular shape 
are observed under conditions of low growth rate in 
figures 4(g) and (h) (achieved by low W flux together 
with high substrate temperature), while discontinuous 
domains are observed when the growth rate is increased 
(figures 4(g) and (i)). The randomly branched, 
highly discontinued shapes are referred to as fractals. 
This triangular-fractal transition is the result of the 
competition between adatom attachment and edge 
diffusion processes; the latter being responsible for the 
relaxation of the domain from the initial shape (often 
random and branching) to the thermodynamically 
favorable configuration (compact triangle for the TMD 
monolayers) [68]. DFT simulations have shown that 
the edge diffusion barriers (4.06 eV for W and 1.00 eV 
for Se) are considerably higher than those for adatom 
diffusion [60]. Compact domains are produced close 
to the adsorption–desorption equilibrium, in which 
the growth rate and Sc are relatively low. Higher W flux 
not only leads to a higher growth rate and increased 
nucleation density, but also results in fractal shapes. 
The fractal structure may be undesirable since 
defects could be created along the rough edges as the 
domains grow [60]. In the time-dependent study of 
the growth process shown in figures 3(c) and (d), the 
transition from triangular shaped domains to fractal 
was also observed; this transition is associated with 
the expanded domains which capture more adatoms, 
breaking the equilibrium between attachment and 

edge diffusion. In addition to the triangular and fractal 
structures, ‘nanorod’ shaped grains are observed in the 
low-temperature growth regime (~350 °C) as shown 
in figure 4(j). Similar results of nanorod morphology 
have previously been reported in MBE-grown WSe2 
and MoSe2 grown at low substrate temperature [10, 15, 
69]. The nanorod structure has been speculated to be a 
significant deviation from the 2D growth scheme due 
to a local Se-deficient environment.

3.7. Chalcogen environment critical to promote 
larger grain 2D growth
As mentioned earlier, the chalcogen sticking coefficient 
is much lower than that of the transition metal due to 
the short mean lifetime and mean free path of the Se 
adatoms [60]. In a Se-poor environment, as shown 
in figure 5(a), pyramid-like grain morphology and 
particle protrusion features are observed in the center 
of grains (~5–10 nm in height shown in the supporting 
information figure S6). This contrasts with a Se-rich 
environment (figure 5(c)) where, for an identical 
growth time, bilayer WSe2 with similar lateral grain 
size and no protrusion was achieved. The decrease in 
the protrusion features as a function of increasing Se 
flux suggests that the initial nuclei formed in the Se-
deficient condition are W-rich, which is confirmed 
by the observation of W–W and WOx bonding in 
the XPS spectra in figure S7. Metal clustering with 
incomplete Se-passivation promotes the vertical 
growth of WSe2, as illustrated in figure 5(b). Under 
a Se-rich condition, Se atoms limit the formation of 
W-rich nuclei and the covalent-bond-free surface 
of WSe2 promotes lateral growth of the grain. This is 
clearly observed in figures 5(a) and (c) where a similar 
lateral grain size (~200 nm edge length) is observed for 
an 8-layer (Se-poor environment) and a bilayer film 

Figure 5. (a)–(d) AFM images and illustrations showing the impact of Se flux in suppressing vertical growth. Island growth occurs 
in a Se deficient environment due to W-rich nucleus formation while more 2D growth is achieved in a Se-rich environment, (e)–(g) 
Se flux also impacts the WSe2 nucleation density where higher Se flux again limits W-rich nuclei. Each of these growths utilized a  
W flux of 5  ×  10−9 mbar, substrate temperature of 500 °C, and growth time of 3 h.
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(Se-rich environment). First-principles based KMC 
simulations confirm that while monolayer growth is 
expected with sufficient Se supply, under chalcogen 
deficient growth conditions, metal clustering becomes 
more probable and strongly influences nucleation as 
shown in the supporting information. Additionally, 
this metal-rich clustering affects the critical nucleus 
size [59]. The critical nucleus size for tungsten metal 
is a W3 trimer at 500 °C with a radius of 0.31 nm, 
which is nearly an order of magnitude smaller than the 
critical nucleus size of WSe2. A Se-rich environment, 
on the other hand, reduces the probability of W–W 
bond formation, thus suppressing the formation of W 
clusters, resulting in the reduction of the nucleation 
density (figures 5(e)–(g)) and the aforementioned 
vertical growth promoting larger grain lateral growth.

3.8. Order of magnitude improvement in grain size 
and path to large area, scalable TMDs
The results of this nucleation and growth study indicate 
that to limit the nucleation density and promote 2D 
layered growth, it is necessary to have a low metal flux 
in conjunction with an elevated substrate temperature. 
At the same time, providing a Se-rich environment is 
important to suppress the formation of W-rich nuclei, 
which in turn suppresses vertical growth and promotes 
2D growth. While these findings seem intuitive when 
presented in this systematic manner, it should be 
noted that growth parameters in those ranges have not 
been used historically. By combining these findings, 
we developed a strategy for the growth of large-area 
WSe2 thin films as illustrated in figure 6(a). This 
strategy was then used to guide the growth of WSe2 by 
MBE achieving layers with a grain size of ~1.2 µm (8 
layers) and ~650 nm (4 layers), a drastic improvement 
over previously reported results as summarized in 
figure 6(b) from over 25 years of research [1–15]. 

Continuing along the path illustrated in figure 6(a) 
should enable large-area monolayer WSe2 growth 
(limitations associated with the substrate heater design 
for the MBE system used for this work prevent going 
to the higher temperatures necessary to demonstrate 
large-area monolayer growth at this time).

While this work uses a van der Waals substrate and 
elemental precursors, the conclusions and mech anisms 
can be applied to an epitaxy system with increased com-
plexity of both the substrate and precursors with minor 
modifications. For example, a stronger interaction 
between a non-van der Waals substrate and the precur-
sors will limit the diffusion of the precursors causing the 
homogeneous nucleation density to increase. Higher 
impurity levels will also increase the heterogeneous 
nucleation density. Additionally, the breakdown of the 
molecular precursors in chemical vapor deposition 
(CVD) and metal-organic chemical vapor deposition 
(MOCVD) requires a high activation energy, slowing 
down the growth process [60–62]. All of these modifi-
cations result in a ‘shifting’ of the experimental condi-
tions to a region of higher temper ature and a higher flux 
(pressure), yet the underlying concepts remain the same 
as described throughout this work.

4. Conclusions

In this work, we have demonstrated that high quality 
WSe2 can be grown using van der Waals epitaxy. 
Despite the large lattice mismatch with the substrate, 
the grown WSe2 films have no misfit dislocations 
or strain and are rotationally aligned to the van 
der Waals substrates. The overwhelming in-plane 
bonding compared to the out-of-plane van der Waals 
interaction makes it unsuitable to use traditional 
growth mode terminology to describe the epitaxial 
growth of van der Waals materials like TMDs. Kinetic 

Figure 6. (a) Illustration of the experimental path (purple dash line) to achieve large grain size TMDs compared with the growth 
conditions (orange ellipsoid) utilized from prior reports with small grains. (Inset) AFM image of a 650 nm grain for 4-layer MBE-
grown WSe2 achieved in this study (red star) following this path. (b) Summary of the grain size of MBE grown TMDs reported in the 
literature along with the results achieved in this study. The data points used from previously published reports are either the grain 
sizes reported in the paper or from the longest linear dimension measured in a single grain in AFM or SEM images shown in those 
papers.

2D Mater. 4 (2017) 045019
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issues such as low probability of Se incorporation, high 
metal–metal bonding strength, and non-equilibrium 
growth make it challenging to obtain 2D growth. 
However, our results indicate that lowering the W flux 
in conjunction with elevated substrate temperature 
reduces the nucleation density while providing a Se-
rich environment is important to promote 2D growth. 
Using this growth strategy has enabled an increase of 
over one order of magnitude in grain size for WSe2 
compared to all previous TMD growth by MBE. The 
knowledge gained from this nucleation and growth 
study provides a roadmap toward large area TMD 
grains and potentially other van der Waals systems.
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