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ABSTRACT: Over the past few years, graphene grown by
chemical vapor deposition (CVD) has gained prominence as a
template to grow transition metal dichalcogenide (TMD)
overlayers. The resulting two-dimensional (2D) TMD/gra-
phene vertical heterostructures are attractive for optoelectronic
and energy applications. However, the effects of the micro-
structural heterogeneities of graphene grown by CVD on the
growth of the TMD overlayers are relatively unknown. Here, we
present a detailed investigation of how the stacking order and
twist angle of CVD graphene influence the nucleation of WSe2
triangular crystals. Through the combination of experiments
and theory, we correlate the presence of interlayer dislocations
in bilayer graphene with how WSe2 nucleates, in agreement
with the observation of a higher nucleation density of WSe2 on top of Bernal-stacked bilayer graphene versus twisted bilayer
graphene. Scanning/transmission electron microscopy (S/TEM) data show that interlayer dislocations are present only in
Bernal-stacked bilayer graphene but not in twisted bilayer graphene. Atomistic ReaxFF reactive force field molecular dynamics
simulations reveal that strain relaxation promotes the formation of these interlayer dislocations with localized buckling in
Bernal-stacked bilayer graphene, whereas the strain becomes distributed in twisted bilayer graphene. Furthermore, these
localized buckles in graphene are predicted to serve as thermodynamically favorable sites for binding WSex molecules, leading
to the higher nucleation density of WSe2 on Bernal-stacked graphene. Overall, this study explores synthesis−structure
correlations in the WSe2/graphene vertical heterostructure system toward the site-selective synthesis of TMDs by controlling
the structural attributes of the graphene substrate.
KEYWORDS: vertical heterostructures, twisted bilayer graphene, Bernal stacking, dark-field transmission electron microscopy,
interlayer dislocations, ReaxFF reactive molecular dynamics simulations

Over the past decade or so, two-dimensional (2D)
transition metal dichalcogenides (TMDs) have been
discovered1 and widely studied for various optoelec-

tronic applications.2−5 They show incredible promise at the
proof-of-concept level, owing to their wide-ranging properties
such as a tunable band gap,4 large surface-to-volume ratio,6 and
large exciton binding energies.7,8 To translate their extra-
ordinary performance to the industrial scale, large-area and
uniform synthesis is necessary.9 Large-area synthesis of TMDs
was originally realized by adopting bottom-up techniques such
as chemical vapor deposition (CVD) using powder precur-
sors.10,11 Building on that, improved methods have involved
switching to gaseous precursors (e.g., metal−organic chemical
vapor deposition, or MOCVD),12 using symmetry-matched
growth substrates (c-plane sapphire and other 2D materi-
als)13,14 and utilizing growth promoters (salts and PTAS).15

Among them, MOCVD growth of TMDs on 2D material
substrates (e.g., graphene, hBN) is particularly attractive
because it offers the combined advantages of precise control
of gas precursors and atomically flat surfaces of 2D substrates
to enable large-area van der Waals epitaxy.14,16−18 Moreover,
TMD growth on graphene results in the formation of TMD/
graphene vertical heterostructures, enabling applications such
as multicomponent optoelectronic devices, batteries, and
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lasers.19−22 For example, the WSe2/graphene heterostructure
system is shown to be suitable for p-type field-effect transistor
(FET) devices with low contact resistance.23−25

Despite the promise of large-area TMD/graphene vertical
heterostructures, it has recently been uncovered that the
heterogeneities in the graphene substrate can have a
pronounced effect on the nucleation and growth behavior of
TMD overlayers.26−28 For example, Azizi et al.26 observed that
grain boundaries in freestanding graphene act as extra
nucleation sites and favor the growth of multilayer WSe2
crystals. Kim et al.27 discovered that defective areas in the
graphene substrate strongly interact with the WS2 epilayers via
covalent bonding and cause the WS2 to exhibit different
intrinsic properties. These examples highlight the need for a
fundamental understanding of how the heterogeneities in
graphene could affect the TMD overlayer growth. While defect
structures and their effects on TMD overlayer growth in single-
layer graphene are well studied,26−29 multilayer graphene is
relatively less explored. In this regard, CVD growth of
graphene emerged as a promising method to produce highly
crystalline multilayer graphene with a wide variety of layer
numbers, stacking orders, and twist angles.30−32 Consequently,
these attributes lead to various structural defects, strain states,
and local atomic reconstructions in the as-grown multilayer

graphene.33−36 The presence of these heterogeneities could
offer additional degrees of freedom in tuning the TMD
overlayer growth and, consequently, the properties of as-grown
vertical heterostructures.
Interestingly, it was recently discovered that the growth of

WSe2 is strongly affected by the stacking order and twist angle
of the CVD graphene substrate.37 This previous work showed
that the WSe2 triangular crystals grow preferentially with
higher nucleation density on top of Bernal-stacked bilayer
graphene than on twisted bilayer graphene in a multilayer
graphene island. To reveal the origin behind this observation,
we present a systematic characterization of a bilayer graphene
substrate before and after WSe2 growth. We then link the
characterization results to atomistic simulations to establish
synthesis−structure correlations for the as-grown WSe2/
graphene vertical heterostructures. First, scanning/transmis-
sion electron microscopy (S/TEM) imaging and selected area
electron diffraction (SAED) are employed to confirm the layer
number, stacking order, and twist angle of the bilayer
graphene. Next, dark-field transmission electron microscopy
(DFTEM) is used to reveal the microstructural differences
between Bernal-stacked and twisted bilayer graphene. Sub-
sequently, ReaxFF reactive force field molecular dynamics
simulations38 are used to model the atomic structure of the

Figure 1. Preferential nucleation of WSe2 on Bernal-stacked bilayer graphene. (a) Plan-view SEM image of the WSe2/graphene vertical
heterostructure, wherein the trilayer graphene (3L) shows a twin grain boundary (dashed red line) in the second layer of graphene (2L). As
a result, the bilayer graphene area to the bottom-right side of the red line (blue outline) contains Bernal stacking, and the top-left side
(orange outline) contains twisted bilayer graphene. (b) Enlarged SEM image of the area inside the magenta circle from (a), showing higher
WSe2 triangle density in Bernal-stacked graphene (“2L Bernal”) compared to twisted bilayer graphene (“2L twisted”). (c) Schematic
illustrating the “inverted wedding cake” structure of 3L graphene and the density variation of WSe2 (red triangles). The topmost graphene
layer (1L) is larger than 1 mm in lateral size.
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experimentally observed graphene bilayers. Finally, these
ReaxFF simulations are used to calculate the binding energies
of WSex clusters to these graphene structures to propose
possible atomistic mechanisms responsible for the preferential
growth of WSe2 on Bernal-stacked bilayer graphene.

RESULTS AND DISCUSSION
The WSe2/graphene vertical heterostructures studied here are
synthesized using a two-step gas-source CVD process. Their
detailed synthesis protocol along with the scanning electron
microscopy (SEM), atomic force microscopy (AFM), Raman
spectroscopy, and photoluminescence (PL) characterization
can be found elsewhere37 (also, see Methods section). Figure
1a shows a plan-view SEM image of a trilayer graphene island
where the second (2L) and third (3L) graphene layers form
underneath the first grown graphene layer (1L) during the
CVD process, thus forming the so-called “inverted wedding
cake” structure.30,39−42 As seen from Figure 1a, there is a grain
boundary going through the second layer of graphene,
indicated by a dashed red line. This is evident from two
observations. First, the edges of the second and third layers are
parallel to each other on the bottom right side of the dashed
red line but not on the top-left side of the red line, and (ii) the
shape of the third layer is symmetrical, whereas the second
layer has an asymmetrical shape. We can also infer from these
observations that the bottom-right half of the 2L region (blue
outline) has Bernal-stacked bilayer graphene where the two
layers are oriented with each other (referred to as “2L Bernal”
from here on). In contrast, the top-left half of the 2L region
(orange outline) has misoriented/twisted bilayer graphene
(referred to as “2L twisted” from here on). Such a grain
boundary is called a twin grain boundary and is typically
formed when a single nucleation site gives rise to a domain

with two different orientations. This type of grain boundary is
unlike typical grain boundaries that form upon coalescence of
two adjacent graphene domains. Figure 1b magnifies a small
region outlined with a magenta circle in Figure 1a, which
contains “2L Bernal”, “2L twisted”, and the 1L−2L graphene
layer step edge. It is apparent from this figure that the WSe2
crystals grown on top of graphene (dark triangles of ∼500 nm
in size) exhibit two preferred epitaxial orientations rotated by a
60°, which is commonly observed during MOCVD growth of
TMDs on symmetry-matched substrates.26,43 A closer look at
the image reveals that the WSe2 triangle density on top of “2L
Bernal” is significantly higher compared to that on “2L
twisted”. It should be noted that this observation is universal in
our synthesis and applies to separately grown Bernal-stacked
and twisted bilayer islands, as well.37 However, this particular
island is chosen here, because it readily conveys the
observation. Also, the proximity of two types of bilayer
structures makes it easier to find such an island inside TEM
(explained in detail in the Methods section). This observation
is also illustrated by using a schematic of the as-grown vertical
heterostructure in Figure 1c. The following sections focus on
comprehensive characterization of the graphene substrate
toward elucidating the fundamental mechanisms responsible
for this observation.
Before exploring the origin behind the WSe2 nucleation

density variation, we first confirmed the layer number and
stacking of bilayer graphene across the twin grain boundary
using S/TEM imaging. The as-grown WSe2/graphene vertical
heterostructures are transferred to a Quantifoil copper TEM
grid using a NaOH-based transfer method (see Methods
section). The TEM grid is first scanned using a combination of
SAED and low-magnification annular dark-field scanning
transmission electron microscopy (ADF-STEM) imaging to
find a bilayer graphene area with a twin grain boundary similar

Figure 2. Confirmation of layer number and stacking across a twin grain boundary in 2L graphene. (a) ADF-STEM image of the WSe2/
graphene vertical heterostructure showing the density variation of WSe2 across a twin grain boundary in the 2L graphene area, which is
similar to the one seen in Figure 1. (b, c) Monochromated HREM images of “2L Bernal” (b) and “2L twisted” (c) regions showing two
graphene layers and confirming the corresponding stacking order. (d, e) The FFT patterns obtained from “2L Bernal” (d) and “2L twisted”
(e) regions, confirming the oriented and twisted nature of corresponding regions. The twist angle measured from (e) is 29°. (f, g) The
atomistic models representing Bernal-stacked (f) and 30° twisted bilayer graphene (g).
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to the one seen in Figure 1 (see Methods section for more
details about the scanning procedure). Figure 2a is an ADF-
STEM image of the heterostructure showing a twin grain
boundary (dashed red line) in a bilayer graphene region. Here,
the grain boundary represented by the dashed red line
separates the high WSe2 triangle density region on the left
side (“2L Bernal”) from the low WSe2 triangle density region
on the right side (“2L twisted”). To confirm the graphene layer
number and the stacking in these regions, we used
monochromated high-resolution electron microscopy
(HREM) imaging. During the collection of HREM images,
the sample is exposed to the electron beam for a prolonged
time to intentionally create a hole in the film and estimate the
number of graphene layers. Here, the holes created on either
side of the grain boundary via knock-on sputtering confirm the
bilayer nature of the graphene (dashed white outlines in Figure
2b and Figure 2c). Furthermore, the HREM image obtained
from the left side of the grain boundary (Figure 2b) shows
Bernal stacking of bilayer graphene wherein the carbon atoms
of one graphene layer are translated with respect to the other
layer by 10 1 01

3
without any rotational misorientation.44 The

fast Fourier transform (FFT) pattern obtained from this image
(Figure 2d) shows only one set of reflections, further
confirming that the two graphene layers are oriented with
each other. The HREM image obtained from the right side of

the grain boundary (Figure 2c) shows a rotational moire ́
pattern, thus confirming the twisted nature of the bilayer
graphene. The FFT pattern of this image (Figure 2e) shows
two sets of graphene reflections with a twist angle of 29°.
Atomistic models representing the Bernal-stacked and twisted
bilayer graphene (30° twist angle) are visualized in Figure 2f
and 2g, respectively. More details regarding the considered
atomistic models can be found in the Methods section. It is
noteworthy that the region shown in Figure 2a is near a
trijunction where the grain boundary in the bilayer graphene
meets a 1L−2L graphene layer step edge. An ADF-STEM
image with a larger field of view showing the trijunction and
the HREM characterization from the 1L area is presented in
Figure S1.
To determine the orientation relationship between the WSe2

triangles and the underlying graphene layers in the bilayer
region (2L), SAED patterns are acquired. The SAED pattern
collected from the “2L Bernal” area of Figure 2a is shown in
Figure 3a, whereas the pattern collected from the “2L twisted”
area is shown in Figure 3b. These SAED patterns appear
similar to their corresponding FFT patterns, as they also
display one set (dashed blue hexagon joining the six blue
circles) and two sets of graphene reflections (dashed blue and
orange hexagons joining the circles of the same color),
respectively. Also, the twist angle measured from the SAED
pattern of the “2L twisted” area is 29°, proving the angle

Figure 3. Microstructural differences between Bernal-stacked and twisted bilayer graphene. (a, b) SAED patterns of “2L Bernal” (a) and “2L
twisted” (b) regions, confirming the stacking order and twist angle observed with use of the HREM imaging. The SAED patterns also reveal
that the WSe2 triangles (dashed magenta hexagon joining six magenta circles) are epitaxial with only the topmost graphene layer (dashed
blue hexagon joining the six blue circles). (c, d) DFTEM images obtained from the area inside the yellow rectangle in Figure 2a by using
(1120) (c) and (1010) (d) reflections of the topmost graphene layer. Those reflections are marked by green and red circles in the SAED
patterns, respectively. Both the DFTEM images show contrast features in the “2L Bernal” area (interlayer dislocations in the (1120) image
and AB/BA stacking changes in the (1010) image) but not in the “2L twisted” area.
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measured from the corresponding FFT pattern is not an
artifact of electron beam knock-on sputtering. Since the
topmost graphene layer is single crystalline and spans a lateral
size exceeding 1 mm, its reflections are present in both
diffraction patterns (dashed blue hexagon). Moreover, in both
areas, the WSe2 reflections (dashed magenta hexagon joining
six magenta circles) are epitaxial only with the topmost
graphene layer. This indicates that the WSe2 triangles maintain
the orientation relationship with the graphene layer that the
transition metal and chalcogen precursors come in direct
contact with during the synthesis procedure.37

To uncover the possible role of microstructural hetero-
geneities in graphene behind the WSe2 triangle density
variation, DFTEM imaging is utilized. DFTEM images are
acquired from the area inside the yellow rectangle in Figure 2a
by placing an objective aperture over the (1120) and (1010)
reflections of the topmost graphene layer, i.e., the layer that is
epitaxial with WSe2. These reflections are marked by green and
red circles in the SAED patterns in Figure 3a and 3b. The
(1120) and (1010) DFTEM images in Figure 3c and 3d are
composite images created from three individual DFTEM
images which are aligned, stitched together, and cropped to
match the area inside the yellow rectangle in Figure 2a (Figure
S2 shows the individual DFTEM images used for stitching).
The (1120) DFTEM images typically display a sharp contrast
when there is a layer number change.45 In Figure 3c, while the
total number of layers is two on either side of the grain

boundary, the number of graphene layers that are aligned with
WSe2 (spot chosen for DFTEM) changes from two on the left
side to one on the right side. Therefore, this decrease in the
layer number causes a decrease in the DFTEM image intensity.
Also, the “2L Bernal” region of graphene exhibits strong line-
shaped contrast in the top graphene layer. These features have
been previously reported in the literature and are referred to as
interlayer dislocations, strain solitons, or domain walls.45−48

These interlayer dislocations are also often associated with
strain relaxation in the basal plane of the top graphene layer in
the form of out-of-plane displacement of carbon atoms in a
localized area and thus are also named “ripplocations”.49−51 In
various previous reports, these interlayer dislocations formed
by a built-in strain difference between the two layers of bilayer
graphene have also been theoretically investigated.52−57 It
must be noted that these dislocations are different from folds
and wrinkles58−60 commonly observed in 2D materials
because, unlike them, the interlayer dislocations are associated
with periodic stacking changes and have Burgers vectors along
particular crystallographic directions.45 Similarly, these dis-
locations are different from dislocations seen in single-layer
graphene.61−63 Strikingly, the interlayer dislocations seen in
Figure 3c do not propagate through the grain boundary and
are absent in the twisted bilayer. This observation suggests a
possible difference in the strain relaxation mechanism between
Bernal-stacked and twisted bilayer graphene. To verify if the
higher WSe2 nucleation density on Bernal-stacked bilayer

Figure 4. Atomic structural characteristics of Bernal-stacked vs twisted bilayer graphene. (a) Schematic representation of the procedure used
to construct models with built-in strain difference between the top and bottom layer, where Nx indicates the total number of atoms in layer x
and C indicates a carbon atom. (b, c) Top views of the equilibrated structures for all considered models for Bernal-stacked (b) and twisted
(c) bilayers. A perspective view of the “2L Bernal” model with 2% built-in strain difference is given in (d). The RDF curves for atom pairs
forming the top and bottom graphene layers for the model with no strain difference are compared to the RDFs for the models with 2% built-
in strain difference between the top and bottom layer and presented in (e) for “2L Bernal” and (f) “2L twisted” models. (g, h) Heat maps
representing the energy/atom distributions for models with a 2% strain difference for “2L Bernal” (g) and “2L twisted” (h) models. The side
views of the parts of the ribbons that form the purple rectangles are shown as the insets; the color scale is given at the bottom.
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graphene can be correlated with the presence of these
interlayer dislocations, ReaxFF reactive force field molecular
dynamics simulations are performed (discussed in detail later
and presented in Figures 4 and 5).

The (1000) DFTEM image (Figure 3d) also displays a
contrast gradient across the grain boundary. The contrast from
the “2L Bernal” region in this image appears as dark-to-bright
intensity fluctuations rather than dislocation lines, and they
again disappear in the “2L twisted” region. These contrast
fluctuations correspond to local AB-to-BA Bernal stacking
changes with the stacking transitions occurring at the interlayer
dislocations.45−48 Also, the (1010) DFTEM image does not
show strong contrast from the layer number change at the
grain boundary. This difference in contrast between the two
DFTEM images is expected because the {1010} reflections of
2D materials are known to be sensitive to stacking changes but
not layer number change, and vice versa for {1120}
reflections.45,64−66 Another interesting observation here is
that not all of the AB-to-BA stacking changes in the (1010)
DFTEM image (e.g., solid white arrows in Figure 3d)
guarantee the presence of an interlayer dislocation in the
(1120) DFTEM image (dotted white arrows in Figure 3c).
This is related to the invisibility criteria of dislocations in
DFTEM imaging. Dislocations whose Burgers vectors (b⃗)
satisfy the g⃗·b⃗ = 0 criterion do not appear in the DFTEM image
formed by the (h k l) reflection with reciprocal vector g⃗.45,67

Systematic DFTEM imaging from different {1120} reflections

reveals that the dislocations are 60° partials with Burgers
vectors along ⟨1100⟩, similar to previous reports (Figure
S3).45,54 This observation further proves that the contrast
features seen in the DFTEM images here are associated with
dislocations with particular Burgers vector directions and not
wrinkles and folds in random directions. Individual DFTEM
images acquired from this area by placing an objective aperture
over the (1120) and (1010) reflections of the second graphene
layer, i.e., the layer that is not epitaxial with WSe2, are
presented in Figure S4. DFTEM imaging performed near a “2L
Bernal”−3L step edge where the third layer is twisted with
respect to the first two layers is shown in Figure S5. The results
in Figure S5 are in accordance with the observations from
Figure 3, which further highlights that the correlation between
the interlayer dislocations and higher WSe2 nucleation density
is not limited to bilayer graphene, and it can be extended to
multilayer areas as well. Additional proof for the existence of
the dislocations/domain walls is provided by performing
scattering-type scanning near-field optical microscopy
(sSNOM) on tri- and multilayer graphene islands transferred
to a Si substrate before the WSe2 deposition (Figures S6 and
S7).
The built-in strain difference between the graphene layers

that causes these dislocations can have multiple origins or
contributions. First, it could be induced by the coefficient of
thermal expansion (CTE) mismatch between graphene and
the copper substrate used for graphene synthesis.36,45,59,68 It
could also be introduced during the transfer of graphene onto
the sapphire substrate employed for the MOCVD process.
Finally, it could be caused by the CTE between graphene and
sapphire during the MOCVD heating/cooling ramps. To
determine whether the dislocations are intrinsic to bilayer
CVD graphene or caused during the WSe2 synthesis process,
we imaged Bernal-stacked bilayer graphene directly transferred
onto a TEM grid after its synthesis on Cu (Figure S8). Figure
S8 shows that dislocations are present in Bernal-stacked bilayer
graphene prior to WSe2 growth. We, however, cannot rule out
the possibility of additional dislocation formation or
dislocation glide during the MOCVD process. To provide an
atomistic insight into the possible difference in the strain
relaxation between Bernal-stacked and twisted bilayer
graphene, we performed ReaxFF reactive force field molecular
dynamic simulations. We further correlated these differences
with the observed variation in the WSe2 nucleation density by
using binding energy calculations. The ReaxFF parameter set
applied for all the simulations is tuned to correctly describe the
effect of stacking order and twist angle in various bilayer
graphene models, as well as W and Se atom interactions with
these models. The details of the force field development can be
found in the Supporting Information (SI).
As presented in Figure 2f and 2g, the bilayer graphene

models used for the ReaxFF reactive force field molecular
dynamic simulations are constructed by stacking two graphene
ribbons (see Methods section for a detailed description).
Thereafter, to construct models of “2L Bernal” and “2L
twisted” bilayers with a built-in strain difference, the bottom
layer is subjected to 1% and 2% uniaxial strain along the zigzag
direction, and the atoms with coordinates outside the periodic
box are removed (Figure 4a). The three panels in Figure 4a
present side-view schematics of the three strain configurations
considered for the bilayer graphene models. The left panel with
zero built-in strain is labeled as “no strain”, the center panel
with 1% built-in strain is labeled as “1% strain”, and the right

Figure 5. Binding energies of WSe2 to Bernal-stacked vs twisted
bilayer graphene. The top views of the considered minimized
structures of WSe2 at the bilayer surface are shown in the left
panel, whereas the side views are shown in the right panel. The
carbon atoms are represented as gray, W atoms as blue, and Se
atoms as orange spheres in all the panels. Binding energies of
WSe2 to the T1 (one-fold coordinated top) site of the AB stacked
region, stacking transition (TS) region between AB and BA
stacked regions, buckled region of “2L Bernal” graphene, and
twisted bilayer graphene are −1.85, −1.85, −2.50, and −1.76 eV,
respectively, showing a similar trend to those of W and WSe3 in
Figure S12 and Table S1.
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panel with 2% built-in strain is labeled as “2% strain”. The
resulting difference in the number of atoms between the top
and bottom graphene layers is indicated below the
corresponding panels in the form of equations, with 48 C
atoms for “1% strain” and 96 C atoms for “2% strain”. The final
structures for all six equilibrated models are presented in
Figure 4b and 4c. As shown in Figure 4b, only one type of
stacking (AB) is observed for the Bernal-stacked “no strain”
model. For the two strained “2L Bernal” models, however, we
see a clear alternating AB to BA stacking variation, with the
stacking transition (“TS”) areas in between. These TS regions
correspond to the AB/BA stacking boundaries seen in the
DFTEM imaging. The atomic structure of a typical TS region,
as seen in monochromated HREM imaging, is depicted in
Figure S9. Moreover, in the case of the Bernal-stacked “2%
strain” model, a localized buckle (dashed yellow rectangle) is
also observed for the considered length of the bilayer graphene.
An enlarged three-dimensional (3D) view of this model
showing the localized buckle of the top layer is presented in
Figure 4d. This localized buckle near the TS region is directly
associated with a typical interlayer dislocation seen in the
DFTEM imaging and helps release the strain energy.45,48 It
should be noted that our ReaxFF simulations involve smaller
atomic models (<8000 atoms) and a simple uniaxial strain
scheme to identify the effects of strain difference between two
graphene layers. Our aim is not to simulate a realistic strain
state of as-grown graphene, which could provide more accurate
information on the dislocation characteristics such as widths,
line directions, or spacings, but would require significantly
larger models (e.g., >20,000,000 atoms to model an area of 500
× 500 nm). On the other hand, for all three “2L twisted”
models (Figure 4c), we only see spatial stacking changes in the
form of a moire ́ pattern, which is characteristic of the 30°
twisted bilayer graphene, without any buckling.
To quantify the structural differences between “2L Bernal”

and “2L twisted” bilayers, we compared the radial pair
distribution functions (RDF) of the “no strain” and “2%
strain” configurations (Figure 4e and 4f). The considered pair
of atoms comprises one carbon atom each from the top and
bottom graphene layers. The presence of the peaks in Figure
4e indicates clear crystallographic order or interlayer coupling
in the “2L Bernal” models, including the strained configuration.
In contrast, no such well-defined peaks are observed for the
“2L twisted” models (RDF curves for the “1% strain”
configurations of both models are presented in Figure S10).
The presented data suggest that the interlayer coupling in
Bernal-stacked bilayer graphene is still preserved in the
presence of strain. In contrast, the two layers are decoupled
for the twisted bilayer graphene with or without a built-in
strain difference. This interlayer coupling between the
graphene layers in Bernal-stacked bilayer graphene could
explain the formation of a localized buckle to relax the built-in
strain difference and preserve the structural order. To identify
the local stress distribution for the equilibrated models, we
compared the energy per atom distributions for the “2L
Bernal” and “2L twisted” models with a 2% built-in strain
difference (Figure 4g and 4h, respectively). These local stress
distributions show that in the case of strained “2L Bernal”, any
excess stress is concentrated in the localized buckle, whereas
the surrounding areas remain stress-free. On the other hand,
for the strained “2L twisted”, the stress is uniformly distributed
among all the atoms in each layer. These observations could
explain why the interlayer dislocations with localized buckles

are only present in Bernal-stacked bilayer graphene but not in
the twisted bilayer graphene. The heat maps of energy per
atom for all six of the considered models are given in Figure
S11.
Lastly, we compared the binding energies of WSex (x = 0, 2,

3) molecules to various sites in the flat and buckled parts of the
Bernal-stacked and twisted bilayer graphene to identify the
thermodynamically most stable site for a WSex molecule to
chemically adsorb onto the surface (Figures 5 and S12 and
Table S1). The WSex adsorption onto the locally buckled
region of “2L Bernal” is the most thermodynamically stable,
followed by the AB/BA and TS regions. The “2L twisted”
model is found to be thermodynamically the least favorable for
WSex nucleation (Figure 5 and S12). This result suggests three
points. First, the localized buckles serve as gates to release
strain from the layers by increasing the local interlayer
distance, which reduces the van der Waals forces keeping the
stack together and increases the chemical reactivity toward gas-
phase precursors. Second, a greater probability of adatoms
deposited on the locally buckled regions of the Bernal-stacked
bilayer than on the other competing sites, likely resulting in a
denser population of WSe2 nucleates. Finally, the twisted
bilayer graphene experiences residual strain because of the
absence of buckling, which reduces the chemical reactivity
toward precursors.

CONCLUSIONS
In summary, combined SEM and S/TEM characterization
shows that the nucleation density of WSe2 triangles strongly
varies on top of different regions of CVD graphene, which can
be correlated with variation in the stacking order and twist
angle of the graphene. In particular, we observe preferential
growth of WSe2 on the Bernal-stacked bilayer graphene
compared to ∼30° twisted bilayer graphene. DFTEM images
reveal the presence of interlayer dislocations, specifically in the
Bernal-stacked bilayer graphene but not in the twisted bilayer
graphene. The ReaxFF simulations further confirm that a built-
in strain difference between the layers can lead to the
formation of localized buckles with AB-to-BA stacking
transitions, akin to interlayer dislocations, in Bernal-stacked
bilayer graphene. Further, the absence of localized buckling in
the 30° twisted bilayer graphene is attributed to the lack of
interlayer coupling or structural order. The simulations also
show the preferential binding of WSex molecules to the
buckled areas, suggesting a higher nucleation probability on
top of Bernal-stacked bilayer graphene compared to twisted
bilayer graphene. These observations can be translated to three
or more layer areas of CVD graphene as well. Therefore, this
study underscores the important role of microstructural
heterogeneities of multilayer graphenes in controlling the
growth of TMD overlayers for optoelectronic applications.
Furthermore, this study shows the potential for site-selective
growth of TMDs on multilayer graphene, and most likely other
2D substrates, by controlling the TMD nucleation density via
substrate stacking order and twist angle.

METHODS
Synthesis of WSe2/Graphene Vertical Heterostructures and

SEM Characterization. In the first step of WSe2/graphene vertical
heterostructure synthesis, highly crystalline single- to multilayer
graphene is produced by CVD on Cu foils using methane as the
carbon source.30 Here, the CVD process has been tailored to achieve
millimeter-sized graphene domains. During the CVD process,
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monolayer single crystals of graphene are first grown on the Cu
surface. After prolonged growth duration, additional smaller domains
of graphene form underneath the first layer, resulting in the “inverted
wedding cake” structure. Prior to the second step of heterostructure
synthesis, multilayer graphene is transferred onto a 2 in. c-plane
sapphire wafer using the wet PMMA-assisted method.69 The
graphene-decorated sapphire wafer is then placed in a cold-wall
MOCVD system to grow WSe2 triangles, resulting in the formation of
WSe2/graphene vertical heterostructures. SEM characterization of the
as-grown heterostructures is performed using a Zeiss Gemini field-
emission scanning electron microscope (FESEM) at an accelerating
voltage of 3 kV and ≤4 mm working distance.
TEM Characterization. The as-grown WSe2/graphene vertical

heterostructures are transferred from the sapphire substrate to a TEM
grid using a method similar to the one used to transfer the graphene
from the copper to the sapphire surface. The only difference here is
that a hot NaOH (90 °C) solution is used to separate the
heterostructure film from the sapphire instead of the FeCl3 solution
that was used to dissolve the copper substrate. Owing to the large
(hundreds of μm to a millimeter) sizes and minimal TEM contrast of
graphene islands, it is challenging to locate bilayers, especially those
with a grain boundary, on the TEM grid. First, we scanned the sample
in diffraction mode in the TEM mode to identify twisted bi- and
multilayer graphene areas by looking for multiple sets of graphene
reflections. Then, ADF-STEM imaging in the surrounding regions is
used to find a grain boundary with help from spatial variation in the
WSe2 triangle density (owing to the Z-contrast from the heavy atoms
of W and Se). Finally, monochromated HREM imaging in those areas
is used to confirm the layer number, stacking order, and twist angle of
graphene. SAED patterns and DFTEM and ADF-STEM images are
collected using a Thermo Fisher TalosX S/TEM microscope operated
at an accelerating voltage of 80 kV. DFTEM images are acquired by
placing an objective aperture around the desired diffraction spot and
using a 10−20 s integration time. Monochromated HREM imaging is
performed on a Thermo Fisher Titan3 G2 S/TEM microscope
operated at an accelerating voltage of 80 kV. During the imaging, a
monochromator excitation value of 1 is used. The image corrector is
tuned such that the spherical aberration (C3) value is set in the range
of −10 to −15 μm and the defocus value is adjusted to provide white
atom contrast from the carbon atoms in graphene.70

sSNOM Characterization. sSNOM was performed with a
customized Neaspec microscope using a mid-IR CW laser source
by Daylight Solutions (images in Figures S6 and S7 were obtained at
1564 cm−1/6.289 μm). We used ARROW-NCPt probes by
Nanoworld (<25 nm nominal radius) with a typical tapping amplitude
of ∼100 nm. In pseudo-heterodyne mode (psHet by Neaspec), we
measure both amplitude and phase of harmonics of the scattered laser
beam modulated with the tapping frequency, related to the complex-
valued local optical impedance of the sample. In multilayer graphene,
each stacking configuration of graphene layers�as determined by the
number of layers and the relative registry between the layers�
corresponds to a specific value of optical impedance. Thus, the values
of the amplitude and phase (or real and imaginary parts) of the
sSNOM signal can be used to quantify the number of layers and
distinguish the layer registry.
ReaxFF Simulations. The ReaxFF reactive force field is a bond-

order-based method, where a bond order−bond distance relation in
correlation with the bond order−bond energy relation allows for the
formation and dissociation of bonds during the molecular dynamics
simulations. A more in-depth description of the ReaxFF method and a
review of its application can be found elsewhere.38,71,72 The “2L
Bernal” and “2L twisted” models of bilayer graphene are constructed
by using periodic graphene ribbons with an initial length of 20 nm and
width of 5 nm. The “2L Bernal” bilayer graphene is obtained by
stacking two layers with the armchair direction as the shorter edges.
For the “2L twisted” model, the shorter edge is armchair for the
bottom layer and zigzag for the top layer. This alignment results in the
bilayer graphene model with a 30° twist angle that is very close to the
experimental observation (29° twist angle) and still follows the
periodic boundary condition used for the simulations. To generate the

strain difference between the two layers, we applied 1% or 2% uniaxial
strain to the bottom layer along the longer edge, i.e., the zigzag
direction, and removed the atoms from the bottom layer that do not
fit into the periodic box with the initial top layer. It is noteworthy that
the ReaxFF simulations tend to underestimate the cohesive energy of
Bernal-stacked bilayer graphene compared to density function theory
(DFT) calculations (−24.9 meV/atom vs −40 meV/atom).73 Hence
the strain values chosen here are higher so as to realize appreciable
changes in the atomic structure of the 20 nm long bilayer graphene
models. With this approach, we constructed a total of six
configurations of the periodic bilayer graphene models with no strain
and with a built-in 1% or 2% strain difference between the top and
bottom layer. The systems without strain are initially relaxed by
optimizing the geometry using the conjugate gradient method and
then equilibrated with the use of the NPT ensemble at room
temperature (300 K) and 0.1 MPa pressure. All systems with built-in
strain are also initially relaxed and equilibrated with use of the NPT
ensemble but with the box length set to be the same as for the system
without built-in strain to mimic the effect of the copper surface
confining the bottom layer during the CVD synthesis. Thereafter, all
structures are cooled to 1.0 K with a cooling rate of 1 K/ps to identify
the minimum energy state. Lastly, all of these final optimized
configurations are used for binding energy calculations. The time step
used for all simulations is 0.25 fs, and the damping parameter for the
Berendsen thermostat and barostat is 100 fs. The radial distribution
functions are calculated for the systems at 300 K using the NVT
ensemble for 100 ps. All simulations are performed using the ADF
simulation software, and the simulation snapshots are generated using
VMD (Visual Molecular Dynamics) or OVITO.74,75 The heat maps
representing the distribution of energy per atom in Figure 4 and
Figure S11 are generated using the option available in the ADF
software, and more details for these calculations can be found
elsewhere.76−78

Binding Energy Calculations. Binding energies (Ebinding) of
WSex (x = 0, 2, 3) molecules to the various sites in the flat and
buckled structures for both “2L Bernal” and “2L twisted” bilayers are
computed using eq 1 to identify the most thermodynamically stable
site to adsorb on the surface (Figures 5 and S12 and Table S1). A 6-
fold coordinated hexagonal site (H6) and a 1-fold coordinated top
site (T1) are adopted as adsorption sites for W and WSex (x = 2, 3),
respectively, on graphene.

=E E E E( )binding total graphene WSex (1)

where Etotal, Egraphene, and EWSex are the total energies of a system of
interest, graphene, and a WSex molecule in a vacuum, respectively.
These values are obtained from the relaxation calculations at the
ReaxFF level by using the molecular dynamics method.
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