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A B S T R A C T

The scalable synthesis of van der Waals vertical heterostructures (vdWHs) is viewed as an important
milestone for the fabrication of novel 2D-based functional applications. Combining semi-metallic graphene
with semiconducting transition metal dichalcogenides (TMDs) shows great potential to explore new device
architectures with unique functionalities. In this work, we investigate the gas-source metal–organic chemical
vapor deposition (MOCVD) of tungsten selenide (WSe2) on highly crystalline CVD graphene. Single- and multi-
layer graphene constitute interesting testing grounds for investigating fundamental WSe2 growth mechanisms
owing to its atomically smooth surface, absence of dangling bonds, chemical inertness, and hexagonal lattice
symmetry. Our experimental results show how the graphene template properties influence the WSe2 nucleation
site density, growth rate, in-plane orientation, and thickness. In particular, we found that WSe2 growth
behavior strongly depends on the number of graphene layers, their stacking order/twisting angle, as well
as on the nature of the substrate underneath.
1. Introduction

Over the last 15 years, the scientific community has devoted a great
deal of efforts to isolate, synthesize, and characterize two-dimensional
(2D) materials such as graphene, hexagonal boron nitride (h-BN) and
transition metal dichalcogenides (TMDs) [1,2]. These 2D materials
ffer a wide variety of physical properties that can be harvested in
any applications such as transistors [3,4], photodetectors [5,6], solar

cells [7], and light emitting diodes [8]. As the field matures in the
production of highly crystalline 2D materials, a growing interest is
directed towards growing 2D materials on top of each other to form
vertical heterostructures [2,9]. Owing to van der Waals (vdW) forces,
these artificial stacks can exist in a stable form, regardless of the
relative in-plane orientation or the lattice mismatch [10]. Combining
2D materials represents a promising route to engineer the physical
properties, improve the performances of 2D based devices, and explore
new scientific and technological opportunities [11–14].

To fully realize the potential of 2D-based heterostructures, it is
crucial to control the (i) 2D layer sequence, (ii) stacking order or
twist angle, (iii) interfacial cleanliness, and (iv) crystallinity and struc-
tural quality [15]. Developing a scalable and reliable layer-by-layer
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deposition method is also of particular interest when considering the
very large scale integration (VLSI) of these heterostructures into future
technologies [2]. In this concern, the direct chemical vapor deposition
(CVD) of TMDs on graphene represents an ideal approach as it is a fairly
scalable process and it offers a clean and sharp interface compared
to manual layer-by-layer transfer/assembling processes reported in the
literature [16–18].

Over the last 6 years, quite a few studies successfully employed
graphene as synthesis substrate for the deposition of TMDs including
WSe2 [12,19–22], WS2 [7,23–26], and MoS2 [22,27–30]. Unfortu-
nately, most graphene/TMDs heterostructure growth efforts were based
on the in-situ vaporization and transport of solid precursors such as
S, Se, MoO3, and WO3 powders. These approaches typically pose
several challenges, especially in terms of (i) coverage uniformity, (ii)
control over the chalcogen-to-metal ratio and precursor flux, and (iii)
growth result dependency on the reactor geometry which drastically
hinders the scalability. These limitations can however be overcome by
using fully gas-source CVD processes which rely on metal carbonyls
(e.g. W(CO)6 and Mo(CO)6) located in bubblers upstream the reactor
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and chalcogen hydrides stored in gas cylinders (e.g. H2Se, H2S) [31–
33].

Various sources of graphene have been employed for the synthesis
of TMDs including exfoliated graphene from graphite [27,29,34], epi-
taxial graphene (EG) grown on silicon carbide (SiC) [19–21,23,24,28,
30], or graphene grown on metal catalyst by CVD [12,20,22,23,25,26].
Although EG intrinsically offers a superior surface cleanliness, CVD
graphene constitutes a more versatile and compelling substrate for
the study of growth mechanisms. Indeed, the CVD of graphene is
a cost-effective and industrially viable technique offering large areas
of single-layer highly-crystalline material [35–37]. Large crystalline
Bernal stacked multilayer (AB-ML) and twisted multilayer (t-ML) do-
mains can also be produced by controlling the carbon precursor adsorp-
tion on the catalyst backside [38]. Finally, large area CVD graphene
can be easily transferred on a wide variety of substrates [39]. This is of
particular interest to decouple the influence of the underlying substrate
on the TMD synthesis given graphene’s transparency to intermolecular
interactions [40].

Up to this day, it remains unclear if graphene is just an atomically
smooth inert platform on which TMDs nucleate and grow, if it exhibits
any particular catalytic role, and how efficiently it limits the atomic
interactions induced by the underlying substrate. The literature does
not fully reflect yet how the TMD growth changes when tailoring the
graphene thickness, the stacking order/twist angle, and the underlying
substrate. Moreover, it is not well understood how graphene attributes
(thickness, ripples, wrinkles, . . . ) influence the adsorption, diffusion,
and attachment of ad-atoms, and eventually determine the nucleation
and epitaxial relationship between TMDs and graphene.

In this work, we investigate the direct metal–organic chemical vapor
deposition (MOCVD) growth of WSe2 on highly crystalline single-
and multi-layer graphene. We conduct a multi-scale investigation of
the WSe2 lattice orientation relatively to the underlying graphene by
comparing both the domain edges alignment and electron diffraction
patterns. The various factors governing the WSe2 lattice orientation
are discussed and guidelines are provided to minimize the formation
of grain boundaries. The number of layers and relative twist angles of
graphene are also found to drastically impact the WSe2 nucleation site
density. This study provides a deeper understanding of the mechanisms
responsible for the nucleation and growth of WSe2 crystals and offers
valuable insight into ways of controlling thickness, crystallinity, and in-
plane orientation which are known to determine mechanical, optical,
and electronic transport properties.

2. Materials and methods

Graphene synthesis was carried out by chemical vapor deposition
in a hot-wall horizontal furnace using methane (1% diluted in Ar)
as carbon source and Cu foils (GoodFellow, USA) as catalytic sup-
port as described in our previous works [38]. Graphene was then
transferred on C-plane sapphire wafers (MSE supplies LLC) with the
wet PMMA-assisted transfer method [39]. WSe2 was grown in a cold-
wall MOCVD reactor using H2, tungsten W(CO)6 and pure H2Se gas.
Graphene and WSe2 were observed with a Zeiss Gemini field Emission
scanning electron microscope (FE-SEM) using the in-lens detector, an
acceleration voltage of about 3 kV, and a working distance ≤4 mm.
Raman spectroscopy and photoluminescence (PL) measurements were
acquired using an Apyron Confocal Raman Microscope (Witec) with
an excitation wavelength of 532 nm, a spot size inferior to 1 microm-
eter and various gratings ranging from 300 to 1800 gr/mm. Atomic
force microscopy (AFM) was conducted using Bruker Dimension Icon
with ScanAsyst tips. As-grown WSe2/graphene heterostructures were
transferred from sapphire substrates to holey carbon Quantifoil Cu TEM
grids with the help of PMMA support layer and NaOH etching solution.
The transferred heterostructures are characterized using various TEM
151

characterization techniques such as selected area electron diffraction
(SAED), dark field transmission electron microscopy (DFTEM) imaging
and atomic-resolution annular dark field – scanning transmission elec-
tron microscopy (ADF – STEM) imaging. SAED and DFTEM imaging are
performed using a Thermo Fisher Talos F200X instrument at 80 kV ac-
celeration voltage. Atomic-resolution ADF-STEM imaging is performed
using a Thermo Fisher Titan3 G2 microscope equipped with image and
probe correctors was operated at 80 kV. The experimental conditions
during the ADF-STEM imaging were 30 mrad semi convergence angle
and 50 pA screen current. The choice of 80 kV acceleration voltage
was to minimize the possible knock-on damage to the samples. Atomic-
resolution image in Fig. 3f was filtered using a 2-pixel gaussian blur in
the ImageJ program.

3. Results and discussion

3.1. WSe2 synthesis on single layer graphene

Graphene grown by chemical vapor deposition appears to be an
ideal synthesis template for studying the nucleation and growth of
TMDs. Owing to the significant advances made in the CVD synthesis,
highly crystalline graphene with a controlled number of layers can be
routinely produced over large areas [36–38] easily transferred onto
various substrates compatible with the MOCVD gas precursors and
stable at high temperature [20,41].

Large areas of graphene are first grown on Cu foils (6 𝑥 2 in.)
in a hot-wall CVD furnace and transferred onto 2 in. C-plane sap-
phire wafers by the wet PMMA-assisted transfer method [39]. The
graphene-coated sapphire wafers are subsequently loaded into the cold-
wall MOCVD system. The growth of WSe2 is carried out at 200 Torr
using tungsten hexacarbonyl (W(CO)6), hydrogen diselenide (H2Se)
and high purity hydrogen as carrier gas. Identical MOCVD conditions
were employed throughout the entire investigation unless otherwise
noted. Hydrogen diselenide has been preferred to dimethyl selenide
(C2H6Se) for limiting the incorporation of undesired carbon species in
the system [42].

We first investigated the growth of WSe2 on single layer graphene
in the 800–1000 ◦C temperature range with a growth duration set to
12 min (see detailed MOCVD protocol in Supp. Info. 1). Upon exposure
to H2Se and W(CO)6 vapor, triangular WSe2 crystals nucleate, grow
and merge together. The size and thickness of these crystals are first
assessed by atomic force microscopy (AFM) as shown in Fig. 1a-c. The
narrow range of the z scale in the height profiles and the 2D section in
Fig. 1c demonstrate that these 2D crystals are mostly single layer. The
measured thickness varies in the 0.75 ± 0.05 nm and 1.4 ± 0.05 nm
ranges for single- and bi-layers, respectively, which is consistent with
previous literature [19]. WSe2 crystals were also imaged using scanning
electron microscopy (SEM) which is facilitated by the conductive na-
ture of graphene which helps electrons bleeding away from the surface
under the beam. Figs. 1d and 1e show the results from a 10 min and a
45 min-long growths carried out at 1000 ◦C, respectively.

Figs. 1a-c show that the WSe2 crystal density declines by a factor
of about 150 when the susceptor temperature is raised by 200 ◦C. This
observation can be partially attributed to surface-mediated phenomena
such as a higher desorption rate of precursors from the surface and
an enhanced precursor surface diffusion induced by the increased
temperature. It is however challenging to extract the activation energy
for the nucleation given that the exact nature of the species that are
physisorbed on the substrate has not been well identified yet and the
MOCVD gas-phase reactions are complex thermally-activated processes.
Moreover, the nucleation site density is found to vary with growth
duration, especially in the case of higher temperature growth. For in-
stance, at 1000 ◦C, figures. 1d-e show that smaller crystals are forming
in between the larger crystals due to successive primary, secondary and
ternary nucleation events, thus leading to a larger distribution of crystal

size (displayed in Fig. 1h).
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Fig. 1. (a-c) AFM images of WSe2 grown on graphene (pre-deposited on C-plane sapphire) resulting from the MOCVD 12 min-long MOCVD growth at (a) 800 ◦C, (b) 900 ◦C,
nd (c) 1000 ◦C. The inlet in (c) shows the 2D high profile corresponding to the white line on the AFM image. (d-e) SEM images of WSe2 grown on graphene at 1000 ◦C for
d) 10 min and (e) 45 min. (f-g) Evolution of the nucleation site density and lateral size of WSe2 crystals as a function of growth temperature. (h) Evolution of the WSe2 crystal
ateral size as a function of growth duration when grown at 1000 ◦C.
Multiple nucleations usually indicate that adsorbed species prefer
o form new nuclei rather than diffusing and attaching to an already-
xisting crystal. Although this can be indicative of a limited surface
iffusion, the consistent well-defined triangular shape, even in the
resence of adjacent crystals in the vicinity suggests that the surface
iffusion of precursors is not the rate limiting step for the WSe2 growth.
ne potential explanation for the multiple nucleations could be that
he prolonged exposure of graphene to concentrated hydrogen or WSe2
recursors could gradually introduce defects in graphene which would
hen reduce the diffusion or act as preferential sites for nucleation.
lthough this mechanism has been demonstrated for the growth of
Se2 on h-BN [43], we observed very little or no increase in the D

peak intensity in the graphene Raman spectra after the MOCVD process
(see details later in this manuscript). Consequently, it does not seem
that the multiple nucleations are created by a gradual degradation of
graphene during the high temperature process. We however do not
exclude the possibility that the smallest domains have been formed
during the cooling stage of the MOCVD process when the surface
mobility is reduced and remaining precursors are to far from already-
existing nuclei. The SEM image in Fig. 1e also shows that long-duration
and high-temperature growth promotes the formation of ad-layers, and
consequently yield larger thickness variability across the sample. In
contrast, a growth temperature of about 800 ◦C results in a predom-
inantly single layer coalesced film within a relatively short time (about
20 min).
152
Although graphene wrinkles and ripples typically exhibit an en-
hanced reactivity due to the out-of-plane deformation and the distor-
tions of the sp2 𝜋-bonds [44], graphene wrinkles do not seem to act
as preferential sites for WSe2 nucleation (see supporting information
S2). Graphene wrinkles are usually formed either during the graphene
growth process due to thermal expansion coefficient (TEC) difference
between graphene and the Cu catalyst (𝛼Cu∼ 1.8×10-5K-1) [37], or dur-
ing the transfer when the graphene does not properly spread out over
the target substrate [39]. These wrinkles typically exhibit higher aspect
ratios than those shown in Figs. 1a-e which have been formed after
the WSe2 growth when the MOCVD reactor is cooled down to room
temperature due to TEC difference between sapphire and graphene.
WSe2 nucleation does not seem to be impacted by graphene rippling
induced by the step bunching of Cu during graphene growth [39,45].

3.2. WSe2 azimuthal orientation and epitaxy

Qualitatively, AFM and SEM images in Fig. 1 indicate that most
WSe2 crystals follow two preferential orientations rotated by a 60◦ an-
gle similarly to when it directly grows on sapphire [22]. Such alignment
suggests that WSe2 grows epitaxially either directly with the graphene
layer or remotely with the sapphire substrate underneath which exhibit
a hexagonal and trigonal symmetries, respectively [41,46]. To elucidate
the origin of the epitaxial relationship, we compared the orientation
of micrometer-size WSe2 crystals with the underlying millimeter-size
graphene domains (GDs). Adjacent GDs do not systematically exhibit
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Fig. 2. (a) Large-area SEM image of four hexagonal mm-size graphene domains (GDs) transferred on C-plane sapphire after the MOCVD growth of WSe2. Higher SEM image of (a)
showing the zigzag edge orientation of the graphene domains denoted as GD1 and GD2. (c) Schematic representation of the WSe2 and graphene lattices and their commensurability.
d), (e), (f) High magnification SEM images taken in GD1, bare sapphire surface and on GD2, respectively.
o
L

ny in-plane alignment when they are grown on polycrystalline Cu
oils and the GD size exceeds the Cu grain size [47,48]. The GD lattice
rientation can however be easily estimated from the edge orientation
iven that hexagon-shaped GDs are usually terminated with zigzag
dges which are more stable during the high temperature CVD growth.
he large area SEM image in Fig. 2a shows four distinct hexagonal GDs
ith various orientations as highlighted by the visual guides (dashed
olored lines). Fig. 2b shows a higher magnification of the two GDs
referred to as GD1 and GD2) located in the bottom of Fig. 2a. The
isual guides show that these two domains are misaligned by an angle
f ∼22◦.
SEM images in Figs. 2d, 2e, and 2f were taken on the left graphene

omain (as referred to GD1), on bare sapphire, and on the right
raphene domain (as referred to GD2), respectively. They clearly show
hat the azimuthal alignment of WSe2 crystals grown on GD1 differs
rom those grown on GD2 and on sapphire. It can also be noticed
hat the zigzag edges of WSe2 are parallel to those of graphene.
hese observations provide evidence of direct epitaxial growth of WSe2
ith graphene. Lattice matching is usually considered as the main
actors driving the azimuthal alignment and epitaxial growth of het-
rostructures. In the case of van der Waals heterostructures, hexagonal
ymmetries and long-range commensurability seem to explain the az-
muthal alignment of 2D crystals. The lattice constants of WSe2 and
raphene unit cells are respectively 3.297 ∀ and 2.46 ∀ which lead to
mismatch of about 33%. The alignment of three WSe2 unit cells
n top of four graphene unit cells would lead to very little or no
attice deformation as shown in Fig. 2c. Although comparing the edge
rientations of WSe2 and graphene crystals constitutes a rapid and cost-
ffective way of determining the alignment of 2D materials, it does not
rovide sufficient accuracy for detecting small twisting angles.
To precisely characterize the azimuthal alignment of WSe2 relative

o the graphene lattice using transmission electron microscopy (TEM),
he WSe2/graphene heterostructures have been transferred onto holey
arbon Quantifoil Cu TEM grids [49]. The transfer has been carried out
sing PMMA as mechanical support for the 2D vdWH and a solution
153
f NaOH to decouple the heterostructure from the sapphire substrate.
ow magnification TEM images in Figs. 3a and 3c show that continuous
films of graphene decorated with WSe2 crystals have been successfully
suspended over the 2 micron-size Quantifoil holes.

Fig. 3b displays the selective area electron diffraction (SAED) pat-
tern obtained from the area pointed out by the blue circle in Fig. 3a.
The SAED pattern demonstrates the single-crystal nature of WSe2 and
graphene which exhibit a hexagonal symmetry. It also highlights per-
fect alignment of the WSe2 crystal with graphene, as evidenced by the
matching orientations of dashed red and green hexagons, representing
the first order reflections of graphene and WSe2, respectively. When the
size of the selected area aperture is increased to cover several WSe2
crystals (as denoted by the blue circle in Fig. 3c), the corresponding
SAED pattern indicates that not all WSe2 crystals are perfectly well
aligned with graphene. There is a small spread in the distribution of
orientations of WSe2 crystals compared to the graphene lattice. Al-
though the small spread could be an artifact caused by the presence of a
wrinkle in graphene or by its curvature/deformation when suspended
over such a large hole, it does not seem very likely here given that
graphene’s reflections are much sharper.

Aside from the weak interaction resulting from the vdW stacking, a
few other possible reasons could explain the lack of alignment of WSe2
nuclei when growing on top of graphene. These include (1) thermal
fluctuation in graphene due to its 2D nature and the high temperature
required for the MOCVD process [50,51], (2) larger lattice mismatch
at higher temperature, (3) graphene surface features such as wrinkles
and ripples, (4) transfer-induced impurities, and (5) the remote effect
from the underlying substrate. Although graphene and WSe2 exhibit
a near perfect commensurability when considering room temperature
lattice constants, it is not exactly the case when the actual WSe2 growth
takes place in the 800–1000 ◦C. The lattice constant (𝑎) can change
with temperature (T) as
(𝑎𝑔𝑟 − 𝑎0) = 𝛼(𝑇 )(𝑇𝑔𝑟 − 𝑇0), (1)
𝑎0
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Fig. 3. (a, c) Low magnification TEM images of WSe2 grown on graphene and transferred onto a TEM grid with a Quantifoil holey carbon film. (b), (d) SAED patterns of
graphene and WSe2 corresponding to the region denoted by the blue circle in (a) and (c), respectively. (e) Low magnification ADF-STEM image of WSe2 grown on graphene. (f)
tomic-resolution ADF-STEM image of the WSe2 atomic lattice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
rticle.)
here 𝑎0 and 𝑎𝑔𝑟 are the lattice constant as the temperature is changed
rom room temperature 𝑇0 to the MOCVD growth temperature 𝑇𝑔𝑟,
espectively. Because graphene exhibits a negative TEC (as low as ∼-
.5 × 10-5 K-1) and WSe2 has a positive TEC (as high as ∼ 1.6×10-4
-1) [52], The relative lattice dimension change of the 2D lattices can
impede the commensurability and limit the capability of rotation and
re-arrangement of WSe2 nuclei. This phenomenon most likely differs
from TMD grown on epitaxial graphene which exhibits a more pro-
nounced coupling with the SiC substrate (𝛼SiC∼ 4.0×10-6 K-1) and most
likely expands when heated up to the MOCVD growth temperature.
Growing TMDs at a lower temperature could thus potentially improve
their epitaxial relationship with graphene.

Graphene features like wrinkles and ripples do not seem to play a
role in the nucleation of WSe2 but they are found to disrupt their reg-
istry with graphene. WSe2 crystals are found to align with nanometer-
size ridges (i.e. the top of the ripples) present in graphene (see Supp.
Info S2). When the ridges are close to WSe2 edges and slightly mis-
aligned, WSe2 crystals tend to have a zig-zag edge sitting exactly on
top of the ridge. It is challenging at this point to determine if this
behavior is the result of WSe2 nuclei rotations before they become
too large or if the WSe2 crystals grow out of this ridges which could
act as a barrier for the diffusion and attachment of ad-atoms on the
surface. Similar observations were found with WSe2 crystal aligning
with atomic steps of sapphire or with step-edges of SiC when grown on
EG/SiC [19,46,53]. In these cases, the alignment has been attributed
to the fact that step-edges serve as favorable sites for nucleation and
lateral growth across the uphill steps is suppressed.

Annular dark field – scanning transmission electron microscopy
(ADF – STEM) has also been performed on the WSe2/graphene vertical
heterostructures. Low magnification image in Fig. 3e shows a rather
uniform contrast from the WSe2 crystals sitting on top of graphene
layer reflecting the uniform growth of WSe2 and pristine interface.
Also, the WSe2 crystals appear brighter compared to the surrounding
bare graphene areas owing to the atomic number-contrast mechanism
154
of the ADF-STEM technique, wherein elements with higher atomic
number appear brighter [54]. A careful inspection of several WSe2
centers did not reveal any agglomerates or impurities that could have
caused undesired/spurious nucleation. This could potentially rule out
the influence of impurities for the lack of complete registry of WSe2
with graphene observed in large area SAED patterns. Atomic resolution
image in Fig. 3f shows that there are very little or no defects/vacancies
in the WSe2 crystals, which suggest that the selected MOCVD conditions
successfully produced high quality vdWHs. The remote effect of the
sapphire wafer on the seeding density and azimuthal alignment of WSe2
crystals is discussed in the following section.

3.3. WSe2 growth on multilayer graphene

The growth of WSe2 has also been investigated using highly crys-
talline multilayer graphene (MLG) as templates. During the graphene
CVD synthesis on Cu catalyst, ad-layers typically grow underneath the
first growing domain through the diffusion of carbon species from the
Cu catalyst bulk to the surface [38]. Due to the polycrystalline nature
of the Cu catalyst and the fact that graphene lattice orientation does not
strictly match the underlying Cu substrate crystallographic orientation,
the top (i.e. the first grown) graphene layer and ad-layers do not
systematically exhibit the same in-plane lattice orientation [38]. Fig. 4a
shows a SEM image of five crystalline multilayer regions sharing the
first top layer. Figs. 4b-c and 4d-e are higher magnification images of
MLG domains denoted by the dashed red and green squares in Fig. 4a,
respectively. These images show that the two preferential lattice ori-
entations of WSe2 crystals (as illustrated at the bottom of Fig. 4a)
remains largely unchanged regardless on the graphene thickness and
the multilayer region. This observation suggests that the WSe2 crystal
is primarily dictated by the top graphene layer which is directly sitting
underneath. The hexagonal and triangular shapes illustrated at the
bottom of Fig. 4a depicts the orientations of the mm-size hexagonal
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Fig. 4. (a) Large area SEM image of multilayer graphene pre-deposited on C-plane sapphire after the MOCVD growth of WSe2. Schematic at the bottom indicate the lattice
orientation of the graphene top layer and the 2 preferential orientation of WSe2 crystals. (b), (d) SEM images of the multilayer graphene regions indicated by the red and green
ashed squares in (a). (c), (e) higher magnification SEM images of the solid red and green solid squares in (b) and (d), respectively. (f), (g) Raman spectra of single layer,
ernal-stacked multilayer domain or twisted multilayer domain graphene. (For interpretation of the references to color in this figure legend, the reader is referred to the web
ersion of this article.)
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raphene domain (which sits over the add-layers/ML regions) and the
pitaxially grown WSe2 crystals.
Intuitively, thicker graphene could lead to a better alignment of
Se2 crystals with graphene top layer since additional graphene lay-
rs help screening the polar field induced by the underlying sap-
hire surface. Additional SEM, AFM and TEM data however show
hat, qualitatively, a non-negligible fraction of WSe2 crystals remain
isaligned compared to two preferential orientations. This could be
ue to the presence of graphene ripples which are less frequent but
ore pronounced in multilayer graphene compared to single-layer
raphene [55].
Fig. 4a also shows that the seeding density of WSe2 generally

ncreases with the number of layers. This finding is rather surprising
onsidering that opposite observations were reported when depositing
Se2 on EG/SiC [19]. The increased WSe2 crystal density and rather
imilar lateral size lead to a much higher WSe2 surface coverage rate.
he quasi perfect triangular shape as well as the maintained growth
ate indicate that there is a sufficient amount of precursor adsorbed on
he surface and precursor surface diffusion is not the rate limiting step.
More interestingly, the WSe2 seeding density seems to also strongly

epend on the graphene stacking order and/or twist angle. The relative
155

g

rientation of each graphene layer can be roughly estimated by com-
aring the edge orientation of each domains. A multilayer graphene
tack is generally referred to as AA-stacked when adjacent layers are
itting exactly on top of one another (𝜃=0◦), Bernal-stacked when
he layers are parallel-shifted, similarly to the graphite structure, or
s twisted multilayer (t-ML) when two adjacent layers are mutually
otated by an angle in the 0◦ < 𝜃 ≤ 30◦ range. WSe2 crystal density
is the highest in the regions where the second and third layers seem
to be Bernal-stacked or very slightly misaligned with the first top
layer. The other 3 MLG regions in Fig. 4a seem to present a second
layer twisted by a ∼30◦ angle compared to the first and third layers.
The twist angle/stacking order is verified by comparing the Raman
signatures in various locations as shown in Figs. 4f and 4g. The peak
ntensity ratio of the 2D (∼2690 cm-1) and G (∼1590 cm-1) bands,
2D/IG, is usually greater than 1 for single-layer graphene on sapphire,
nd gradually decreases as the number of Bernal-stacked layers in-
reases [56]. In contrast, in twisted multilayer graphene, the interlayer
lectronic coupling drastically decreases with the twist angle, which
esults in I2D/IG ratios exceeding 2 for bilayer graphene and even 3 for
rilayer graphene [57,58]. More examples of WSe2 grown on multilayer
raphene can be found in Supp. Info. S3.
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Considering that the mass transport of gaseous precursor is rather
uniform across the substrate surface, it is very likely that the variation
of WSe2 coverage is caused by local variation of surface-mediated
henomena. Graphene’s ability to interact with gaseous species and
ost the WSe2 growth can be influenced by multiple factors including
i) the presence of structural defects [59], (ii) surface reactivity/charge
oping, (iii) surface energy/sticking coefficient [60], (iv) precursor
urface diffusivity, (v) mechanical strain in the lattice [61], or even
vi) graphene’s ability to screen the ionic field of the underlying sub-
trate [62]. The following discussion aims at unraveling the promi-
ent physical phenomena responsible for the change of WSe2 with
raphene’s number of layers and stacking order.
Beside assessing the number of layers and stacking order, Raman

pectroscopy can also probe defects, strain and doping in graphene [63].
he peak intensity ratio of the D band (∼1350 cm-1) and the G band
rovides a good insight into the density of defects present in the
raphene lattice. Figs. 4f-g show that the MOCVD process only causes
very small amount of defects despite the long-duration exposure of
raphene to high concentrations of H2 and H2Se at high temperature.
raphene defects do not seem to be the main factor responsible for
he nucleation of WSe2 since the regions with a relatively high ID/IG
e.g. single layer graphene) exhibit a relatively low WSe2 density and
ice-versa. The rather constant ID/IG regardless of the WSe2 surface
overage indicates that sp3 bonds are not created at the expenses of the
raphene sp2 bonds during WSe2 nucleation and lateral growth, thus
orroborating the non-covalent nature of the WSe2/graphene interlayer
nteractions.
The absence of chemical reaction between graphene and the pre-

ursor vapor suggests that the change of WSe2 seeding density is not
elated to a change of reactivity involving ad-atoms chemisorption
nd electron transfer chemistries as previously observed with other
olecules [64–66].
The drastic change in WSe2 coverage can also be explained by
difference in sticking coefficient which represents the fraction of
olecules adsorbing and sticking on the surface compared to the total
mount impinging onto it. According to Langmuir adsorption model,
he adsorption of species on a surface is limited by the number of
dsorption sites. Consequently, a higher number of graphene layers
rovides an increased number of C atoms that can interact with the
as species and increase the adsorption capability of the surface [67].
he adsorption on bi-, tri- and four-layer graphene should however only
ary a little since the field of interaction of the third and fourth layers
s drastically limited by their distance from the surface. Compared to
wisted multilayer stacks, Bernal-stacked graphene however provides a
arger amount of adsorption sites given that atoms of the second layers
ie directly in the center of C ring of the first layers. The evolution of
dsorption sites thus represents a reasonable explanation to explain the
ariations of WSe2 coverage observed in Fig. 4.
The sticking coefficient can also be largely governed by other non-

ovalent interactions that gaseous precursors experience once imping-
ng on graphene. Such binding behavior is intimately correlated to
he surface energy and wettability of graphene which are still be-
ng debated among the scientific community [60,68,69]. According
o the literature, the surface energy/adhesion/wettability depends on
dsorbates from the environment (e.g. airborne hydrocarbons, H2O),
olymer residues left behind by the transfer process [70,71], molecules
ntercalated at the graphene/substrate interface [72], chemical or elec-
rical doping [73,74], the number of graphene layers [68,72], and the
ype of underlying substrate [40,75,76]. In this case, it is very un-
ikely that adsorbates, polymer residues or intercalated water molecules
ould remain to interfere with the WSe2 nucleation since the first
tep of the MOCVD process consists of a high temperature annealing
nder 200 Torr of pure hydrogen. It is however very likely that the
eat treatment brings graphene in closer contact with the underlying
ubstrate, thus increasing the electrostatic coupling between them and
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ausing strong charge doping [77]. Precursor molecules landing on
raphene are also more prone to experience the electrostatic field of the
nderlying substrate when the graphene/substrate separation distance
s reduced.
To evaluate if the WSe2 gaseous precursors and adsorbed species

re also sensitive to changes of substrate underneath graphene in our
xperimental conditions, WSe2 has been grown on CVD graphene pre-
eposited on other substrates including silicon carbide, graphite and
-BN. Optical microscope and SEM images of the resulting WSe2 growth
re shown in Fig. 5 as well as in Supp. Info. S4.
Despite the significant graphene wrinkling and the lack of contrast,
noticeable change in WSe2 density can be observed in Figs. 5c-e.
lthough this confirms that the underlying substrate plays a role, it
emains unclear if the impact of the underlying substrate occurs via
olar interaction through graphene, electrostatic doping of graphene,
r the introduction of mechanical strain in graphene. Raman spec-
roscopy measurements show some variations in the position of the G
nd 2D peaks of graphene, evidencing variations in the electrostatic
oping and strain depending on the substrate. Unfortunately, it most
ikely does not represent the actual strain and doping conditions taking
lace at 900-1000 ◦C during the MOCVD growth of WSe2. Indeed,
hermal fluctuations most likely modify the spacing between graphene
nd the substrate, thus leading to some homogenization of the strain
n graphene and weakening the non-covalent electrostatic interactions.
oreover, the high density of wrinkles present in graphene at room
emperature on graphite and h-BN were formed during the cooling
own process after the WSe2 due to difference in TEC and were not
resent during the WSe2 deposition. The presence of high gradients of
tress, at smaller or similar scale compared to the Raman spot size, leads
o a strong quenching of the intensity of the graphene peaks making it
difficult task to isolate from the substrate contribution.
When comparing the Raman (in Fig. 5g) and photoluminescence (in

ig. 5h) contributions of WSe2 grown on single-, bi- and tri-layer, very
ittle or no difference can be observed. The major difference lies in the
ncrease of signal intensity with the number of graphene layers arising
rom a larger amount of WSe2 being probe under the 1 micrometer-
hick laser spot. The absence of the B2g peak (at around 306 cm-1)
onfirms the single layer nature of the WSe2 crystals/film which was
lready inferred from the AFM and SEM images. The intense vibration
odes E2g and A1g, located respectively at 248 cm-1 and 259 cm-1 are
omparable to high quality WSe2 exfoliated or directly synthesized on
ore conventional substrates such as SiO2 or sapphire [46,78,79]. The
Se2 photoluminescence signature does not seem to change with the
umber of graphene layers, thus indicating that WSe2 is under similar
evels of strain. Minor variations could however remain inconspicuous
ecause of the relatively low signal-to-noise ratio induced by the strong
uenching resulting from the direct contact with graphene and the
ack of oxygen and moisture in the glovebox containing the Raman/PL
icroscope [80,81].
The synthesis of WSe2 on graphene pre-deposited on SiC also

emonstrated a strong evolution of the nucleation site density with
he number of graphene layers as observed with sapphire (see Supp.
nfo. S4). This suggests that the WSe2 crystal density is governed by
he graphene itself rather than a substrate-induced effect that would
e increasingly screened with an increasing number of layers.
Finally, to examine the possible role of strain within graphene

n WSe2 nucleation density, we employ dark field TEM (DFTEM)
maging. Figs. 6a and 6d display low magnification TEM images of
Se2/graphene heterostructures formed in monolayer and Bernal sta-
ked bilayer regions of a multilayer graphene domain, respectively.
heir corresponding SAED patterns in Figs. 6b and 6e look similar to
ach other as in they both show only one set of graphene reflections.
owever, they can be distinguished with the help of intensity ratio of
112̄0} and {101̄0} reflections, as demonstrated in the Supp. Info. S5.
FTEM imaging performed using a {101̄0} graphene reflection (Figs. 6c
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Fig. 5. Optical microscope images of WSe2 grown on graphene transferred on (a) graphite and (b) h-BN flakes pre-deposited on sapphire. SEM images of WSe2 grown on graphene
transferred on (c) graphite, (d) h-BN, and (e) SiC. (f) Raman Spectra of single-layer graphene on various substrates after the WSe2 growth. (g) Raman Spectra of WSe2 grown on
single-, bi-, and tri-layer graphene on sapphire. (g) PL spectra of WSe2 grown on single-, bi-, and tri-layer graphene.
and 6f) clearly show that the Bernal stacked bilayer graphene exhibit
strain contrast fluctuations indicating AB to AC stacking changes [82–
85], whereas in monolayer graphene no strain contrast is observed. We
speculate these stacking changes and the associated strain field could be
responsible for the higher nucleation density of WSe2 crystals in Bernal
stacked bilayer graphene and, in general, in multilayer graphene areas.
However, further structural and theoretical investigations are needed to
confirm the observed correlation. These studies are beyond the scope
of this manuscript and will be addressed in a future publication.

4. Conclusions

In summary, we studied the MOCVD growth of tungsten diselenide
on top of highly crystalline graphene. The body of experimental data
acquired at the micro- and nano-scale provides a deeper understanding
of how the WSe2 growth behavior (nucleation density, growth rate,
in-plane orientation, . . . ) can be influenced by a multitude of factors
including the number of graphene layers, their stacking order/twisting
157
angle, graphene features (ripples, wrinkles, cracks, defects, . . . ), and
even the nature of the underlying substrate. These key findings offer
a rationale for engineering and tailoring the growths of vertical 2D
heterostructures. The change of WSe2 crystal density observed when
comparing Bernal-stacked and twisted multilayer graphene reveals that
graphene does not only serve the role of an inert one-atom thick spacer
with an ultra-smooth surface but also displays a novel catalytic role. Al-
though this study only focused on the growth of WSe2, it is anticipated
that the use of CVD graphene as synthesis scaffold will also contribute
to the technological development of vertical heterostructures based on
other 2D materials such as WS2, MoSe2, and MoS2.
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