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ABSTRACT Vertical stacking of two-dimensional (2D) crystals has recently
attracted substantial interest due to unique properties and potential applications
they can introduce. However, little is known about their microstructure because
fabrication of the 2D heterostructures on a rigid substrate limits one's ability to
directly study their atomic and chemical structures using electron microscopy. This
study demonstrates a unique approach to create atomically thin freestanding van
der Waals heterostructures—WSe,/graphene and MoS,/graphene—as ideal

model systems to investigate the nucleation and growth mechanisms in
heterostructures. In this study, we use transmission electron microscopy (TEM) imaging and diffraction to show epitaxial growth of the freestanding
WSe,/graphene heterostructure, while no epitaxy is maintained in the MoS,/graphene heterostructure. Ultra-high-resolution aberration-corrected
scanning transmission electron microscopy (STEM) shows growth of monolayer WSe, and MoS, triangles on graphene membranes and reveals their edge
morphology and crystallinity. Photoluminescence measurements indicate a significant quenching of the photoluminescence response for the transition
metal dichalcogenides on freestanding graphene, compared to those on a rigid substrate, such as sapphire and epitaxial graphene. Using a combination of
(S)TEM imaging and electron diffraction analysis, this study also reveals the significant role of defects on the heterostructure growth. The direct growth
technique applied here enables us to investigate the heterostructure nucleation and growth mechanisms at the atomic level without sample handling and
transfer. Importantly, this approach can be utilized to study a wide spectrum of van der Waals heterostructures.
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stals,* creation of vertically stacked

van der Waals heterostructures has
recently gained great interest®® due to
their unique properties and potential appli-
cations in electronic and optoelectronic
devices® 8" and superconductors with
high critical temperature (T¢).> Transition
metal dichalcogenides (TMDs), such as
tungsten diselenide (WSe;) and molybde-
num disulfide (MoS,), are considered active
and efficient catalysts for hydrogen evolu-
tion reaction (HER) by both theory'*'® and
experiment.'*'> Moreover, edge sites in
WSe, and MoS, are electrocatalytically ac-
tive.'*'>' Therefore, WSe,/graphene and
MoS,/graphene heterostructures with large
surface area, a high density of edge states,
and a conductive single-layer graphene
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support could be a promising electrocata-
lyst for HER. Vertical heterostructures have
been realized through isolation of single-
layer flakes by exfoliation”'”~2° or growth
of the layered structures on a substrate?' ~2°
followed by transferring and stacking. Inter-
face contamination due to manual stacking
of layers is an important problem that can
deteriorate the performance of the hetero-
structures.>?® To mitigate this issue, direct
growth of heterolayers on different sub-
strates has also been achieved.?*?” These
approaches have been successful in mea-
suring the resulting electronic and opto-
electronic properties of heterostructures
but have been very limiting in allowing us to
image and probe the atomic registry, inter-
facial structure, and chemistry of hetero-
structures. Understanding the atomic and
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chemical structure of heterostructures is the key to
probe the competing physics and chemistry at the
nanoscale and to further tune their properties. Here,
we report a unique approach to create atomically thin
freestanding heterostructures with minimal contami-
nation. This approach allows us to probe the atomic
structure and chemistry of the heterostructures di-
rectly after the growth and also to study the nucleation
and growth at different stages. In addition, photolumi-
nescence (PL) and Raman studies here present a
unique example on how a substrate can tune the
optoelectronic properties of a heterostructure. We
utilize a combination of transmission electron micro-
scopy (TEM) imaging and selected area electron diffrac-
tion (SAED) to study commensurability in the grown
WSe,/graphene and MoS,/graphene heterostructures.
Aberration-corrected scanning transmission electron
microscopy (STEM) and energy-dispersive X-ray spec-
troscopy (EDS) are used to study the atomic and
chemical structure of the WSe,/graphene and MoS,/
graphene heterostructures, while optical spectroscopy
determines their resulting optical properties. We also
show how graphene defects and grain boundaries can
promote heterostructure growth and lead to the for-
mation of multilayer flakes. Importantly, the process
presented here can readily be translated to other van
der Waals heterostructures and opens up a new para-
digm in atomic-scale characterization of these novel
materials.

RESULTS AND DISCUSSION

Figure 1a presents schematics of the fabrication
process of the freestanding vertical heterostructures.
Graphene was first grown on a Cu substrate via
chemical vapor deposition (CVD)" and then transferred
to a Quantifoil TEM grid with 2 um holes. Here, we used
a direct polymer-free process to transfer large-area
graphene to the holey carbon grid (see details in the
Experimental Section).?® The TEM image and its corre-
sponding selected area diffraction pattern in Figure 1b
confirm a suspended graphene film uniformly cover-
ing the TEM grid prior to synthesis of heterostructures.
We use the suspended graphene substrate on the TEM
grid for direct growth of TMD structures. The mono-
layer WSe, and MoS, triangles were grown on the
graphene grids via metal organic chemical vapor
deposition (MOCVD)?° and oxide powder vaporization,
respectively. WSe, flakes can be seen in Figure 1c as
dark triangles evenly dispersed on freestanding gra-
phene with a lateral size of 100—400 nm. The triangles
are orientated only in two opposing directions,
strongly suggesting the presence of a strict crystal-
lographic orientation relationship between WSe, and
its graphene substrate. Additionally, each triangle is
equilateral with a 60° angle, suggesting that they are
single-crystal.*® Figure 2a depicts two WSe, triangles
oriented in opposite directions. SAED of the large
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triangle (yellow dashed circle in Figure 2a) confirms
the single-crystal nature of both WSe, and the under-
lying graphene layer and their preferred orientation
relationship (Figure 2b). The yellow dashed line in
Figure 2b indicates that the single-layer WSe, and
the freestanding graphene substrate exhibit the same
orientation, verifying epitaxial growth of WSe, on the
graphene membrane. We performed diffraction anal-
ysis on more than 40 WSe, triangles to statistically
determine the relative orientation of the WSe, and
graphene lattices (Figure 2c). A significant fraction of
single-layer WSe, triangles are epitaxially grown on
graphene, while a low misorientation angle is found
between a few WSe, triangles and graphene poten-
tially due to the existence of graphene wrinkles and/or
surface contamination. Figure 2d presents the top and
side views of the structural schematics for the WSe,/
graphene vertical heterostructure. WSe, has a layered
structure with a trigonal symmetry and a lattice con-
stant of 3.28 A, in which a triangular lattice of tungsten
(W) atoms is located between two triangular lattices of
selenium (Se) atoms. Within a monolayer, W and Se
atoms are bonded together by strong covalent bonds,
while the neighboring layers show interlayer coupling
through van der Waals interactions. Graphene, on the
other hand, has a hexagonal symmetry with a lattice
constant of 246 A. A heterostructure of WSe,/
graphene consequently has a lattice mismatch of about
33% between graphene and WSe,. Despite this large
lattice mismatch, we observe WSe; to grow epitaxially
on graphene. This reveals that the 2D layered crystals
can grow epitaxially as a result of weak van der Waals
forces and the absence of dangling bonds between
layers.3"*2 Such weak interlayer characteristics provide a
route for the crystal to yield a commensurate growth
between highly mismatched materials through van der
Waals epitaxy.>® Through diffraction analysis (Figure 2b),
the reciprocal lattice vectors (g vectors) for WSe, and
graphene were analyzed, giving a ratio of ~0.75, which
corresponds to the inverse ratio of their lattice spacing.
This analysis provides evidence that every third W
atom sits nearly perfectly above every fourth C atom
along the zigzag direction in WSe,/graphene hetero-
structure. The structural model of the WSe,/graphene
heterostructure with circled W atoms nearly perfectly
above C atoms along the zigzag direction (six direc-
tions shown in Figure 2d) confirms the diffraction
results. By connecting the marked W atoms along the
zigzag direction, aligned equilateral triangles form,
oriented either up or down. The smallest triangles have
a lateral size of about 9.84 A (3 and 4 times the WSe,
and graphene lattice constants, respectively), which is
in agreement with the diffraction pattern. As seen in
the configuration shown in Figure 2d, many W atoms
(less than 1 nm apart) superimpose on the C atoms,
suggesting that an energy minima may exist between
the two layers when aligned in this manner.
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Figure 1. (a) Schematics of the fabrication process of the WSe,/graphene heterostructure. Graphene grown on Cu was
directly transferred to a Quantifoil TEM grid with 2 um holes using a polymer-free transfer process. The monolayer WSe,
triangles were directly grown on the large-area suspended graphene membrane through MOCVD. TEM images showing
(b) single-layer graphene sheet covering a TEM grid hole before heterostructure growth and (c) WSe, triangles epitaxially

grown on the freestanding graphene membrane.

Figure 3a shows annular dark-field scanning trans-
mission electron microscopy (ADF-STEM) image of the
WSe,/graphene heterostructure. The WSe, triangles
can be clearly seen in this figure. While most of the
triangles are monolayer, few triangles with multiple
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layers are also observed. Regions that exhibit multi-
layer growth are oriented with no misorientation with
respect to the bottom WSe, layer (Figure 3a), indicating
that each subsequent layer is also epitaxial. High-angle
annular dark-field (HAADF)-STEM image shown in
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Figure 2. (a) TEM image indicating two WSe;, triangles with opposite orientations. (b) Selected area electron diffraction
pattern taken from the larger triangle (indicated with the yellow dashed circle in panel a). (c) Histogram of misorientation
angle of WSe; triangles grown on the suspended graphene, confirming the epitaxial growth of the majority of the triangles on
graphene. (d) Top and side view structural models of the WSe,/graphene vertical heterostructure.

Figure 3. (a) HAADF-STEM image of the WSe;, triangles on
the graphene support. The lower right triangle reveals
monolayer, bilayer, and trilayer regions. (b) HAADF-STEM
image of a monolayer WSe,, showing the W atoms and two
Se atoms as bright and dim spots, respectively. (c) HAADF-
STEM image of the edge of a WSe, triangle showing a
W-terminated zigzag edge. (d) TEM image of WSe,/
graphene heterostructure showing the presence of a gra-
phene grain boundary and its impact on WSe, growth.

Figure 3b indicates a region of the monolayer WSe,
where the atomic structure is resolved and W and Se
atoms can be distinguished. Since the intensity of
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HAADF-STEM images depends on the atomic number,
W exhibits higher contrast while Se columns are
slightly dimmer spots.>* The atomic-resolution HAADF-
STEM image from the edge of a WSe; triangle shows
zigzag edges with W atom termination (Figure 3c).
Zigzag edges are predicted to be the energetically
preferred structure for TMDs with triangular mor-
phology.>

Defects in the substrate can have a profound effect on
the nucleation and growth of heterostructures. Dan-
gling bonds at grain boundaries, defects, and curved sp?
m-bonds at wrinkles are more reactive and can attract
adsorbates.?**’2"32 Figure 3d and Supporting Informa-
tion Figure ST show TEM images of a graphene grain
boundary acting as the nucleation sites for the growth
of the heterostructure. The two groups of triangles on
different sides of the line defect are aligned in two
different orientations, while a high density of small
triangles and particulates along the boundary suggests
the high reactivity of the line defect. Diffraction analysis
verifies the existence of two grains with different or-
ientations and consequently the presence of a grain
boundary in the graphene membrane (Figure S1c—e).
Evident from TEM, the quality of suspended graphene
has a significant impact on heterostructure growth, and
the formation of multilayer flakes and 3D particulates is
favorable on graphene defects.

(Scanning) transmission electron microscopy im-
ages of the heterostructure also indicate deposition
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Figure 4. (a) Line-scan energy-dispersive X-ray spectroscopy and (b) Raman spectrum obtained from the freestanding WSe,/
graphene heterostructure. (c) Photoluminescence spectra acquired from the suspended WSe,/graphene and a WSe,/EG
heterostructures (the scatter and line plots indicate the real and smoothed data, respectively). The EDS spectra from
neighboring regions marked in the top-right HAADF-STEM image (blue, red, and green) reveal the tungsten-rich nature of the
particulates. The Raman peaks at 258 and 397 cm ™' correspond to E‘zglA1g vibrational modes and the second-order modes of
the WSe, monolayers, respectively. PL spectra reveal more severe quenching in the freestanding WSe,/graphene hetero-

structure compared with the WSe,/EG.

of particulates on graphene during the growth
(Figures 1c and 3a). EDS in the STEM mode has been
performed to probe the chemical nature of the parti-
culates. Figure 4a shows three EDS spectra from
neighboring regions marked in the right HAADF-STEM
image: WSe, on graphene (blue), graphene (red), and a
particulate on graphene (green). A much higher ratio of
W/Se is observed for the particulate compared with the
WSe, triangle, indicating that the particulates are
W-rich. Raman spectroscopy and PL measurements
were performed directly on the suspended WSe,/
graphene heterostructure to further study the struc-
ture of the WSe, triangles grown on suspended gra-
phene. Figure 4b shows the Raman spectrum of the
WSe, triangles on a monolayer graphene membrane.
The two peaks observed in Raman correlate with those
identified for WSe,.3%*” The peak at 258 cm ™' corre-
sponds to both the in-plane and out-of-plane (E’zg and
A,q respectively) vibrational modes of the WSe,
monolayers,*® while the peak at 397 cm™' and the
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shoulder on its left can be assigned to the second-
order modes.®” The PL spectrum of the monolayer
WSe, triangles on freestanding graphene can be seen
in Figure 4c, showing an emission at 760 nm as a
signature of monolayer WSe,. The PL has been sig-
nificantly quenched compared to WSe, on epitaxial
graphene (EG) with a comparable average size and
thickness (see Supporting Information Figure S2 for the
AFM image and Raman spectrum of the WSe,/EG
sample). Photoluminescence quenching has been also
observed in other heterostructures involving graphene
due to photogenerated charge carriers transferring
from the TMD layer to graphene.?'3® The severity of
quenching is believed to be due to the absence of a
bulk and rigid substrate that can lead to improved
efficiency in graphene's ability to transport carriers
away from the WSe,.

This study also investigates nucleation and growth
of MoS, on freestanding graphene synthesized via
oxide powder vaporization. Figure 5a presents the
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Figure 5. (a) HAADF-STEM image of the MoS,/suspended
graphene heterostructure. (b) HAADF/STEM image and
SAED patterns of the heterostructure with a line defect in
the graphene support. The graphene grain boundary acts as
the nucleation sites for the growth of MoS, and formation of
multilayer flakes. (c) Atomic-resolution HAADF-STEM image
showing the edge structure of the MoS, triangles grown on
the suspended graphene. (d) Magnified image of the atom-
ic-resolution image overlaid with the MoS, structural mod-
el, indicating a metal-terminated zigzag edge for the MoS,
triangles.

HAADF-STEM image of the grown MoS, triangles on
the suspended graphene membrane. MoS, mono-
layers are seen as dark-gray equilateral triangles, while
multilayer regions exhibit higher contrast and free-
standing single-layer graphene displays black color.
The triangles are monocrystalline with the average size
of ~100 nm. Interestingly, the MoS, triangles are
orientated in random directions, indicating the non-
epitaxial growth of MoS, on graphene, potentially
resulting from different growth conditions (i.e., lower
growth temperature) and/or different materials sys-
tems. Further study is needed to better understand the
origin of the epitaxial growth in these heterostructure
systems. A high density of MoS, triangles can be seen
along the graphene grain boundaries, similar to the
WSe,/graphene heterostructures. Figure 5b shows a
HAADF/STEM image and SAED patterns of a 10° gra-
phene grain boundary that acts as the nucleation sites
for the growth of MoS,. The SAED pattern from the area
indicated by the yellow circle shows two sets of
diffraction spots for graphene, presenting the exis-
tence of two graphene grains. The SAED patterns from
the left (blue) and right (red) of the boundary show
only one set of graphene diffraction spots, which
indicates the presence of a 10° grain boundary in the
graphene membrane. The ring pattern from the MoS,
lattice also confirms the non-epitaxial nature of the
MoS, flakes. It is evident from both heterostructures
that defects have a higher reactivity for the growth
of the TMD heterostructures studied here. Figure 5¢
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shows an atomic-resolution HAADF-STEM image from
the edge of a MoS, triangle, in which Mo and S exhibit
bright and dim contrast, respectively. Figure 5d demon-
strates a magnified image of the atomic-resolution
image (Figure 5c) overlaid with the MoS, structural
model. Despite the presence of edge roughness after
growth, MoS, triangles grown on graphene maintain
zigzag edges mostly with a metal-termination config-
uration, similar to WSe, triangles on graphene. To
prevent damage in the nanostructures, care should
be taken during imaging by choosing a low electron
dose for the STEM probe. Beam damage is, in particular,
important for the atoms at the edges and defects due
to a lower knock-on energy threshold than the bulk.
Recent work has shown low-dose imaging to signifi-
cantly reduce the beam—sample interactions and dam-
age during imaging.3®*® To avoid sample damage,
we have reduced the electron dose in the STEM probe
by spreading the beam at the monochromator. How-
ever, to further confirm the genuine edge structure of
the sample before any possible beam damage, the
electron dose can be further reduced.

Energy-dispersive X-ray spectroscopy maps of the
MoS; triangle (marked in Figure 6a) exhibit the chemi-
cal composition of the heterostructure. Figure 6b—d
shows EDS elemental maps for C, S, and Mo, indicating
a uniform distribution of C in the graphene support,
while Mo and S are found locally within the triangular
domain. Similar to the case of WSe,, we performed an
electron diffraction study on more than 70 MoS,
flakes to statistically reveal the orientation relation-
ship between the MoS, and graphene lattices.
Figure 6e presents the distribution of misorientation
angles between MoS, and graphene, verifying the
non-epitaxial growth and random orientations of
MoS, triangles on suspended graphene. Raman and
PL measurements performed on the freestanding
MoS,/graphene heterostructure show the signature
peaks for MoS, (Figure 6f,g). The Raman spectrum
indicates the E',4 and A, 4 peaks, respectively, located
at 385 and 404 cm ™. The peak distance of ~19 cm™'
between A,y and E1zg peaks strongly suggests the
growth of MoS, monolayers,*® as also observed in
the ADF-STEM images. Significant quenching of PL
response from MoS, can be seen when it is on free-
standing graphene compared with sapphire and epi-
taxial graphene (Figure 6g) (also see Supporting
Information Figure S3 for the SEM images and PL and
Raman spectra of the MoS,/EG and MoS, on sapphire
samples). This photoluminescence quenching is con-
sistent with what is observed for the WSe, flakes on the
suspended graphene. One can expect a significant
reduction in surface optical phonon scattering in the
graphene layer when the substrate is removed,*'*?
which would be a source of enhancement in the
efficiency of charge carrier collection in the layer and
thus quenching of the PL.
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Figure 6. (a) HAADF-STEM image of the MoS,/graphene heterostructure showing several single- and multilayer triangles. EDS
maps of (b) G, (c) S, and (d) Mo, which confirms the homogeneous distributions of carbon in the graphene substrate and sulfur
and molybdenum only within the triangle. (e) Histogram of misorientation angle of MoS, triangles with respect to graphene,
indicating the non-epitaxial growth of MoS, on graphene. (f) Raman and (g) PL spectra of the freestanding MoS,/graphene
heterostructure. The Raman peaks located at 385 and 404 cm ' correspond to the E1zg and A;4 modes of MoS,, respectively.
The PL of the MoS, on the suspended graphene shows a substantial quenching compared to the MoS,/sapphire and MoS,/EG

samples (see Supporting Information Figure S3).
CONCLUSIONS

This study presents a novel approach to create
atomically thin freestanding van der Waals hetero-
structures, enabling us to directly probe their atomic
structure and chemistry. We have investigated the
atomic and chemical structure of two heterostructure
systems, WSe,/graphene and MoS,/graphene, grown
by two different approaches. We observe epitaxial
growth of monolayer WSe,/graphene and non-epitaxial
growth of MoS,/graphene heterostructures, indi-
cating the important role of the synthesis route on

EXPERIMENTAL SECTION

Graphene Growth and Transfer to the TEM Grid. Graphene film was
grown on a Cu substrate using a chemical vapor deposition
method." The synthesized graphene film was then directly
transferred from the Cu substrate to a gold Quantifoil TEM grid
with 2 #m holes (Electron Microscopy Sciences).® The TEM grids
were placed on the graphene/Cu substrate, and a drop of
isopropyl alcohol was used to bring the graphene film into
contact with the amorphous carbon on the grid. Sodium
persulfate aqueous solution (0.2 g/mL) was then used to etch
the Cu substrate. Following complete etching of Cu, the sam-
ples were moved to a distilled water bath to remove residual
copper etchant.

Direct Growth of WSe, on Freestanding Graphene. The AuTEM grids
covered with CVD graphene film were loaded into a MOCVD
system. WSe, triangles were grown on freestanding graphene
using hydrogen ambient at a pressure of 700 Torr and total flow
of 100 sccm using Se/W ratios varying from 600 to 14000.
Tungsten hexacarbonyl (W(CO)s) and dimethylselenide (DMSe)
were used as the tungsten and selenium precursors, respectively.
Growth occurred at temperatures between 800 and 850 °C at a
ramp rate of 80 °C per minute for growth times of 30 min.

Direct Growth of MoS, on Freestanding Graphene. The MoS, was
grown on the graphene TEM grids using oxide powder

AZIZI ET AL.

the microstructure of the resulting heterostructure.
Ultra-high-resolution aberration-corrected STEM con-
firms growth of the single-layer WSe, and MoS,
triangles with metal-terminated edges, while PL mea-
surements show a significant photoluminescence
quenching of TMDs on suspended graphene. In addi-
tion, this work shows the important role of the defects as
the nucleation sites in the heterostructure growth. Such
a technique will serve as a way to probe the competing
mechanisms that derive nucleation and growth of a
wide spectrum of heterolayers, further leading to nano-
engineering of novel heterostructure devices.

vaporization. Two milligrams of MoOs powder (Simga Aldrich
99.99%) was placed in an alumina crucible at the center of
the furnace, where the temperature could reach ~750 °C. Then,
650 mg of sulfur powder (Alfa 99.9995%) was loaded into a
fused crucible (T~ 200 °C). The furnace was heated to 300 °C for
30 min in vacuum in order to remove all of the humidity, followed
by ramping up to 750 °C for the growth. The growth was done for
10 min at 710 Torr and then the furnace cooled naturally. Ar
(400 sccm) was used as the carrier gas during the experiment. As
shown in Figure S3a, the graphene TEM grid was held by a 1 cm?
sapphire that was placed 10 mm away from the powder.

Characterization of the Heterostructures. (S)TEM and EDS were
utilized to study the atomic and chemical structure of WSe, and
its epitaxy with respect to graphene. A JEOL 2010F S/TEM at
200 kV and a FEI Titan® 60—300 S/TEM at 80 kV, both at Penn
State, were used for this study. The beam current of 48 pA was
used for the acquisition of HAADF-STEM images. The WSe,/
graphene and MoS,/graphene heterostructures were charac-
terized using Raman spectroscopy and photoluminescence
with a WIiTEC confocal Raman system. A 0.4 mW, 633 nm laser
was used for the WSe,/graphene samples, while a 0.5 mW,
488 nm laser was employed for the MoS,/graphene hetero-
structures. The low powers were utilized in order to avoid
sample damage in the freestanding heterostructures. The in-
tegration time of 10 s was used.
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