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ABSTRACT Two-dimensional (2D) van der Waals (vdW) heterostructures are a family of
artificially structured materials that promise tunable optoelectronic properties for devices

with enhanced functionalities. Compared to transferring, direct epitaxy of vdW hetero-

structures is ideal for clean interlayer interfaces and scalable device fabrication. Here we

report the synthesis and preferred orientations of 2D GaSe atomic layers on graphene (Gr) by

vdW epitaxy. GaSe crystals are found to nucleate predominantly on random wrinkles or grain
boundaries of graphene, share a preferred lattice orientation with underlying graphene, and
grow into large (tens of micrometers) irregularly shaped, single-crystalline domains. The
domains are found to propagate with triangular edges that merge into the large single

crystals during growth. Electron diffraction reveals that approximately 50% of the GaSe

domains are oriented with a 10.5 &= 0.3° interlayer rotation with respect to the underlying

graphene. Theoretical investigations of interlayer energetics reveal that a 10.9° interlayer rotation is the most energetically preferred vdW heterostructure.
In addition, strong charge transfer in these GaSe/Gr vdW heterostructures is predicted, which agrees with the observed enhancement in the Raman Ez1g
band of monolayer GaSe and highly quenched photoluminescence compared to GaSe/Si0,. Despite the very large lattice mismatch of GaSe/Gr through vdW
epitaxy, the predominant orientation control and convergent formation of large single-crystal flakes demonstrated here is promising for the scalable
synthesis of large-area vdW heterostructures for the development of new optical and optoelectronic devices.
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iven the variety of optical and elec-
G tronic properties of two-dimensional

(2D) layered materials including me-
tallic graphene, insulating hexagonal boron
nitride (hBN), and semiconducting metal
mono- and dichalcogenides with different
band gaps, the heterogeneous engineering
of 2D crystals provides exciting opportunities
to create novel properties and devices with
enhanced functionalities.''° One promising
type of heterostructures with atomically
sharp interfaces can be realized by vertically
stacking 2D layers that are held together by
van der Waals (vdW) forces despite large
lattice mismatches.""" Such vdW hetero-
structures permit the exploration of artificially
structured multilayers composed of 2D crys-
tals with different optical and electronic
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properties and allow the emergence of new
properties. For example, heterojunctions
made by the vertical stacking of two mono-
layer metal dichalcogenides (e.g., WSe,/
MoS,) resulted in a new photoluminescence
(PL) arising from the coupling of the two
semiconductor bandgaps.'® Highly efficient
gate-tunable photocurrent was generated
from MoS,/Gr vdW heterostructures.’ With
the use of monolayer hBN or MoS, as a
vertical transport barrier, bipolar field-effect
tunneling transistors based on graphene het-
erostructures have been demonstrated.?

So far, such vdW heterostructures have
primarily been fabricated by mechanical ex-
foliation and manual transfer stacking, which
could produce crystals with high quality.”'°
However, this method lacks precise rotational
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control over stacking orientation, usually introduces
uncontrollable interface contaminations detrimental
to device performance, and is not currently scalable
for large-scale device fabrication. Consequently, it is
highly preferable to directly grow one type of 2D
crystal on another with commensurate stacking
through vdW epitaxy. vdW heteroepitaxy of 2D crystals
is attracting more and more interest because the self-
assembly during growth should result in reproducible,
energetically preferred interlayer orientations, more
seamless stacking, and clean, sharp interfaces.'*™"”

Gallium selenide (GaSe) is an important layered
material in the family of semiconducting metal mono-
chalcogenides (lll-VI) and has been widely used in
optoelectronics, nonlinear optics, and terahertz radia-
tion detection.’®2° Recently, our group synthesized
large, highly crystalline, triangular GaSe monolayer
flakes on SiO,/Si substrates through a controllable
vapor-phase deposition method.?' The as-synthesized
GaSe flakes are highly photoresponsive, with a photo-
responsivity of ~1.7 A/W, comparable to exfoliated
counterparts,> which makes them very favorable po-
tential candidates for photodetectors. By controlling
the growth conditions, monolayer GaSe film at wafer
scale (~1 cm x 1 cm) can be realized by merging
individual triangular flakes together. However, the
triangular GaSe flakes grown on amorphous SiO, gen-
erally show randomly distributed orientations, and
therefore, grain boundaries are generally formed when
these randomly oriented flakes merge to form larger
domains, which will be detrimental to electrical proper-
ties of these scaled-up films. Moreover, the low carrier
mobility of the 2D GaSe crystals leads to slow response
time (generally in milliseconds). Graphene is consid-
ered to be a good substrate for the vdW epitaxial
growth of other 2D materials'*~"” because of its atom-
ic flatness, surface inertness, lack of dangling bonds,
and hexagonal lattice that is typical of hBN and metal
chalcogenides. These features make graphene a favor-
able candidate for the vdW epitaxial growth of large
area 2D GaSe layers with reduced numbers of grain
boundaries. More importantly, graphene exhibits ultra-
fast photoresponse due to its extremely high carrier
mobility and short carrier lifetime.?® Therefore, GaSe/
Gr vdW heterostructures should be expected to com-
bine the advantages of these two materials and poten-
tially give rise to a new material capable of high-speed
and highly responsive photodetectors.

In this work, we report the vdW epitaxial growth of
2D GaSe atomic layers on graphene by vapor-phase
deposition. Due to the similar hexagonal lattice struc-
ture of graphene with GaSe, large single-crystal do-
mains were formed by merging perfectly aligned
triangular edges that shared a predominant lattice
orientation on graphene. Theoretical analysis reveals
that a strong lattice potential corrugation and a
small supercell are responsible for the preferred lattice
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rotation of the GaSe epilayer on graphene. We find that
the GaSe crystals grown on graphene show an en-
hancement of the Raman E’;; mode due to the
enhanced coupling to graphene, and a significant
quenching of GaSe photoluminescence stemming
from charge transfer from graphene.

RESULTS AND DISCUSSION

The monolayer (1L) graphene used as the template
for vdW epitaxy of 2D GaSe crystals was grown through
a typical chemical vapor deposition (CVD) process on
Cu foil** and was subsequently transferred onto a Si
substrate with ~250 nm-thermally grown SiO, layer
using a standard transfer method (see Methods for
details). This large area graphene on SiO,/Si was
well suited for the efficient vdW epitaxial growth of
GaSe. The optical micrograph (Supporting Information
Figure S1a) and SEM image (Supporting Information
Figures S1b,c) shows that the transferred graphene
clearly had random wrinkles.

The vdW epitaxial growth of GaSe atomic layers on
graphene was conducted using a vapor-phase trans-
port and deposition process similar to that described in
our previous work.?? Figure 1a shows a typical optical
micrograph of vdW epitaxial GaSe crystals on graph-
ene. Most of the regions with GaSe that are light gray in
color are 1L islands as determined by AFM analysis
(Figure 1b), while small bilayer (2L) or thicker layered
crystals with much brighter contrast also exist (see more
AFM images in Supporting Information Figure S2). In
stark contrast to the triangular GaSe flakes grown on
Si0,/Si substrates as shown in our previous work,”' the
GaSe flakes grown on graphene are shaped irregularly.
The domain sizes of individual monolayer islands are in
the range of ~5—60 um. A longer growth time resulted
in larger monolayer GaSe islands, as well as thicker
crystals (Supporting Information Figure S3). Figure 1c,
d shows scanning electron microscopy (SEM) images of
epitaxial GaSe islands (in darker contrast) on graphene
during the initial growth stage (i.e, the heating was
stopped and gas flow cut off just after the temperature
reached 750 °C) and after growth at 750 °C for 5 min,
respectively. It is evident that GaSe epilayers start to
nucleate and grow from random wrinkles or grain
boundaries of the graphene which are indicated by
black arrows in Figure 1c, more clearly shown in the
inset of Figure 1¢, and also by the white arrows indicat-
ing the small patches of GaSe bilayers in Figure 1d.
Similar preferential nucleation was also observed in the
epitaxial growth of MoS, and CuPc crystals on graphene
at wrinkles and topological defects, where dangling
bonds and reactive sites can localize adsorbates.'>?
As shown in the SEM image of Figure 1e, growth of
GaSe monolayers on graphene proceeds by the evo-
lution of sharp edges, each oriented with neighboring
contiguous islands at 60° angles. The Raman spectra
measured from areas with and without GaSe epilayers
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Figure 1. Morphology and structure of 2D GaSe crystals on monolayer graphene. (a) Optical micrograph of GaSe layers on
graphene. The regions in gray color are monolayer GaSe, while those with brighter contrast are thicker GaSe crystals. (b) AFM
image of 1L GaSe on graphene. Insets are line profiles along the dashed arrow. (c) SEM image of epitaxial monolayer GaSe
patches on graphene at the initial growth stage. Inset is an enlarged image showing GaSe starting to grow from random
wrinkles or boundaries on graphene. (d) SEM image of an epitaxial GaSe island after 5 min growth, containing mainly 1L with
small patches of 2L and thick crystals on graphene. The black and white arrows in (c) and (d) indicate wrinkles or boundaries
on graphene. (e) SEM image showing the edge area of 1L GaSe epilayer on graphene. (f and g) Atomic resolution ADF-STEM
images of 1L graphene and 1L vdW epitaxial GaSe on graphene, respectively.

are similar (Supporting Information Figure S4), indi-
cating that the GaSe crystal over layer does not
appear to affect the quality of the underlying gra-
phene. A broadened D band can be attributed to the
carbonization of polymer residue introduced in the
transfer process.?®

To study the crystal structures of the GaSe epilayers
and understand the orientation relationship between
the GaSe and graphene lattices, the GaSe crystals were
directly grown on graphene that was first transferred
onto a perforated (2 um pore size) Si TEM grid covered
with 5 nm-thick SiN film (Supporting Information
Figure S5), which is similar to the method adopted in
recent work?” The atomic structures of monolayer
graphene (Figure 1f) and monolayer GaSe on graphene
(Figure 1g) were imaged using aberration-corrected
dark-field scanning transmission electron microscopy
(ADF-STEM). Note that it is difficult to resolve the
graphene lattice underneath GaSe in Figure 1g
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because of the intrinsic low contrast arising from a
single atomic layer of graphene. Monolayer graphene
shows typical hexagonal rings of C atoms with a lattice
parameter of ~0.25 nm (Figure 1f), while monolayer
GaSe shows hexagonal rings composed of Ga and
Se atoms (Figure 1g), in which the distance between
two in-plane adjacent Ga (or Se) atoms (as shown by
the overlaid top-view schematic in Figure 1g) is
~0.38 nm, matching the lattice parameters of the
a—b plane (0.375 nm) in GaSe crystals (note that
it is hard to distinguish Ga and Se atoms in the
monolayer ADF-STEM image due to their close atomic
numbers).

The lattice orientations of GaSe and graphene were
investigated using electron diffraction in the transmis-
sion electron microscopy (TEM). Figure 2a shows a TEM
image of a monolayer GaSe flake on graphene. The
selected-area electron diffraction (SAED) pattern along
the [001] zone axis acquired from the area contained
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Figure 2. Interlayer lattice rotations between GaSe epilayer and graphene. (a) TEM image of a 1L GaSe grown on CVD-grown
1L graphene. (b) SAED pattern obtained from the region included by dashed circles in (a). The brighter, hexagonally arranged
set of diffraction spots is from the GaSe, while the spots with much lower intensity as indicated by yellow circles are from the
underlying graphene. The two sets of spots show a rotation angle of ~10°. (c) Residue interlayer strains (red dots) and binding
energies (black squares) between 1L graphene and 1L GaSe epitaxial layers as a function of interlayer lattice rotation angles.
(d) Schematic illustrations of vdW heterostructure unit cells (supercells) constructed by 1L GaSe epitaxy on 1L graphene with

interlayer lattice rotations of 10.9° and 19.1°, respectively.

by the dashed circle in Figure 2a is shown in Figure 2b.
The pattern shows two sets of hexagonally arranged
(6-fold symmetry) diffraction spots, in which the darker
set with longer r (corresponding a = 0.25 nm) comes
from the graphene (as highlighted by yellow circles),
while the brighter set with shorter r (corresponding to
a = 0.38 nm) belongs to the GaSe epilayer. The diffrac-
tion patterns shown in this heterostructure indicate
that the in-plane lattice parameters of the GaSe epi-
layer and graphene are similar to their intrinsic bulk
value. Interestingly, instead of aligning at the same
orientation, the two sets of diffraction spots show a
lattice rotation of 10.7° as shown in Figure 2b. After
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examining the single-crystal GaSe domains in other
regions, we found that almost all of the diffraction
patterns exhibit interlayer lattice rotations between
the epitaxial layer of GaSe and underlying graphene.
A rotation angle of 10.5 & 0.3° was the most commonly
observed (~50% of all the crystals examined). The
remaining crystalline patches were oriented at various
discrete angles ranging between 2 and 28° relative to
the underlying graphene (Supporting Information
Figure S6). The results are in contrast to other previously
reported vdW epitaxial 2D crystals, e.g., hBN and WSe,,
on graphene'*" where two lattices are generally
aligned in the same orientation (note that interlayer
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lattice rotations within ~18° were also observed be-
tween MoS, and graphene'?). The similarity of the in-
plane lattice parameters to their intrinsic bulk values
together with the preferred alignment between the
GaSe epilayer and graphene layer suggests that the
growth indeed occurs via vdW epitaxy despite the large
lattice mismatch (~58%).2

To understand the preferred interlayer lattice rota-
tion of GaSe epilayer relative to graphene, we per-
formed density functional theory (DFT) calculations of
GaSe-covered graphene. The vdW epitaxy of GaSe
on graphene with certain interlayer rotations leads to
new long-range ordered superstructures with repeat-
ing units (supercells). To discover viable supercells
during the simulation, different lattice mismatches
were introduced for different rotation angles. For a
few specific rotation angles, we discovered several
viable supercells containing less than 2000 atoms
corresponding to GaSe lattice strains of less than 1%
that are still predicted to remain bound to graphene
(Figure 2c, see Supporting Information for details).
Remarkably, these calculated angles are in good agree-
ment with those observed experimentally (Figure 2b
and Supporting Information Figure S6). More impor-
tantly, among these calculated rotation angles, the
10.9° rotation angle results in the smallest supercell
size (containing 18 Ga and 18 Se and 48 C atoms) with a
lattice constant a = 1.125 nm, which also corresponds
to the structure with the smallest strain ~0.2%. Note
that the supercells are not obvious to the eye be-
cause of the large mismatch between GaSe and
graphene lattice constants (3 and 4.6 times, respectively)
(Figure 2d, left cell). Other rotation angles found
correspond to larger supercells (Figure 2d and others
shown in Supporting Information Figure S7) with larger
strains and smaller binding energies (Figure 2c). For
different rotation angles, the binding energies are in-
homogeneous and in the range of ~25—36 meV/GaSe
except for the 10.9° rotation angle which displays a
significantly larger binding energy of 47 meV/GaSe.
The calculated binding energies (shown in Figure 2c,
black squares) are expressed in terms of the total
energies per GaSe pair compared to the total energies
of separated GaSe and graphene, and include the
strain energy. Therefore, the supercell with 10.9° inter-
layer rotation is predicted to be the energetically most
stable structure.

This predicted energetically preferred orientation of
10.9° is in good agreement with that observed ex-
perimentally (i.e., 10.5 £ 0.3°). The fact that a high
fraction (~50%) of crystals appear to follow the
energetically preferred orientation dictated by the
graphene lattice implies both vdW epitaxy and that
orientation is determined early in the growth of the
crystalline flake, since the binding energy of a flake
increases with the number of GaSe pairs. The ability of
a flake to diffuse or rotate can be estimated by the
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difference in its binding energy between different
orientations as compared to kgT (considering the
degree of freedom of a 2D flake bound on the
substrate), where kg is the Boltzmann constant and T
is the system temperature. As the flakes grow in size,
the difference between the binding energy of the 10.9°
rotation and that of the other rotation angles increases
linearly with the number of atoms in the flake. For
example, at the growth temperature of 700 °C (corre-
sponding to kgT = 83 meV), the calculations predict
that all rotation angles are experimentally accessible
for the assembly of the first few GaSe pairs. However, as
the flakes grow in size, the probability of forming the
10.9° rotation increases exponentially based on Arrhe-
nius behavior. After the binding energy of the flakes
exceeds energies of a few kgT, the crystals should be
effectively pinned in a particular orientation. Therefore,
the crystal orientation should be determined by the
competition between the growth rate and the diffusion
rate of the flake on the substrate as it samples the surface
potential corrugation for the most stable orientation.

The preferred lattice orientation of GaSe epilayers on
graphene is very different from our previous growth of
GaSe on amorphous SiO,/Si substrates, in which all the
crystalline, triangular GaSe flakes show a random
orientation and clear grain boundaries result when
they merge to form larger domains.?’?° In addition
to the lack of an identifiable supercell on amorphous
SiO,, one could expect that the diffusion coeffi-
cient could be quite different compared to that on
graphene, as large quantities of surface defects on
amorphous SiO, surfaces may trap and immobilize
adsorbed GaSe molecules.

As described above, the edges of the monolayer
GaSe on graphene consist of 60° triangles aligned at
the same orientation (Figure 1e). When examined by
TEM, as shown in Figure 3a, similar 60° triangular edges
can be seen on much shorter length scales. SAED
patterns obtained from neighboring crystals in the
edge (as indicated by dashed circles 1 and 2 in
Figure 3a) are given in Figures 3b,c, and are compared
with Figure 3d, which shows the SAED pattern from the
inner area of the domain (as indicated by dashed circle
3in Figure 3a). All three patterns show exactly the same
set of diffraction spots with 6-fold symmetry, and
a ~10.7° (preferred orientation) lattice rotation with
respect to graphene. Therefore, the GaSe islands at the
edge have the same lattice orientation with the inner
regions of the single crystal domains. The same results
were also obtained from edge and inner areas of 1L
single crystal GaSe domains with other lattice orienta-
tions, e.g., 15° and 20° relative to graphene (Supporting
Information Figures S8 and S9). These results indicate
that large (tens of microns) irregularly shaped, single-
crystalline GaSe epilayer domains grow, after preferen-
tial nucleation on random wrinkles or grain bound-
aries of graphene, by the merging of well-aligned, yet
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Figure 3. Epitaxy of single-crystalline GaSe on graphene. (a) TEM image showing the area near the edge of vdW epitaxial GaSe
islands on graphene. (b—d) SAED patterns obtained from regions 1, 2, and 3 included in the dashed circles in (a).

irregular, triangular edges oriented at 60° that share a
preferred lattice orientation with underlying graphene.
Such growth of large 2D crystals with same lattice
orientation were also recently reported on vdW epitaxial
MoS, on c-plane sapphire substrate.>°

In addition to 1L GaSe on graphene, few-layer GaSe
flakes, as shown in Figure 1a and Supporting Informa-
tion Figure S2, were also investigated. Interestingly,
few-layer 2D crystals have attracted much interest
recently because of their richer electronic and optical
properties when compared to monolayer systems
due to the fact that different interlayer orientations
and stacking modes lead to different electronic
structures.'®*' =33 Figure 4a,b shows the TEM images
of two trilayer GaSe islands on graphene, in which
two different interlayer orientations are identified. In
Figure 4a, the second and first layer show 60° interlayer
rotation (60°-2L), while the third and second layer are
at the same orientation (60—0°-3L); in Figure 4b, all the
three layers are stacked at the same orientation (0°-2L
and 0—0°-3L). Z-contrast ADF-STEM imaging directly
images the atomic structures of the 60°-2L (Supporting
Information Figures 4c and S10a), 0°-2L (Figure 4f
and Supporting Information Figure S10b), 60—0°-3L
(Figure 4i and Supporting Information Figure S10c),
and 0—0°-3L (Figure 4l and Supporting Information
Figure $10d) stackings shown in Figure 4a,b. Corre-
sponding quantitative simulations of the Z-contrast
ADF images are shown in Figures 4d,g,j,m, respectively.
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Intensity profiles for experimental (scatters dots) and
simulation (solid curves) images are consistent with
each other, as displayed in Figure 4e,hk,n. The results
indicate that the 60°-2L has a 2H-type stacking,
belonging to the f-prototype GaSe, the 0°-2L has a
2R-type stacking, belonging to the e-prototype GaSe,
the 60—0°-3L has a 2H-2R-type stacking, correspond-
ing to O-prototype GaSe, and the 0—0°3L has a
3R-type stacking, belonging to y-prototype GaSe. The
results show that all of the four prototype structures of
GaSe can be obtained in the GaSe epilayers on graph-
ene. The fact that few-layer GaSe grown on graphene
maintained structures corresponding to bulk GaSe
crystals further confirms the vdW epitaxial growth of
GaSe atomic layers on graphene since the layer-by-
layer growth of GaSe was not influenced by the large
lattice mismatch between graphene and epitaxial
layers. Moreover, directly relating the interlayer orien-
tations with stacking modes provides a useful guide to
study the electronic structures of these differently
stacked few-layer GaSe crystals.

The optical properties of the vdW epitaxial GaSe
layers on graphene were studied using Raman and PL
spectroscopy. The Raman and PL spectra were ac-
quired using 532 nm laser excitation through a micro-
scope equipped with a long distance objective (~1 um
spot size) in backscattering configuration. Figure 5a
shows the Raman spectra (80—400 cm™') acquired
from the vdW epitaxial GaSe crystals with ~10L,
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Figure 4. Atomicresolution structures of bilayer and trilayer GaSe crystals with different stacking modes on graphene. (a and b)
TEM images of GaSe crystals showing 1L, 2L, and 3L regions with different interlayer rotations. (c) ADF-STEM images obtained
from 2L GaSe region in (a), showing a 2H stacking. (d) Simulated ADF image of 2L GaSe with the 2H stacking.
(e) Intensity profiles along the solid line in the ADF-STEM image in (c) (scattered dots) and the solid line in the simulated
ADF image in (d) (solid curve). (f) ADF-STEM images obtained from 2L GaSe region in (b), showing a 2R stacking. (g) Simulated
ADF image of 2L GaSe with the 2R stacking. (h) Intensity profiles along the solid line in the ADF-STEM image in (g) (scattered dots)
and the solid line in the simulated ADF image in (h) (solid curve). (i) ADF-STEM images obtained from 3L GaSe region in (a), showing
a2H—2R stacking. (j) Simulated ADF image of 3L GaSe with the 2H—2R stacking. (k) Intensity profiles along the solid line in the ADF-
STEM image in (i) (scattered dots) and the solid line in the simulated ADF image in (j) (solid curve). (I) ADF-STEM images obtained
from 3L GaSe region in (b), showing a 3R stacking. (m) Simulated ADF image of 3L GaSe with the 3R stacking. (n) Intensity
profiles along the solid line in the ADF-STEM image in (I) (scattered dots) and the solid line in the simulated ADF image in (m)
(solid curve). In panels ¢, f, i, and |, top view and side views of the 2H, 2R, 2H—2R, and 3R stacking are overlaid, respectively.

~ 7L, 3L, and 1L grown on SiO,/Si substrates. The Raman substrate (Figure 5a, black curve). The Raman spectrum
spectrum from the graphene area on a SiO,/Si sub- of the crystal with ~10 L shows characteristic peaks
strate without GaSe is also presented, showing the of GaSe corresponding to A11g (~135 cm™"), E‘zg
characteristic 304 cm™' Si Raman peak from the  (~208cm™'),and A% (~311 cm ™) vibrational modes
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Figure 5. Optical properties of 2D GaSe epilayers on graphene. (a) Raman spectra (with 532 nm laser excitation) of GaSe
crystals with ~10L (magenta curve), ~7L (green curve), 3L (blue curve), and 1L (red curve). The black curve is acquired from the
graphene area without GaSe grown on it. The orange curve stands for the 1L GaSe crystal grown on SiO,/Si. Note that the
spectra were offset for clarity. (b) PL spectra of 2D GaSe crystals grown on graphene and SiO,/Si substrates. Brown curve, a
~10L crystal on SiO,/Si; magenta curve, a ~10L crystal grown on Gr; red curve, a 1L crystal on Gr; black curve, graphene area
without any crystal grown on it. (c) Changes in charge density upon adsorption of GaSe on the substrates, with isosurface of
0.001e/A3 for GaSe on Graphene and 0.005e/A> for GaSe on SiO,, where green color is for electron accumulation and orange

color for electron depletion.

(Figure 5a, magenta curve).2%**33 The intensity of the
three peaks decreases prominently as the GaSe layers
are thinned. The A';4 and E',4 peaks can hardly be
detected for 1L crystals (Figure 5a, red curve). The A' 1g
and A21g peaks (out-of-plane modes) show red-shifts as
the layer number decreases, i.e., the AHQ peak shifts to
~131 cm ™! for 3L crystals (Figure 5a, blue curve) and
the A%, peak shifts to ~308 cm™' for ~7L crystals
(Figure 5a, green curve), which is due to the weakening
of the interlayer interactions in GaSe when the number
of layers decreases. However, a very prominent differ-
ence for GaSe epilayer on graphene and GaSe on SiO,
substrate is the enhancement of E*;4 Raman peak as
the layer number decreases. The E4 vibration mode,
generally peaking at ~244 cm™" for very thick (>30L)
GaSe crystals,?® is not detected in GaSe crystals with
~7—10L (Figure 5a, green and magenta curves). It,
however, shows up at ~261 cm™' when the crystal
contains less than 7L (Figure 5a, blue and red curves),
and is most intense in the case of 1L GaSe. Such a
phenomenon was not observed in the 2D GaSe crystals
grown directly on SiO,/Si substrates (Figure 5a, orange
curve).****3> The enhanced in-plan E*;4 mode for the
first several GaSe epilayers could result from the strong
charge transfer between graphene and GaSe epilayers.
This phenomenon has also been demonstrated by
previous studies that the enhancement of the Raman
spectra of adsorbed organic molecules on graphene
comes from the charge transfer between graphene
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and the organic molecules.>*3” The influence of the
underlying graphene on the optical properties of vdW
epitaxial GaSe layers is also evident from their PL
spectra. Note that in the case of GaSe PL intensity
drops rapidly as the thickness decreases below ~10L
and is undetectable in a few layer GaSe, which is
probably due to the direct-to-indirect bandgap transi-
tion with decreasing layer number of 2D GaSe, as
calculated in our previous work?' As shown in
Figure 5b, the PL from the GaSe epilayers on graphene
in the case of 10L GaSe crystals is significantly quenched
compared with that on SiO,/Si substrates. A possible
mechanism for this quenching effect is fast decay of
excitons followed by electron transfer to graphene.
Such a graphene-induced quenching of PL has also
been observed in the case of monolayer MoS; grown
on graphene'® and graphene-semiconductor quan-
tum dots systems.®

To understand the magnitude of the charge transfer
between graphene and GaSe, theoretical calculations
were conducted to determine charge density using
DFT and a Bader analysis algorithm.3® The results show
that the charge transfer from GaSe to graphene (in the
case of a 10.9° interlayer rotation) is 0.484e (~2.84 x
10'® cm ™), which is significantly larger than that from
GaSe to a crystalline SiO, substrate (0.068e (~4 x
10"% cm—?)). Moreover, Figure 5¢ reveals the qualitatively
different nature of the spatial charge reorganization
in these two cases. For GaSe/SiO,, significant charge
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rearrangement is induced at the interface but it is highly
localized, and when averaged, the electron- and hole-
accumulation regions result in the small net directional
charge transfer. On the contrary, for GaSe/graphene no
significant charge rearrangement is induced locally at the
GaSe/graphene interface; however, electrons are exclu-
sively accumulated at the interface while the holes remain
distributed nearly entirely on the graphene layer, result-
ing in a much larger directional charge transfer.

CONCLUSIONS

In summary, despite significant mismatch between
GaSe and graphene lattices, from our experiments and
theoretical calculations we conclude that energetically
preferred orientations exist to drive the growth of high-
quality, large single-crystalline 2D GaSe domains by
vdW epitaxy. Electron diffraction of GaSe epilayers on
graphene directly characterized the interlayer stacking
configurations, finding the lattice rotation angle of
10.5 & 0.3° as the most frequent vdW heterostructure,
in agreement with the theoretical finding (10.9°) of
this orientation as the one with the smallest supercell
of the lowest strain and the strongest binding
energy. Although random wrinkles or boundaries in

METHODS

Synthesis of GaSe Bulk Crystals. Ga,Ses (99.99%, Alfa Aesar) and
Ga (99.99%, Alfa Aesar) were mixed at a molar ratio of 1:1 and
then sealed in an evacuated quartz tube under <1072 Torr of
argon. The mixture was heated to 950 °C (from 25 to 700 °C in
35 min and from 700 to 950 °C in 25 min) and maintained at
temperature for 1 h. After heating, the system was cooled down
first to 850 °C in 2 h and then naturally to room temperature.

Synthesis and Transfer of Monolayer Graphene. Graphene was
grown as described earlier.?* In brief, electropolished 125 um
thick copper foils were loaded into atmospheric pressure CVD
reactor and annealed at 1065 °C under the flow of 2.5% H, in Ar
for 30 min. Graphene growth was performed by addition of
methane with a gradual increase of concentration from 10 to 20
to 40 ppm for 30 min increments. After growth, a Micro Chem
PMMA 495A4 solution was spin-coated at 2000 rpm onto the
sample. Graphene from the back side of the copper was etched
away by oxygen plasma and copper was dissolved by 1 M FeCl3
in 3% HCI, leaving a graphene/PMMA floating sandwich. This
was then washed with DI water and transferred to the substrate
of interest. PMMA was dissolved in acetone with subsequent
annealing at 550 °C to remove PMMA residues.

vdW Epitaxial Growth of 2D GaSe Crystals. The vdW epitaxy of 2D
GaSe crystals on the as grown and transferred graphene was
carried out in a tube furnace system equipped with a 1 in. quartz
tube. Bulk GaSe crystals and Ga,Se; powder were mixed
together (GaSe/Ga,Se; molar ratio ~50:1), and were used as
source materials. In a typical run, ~60 mg of source powder and
a piece of SiO, (~250 nm)/Si substrate (2 cm long and 1 cm
wide) covered with graphene were loaded on a quartz boat,
and subsequently inserted into the furnace. The source was
located at the center of the furnace, with the substrate located
~8—10 cm downstream. After evacuating the tube to ~5 x
1073 Torr, the reaction was conducted at 750 °C (with a ramping
rate of 20 °C/min) for 5 min at a pressure of 30 Torr and an argon
carrier gas flow rate of 30 sccm. The vapor-phase reactants were
transported by the flowing argon gas to the growth region, in
which the temperature was ~710—720 °C, thereby feeding the
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the graphene were found to be the preferred nuclea-
tion sites and growth of the large GaSe domains was
observed to proceed from the free edges, the strong
tendency to energetically conform to the underlying
graphene lattice indicates that the domain orientation
is likely determined during the nucleation stage, before
the flake becomes pinned to the substrate. Theoretical
calculations of the interlayer energetics support the
experimental observations that the large single crystal
GaSe epilayers are formed through the coalescence of
perfectly aligned triangular edges in this most energe-
tically favored stacking. Although ~50% of structures
adopted this energetically favorable configuration,
methods will need to be developed to suppress other
metastable orientations (especially during nucleation)
to guarantee the synthesis of mesoscale single crystal
vdW heterostructures. Strong photoluminescence
quenching in the GaSe/Gr vdW heterostructures indi-
cates strong charge transfer between the GaSe and
graphene which may be beneficial for photodetectors.
Thus, vdW epitaxy of GaSe on graphene provides a
synthetic technique for the fabrication of large-area,
single-crystal domains for heterostructures with excel-
lent interfacial properties for optoelectronics.

growth of the 2D GaSe crystals. After growth, the furnace was
cooled naturally to room temperature.

Characterization. The morphologies of the vdW epitaxial 2D
GaSe on graphene were characterized using optical microscopy
(Leica DM4500 P), SEM (Zeiss Merlin SEM), and AFM (Bruker
Dimension Icon AFM).

The atomic-resolution structures of the vdW epitaxial 2D
GaSe crystals were investigated using ADF-STEM, and the
interlayer lattice rotation between GaSe and graphene were
investigated using SAED in TEM. The ADF-STEM image was
obtained using an aberration-corrected Nion UltraSTEM oper-
ating at 60 kV, using a half an gle range of the ADF detector from
86 to 200 mrad. TEM imaging and SAED were conducted using
an FEl Technai T12 at 100 kV at low dose densities, and no
detectable damage was observed during imaging. The samples
for STEM and TEM analysis were directly grown on the mono-
layer graphene that was first transferred onto Si TEM grids
covered by 5 nm-thick amorphous SiN film with 2 #um windows.

Raman and PL measurements were performed using a con-
tinuous wave laser (1 mW laser power, A = 532 nm) through a
microscope of a micro-Raman system (Jobin Yvon Horiba,
T6400) focused to a spot of ~1 um using a long distance ob-
jective (100x N/A = 0.8). The Raman (or PL) signal was collected
through the same objective in backscattering configuration and
focused onto a slit of a single stage of the triple-monochromator
equipped with a liquid nitrogen cooled CCD camera and
900 grooves/mm grating.

Theoretical Calculation. All the density functional theory (DFT)
calculations were performed using the VASP code.*° Projector
augmented wave potentials was used to describe the core
electrons, and the generalized gradient approximation (GGA)
with the Perdew—Burke—Ernzerhof (PBE) functional was se-
lected in our calculations. The effect of vdW interactions was
taken into account by using the PBE + vdW.*' The kinetic
energy cut for the plane-wave basis was set to 400 eV. The
structure was fully relaxed until the force on each atom was less
than 0.02 eV/A.
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