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Abstract: Characterizing and controlling the interlayer ori-
entations and stacking orders of two-dimensional (2D) bilayer
crystals and van der Waals (vdW) heterostructures is crucial to
optimize their electrical and optoelectronic properties. The
four polymorphs of layered gallium selenide (GaSe) crystals
that result from different layer stackings provide an ideal
platform to study the stacking configurations in 2D bilayer
crystals. Through a controllable vapor-phase deposition
method, bilayer GaSe crystals were selectively grown and
their two preferred 08 or 608 interlayer rotations were inves-
tigated. The commensurate stacking configurations (AA’ and
AB stacking) in as-grown bilayer GaSe crystals are clearly
observed at the atomic scale, and the Ga-terminated edge
structure was identified using scanning transmission electron
microscopy. Theoretical analysis reveals that the energies of the
interlayer coupling are responsible for the preferred orienta-
tions among the bilayer GaSe crystals.

Two-dimensional (2D) crystals have attracted significant
attention in recent years owing to their promising potential
applications in electronics, optoelectronics, and energy har-
vesting.[1] Along with monolayer 2D crystals, few-layer 2D
crystals are also very important because they can possess
extra and distinct degrees of freedom, such as layer pseudo-
spin, making them even richer systems to study complex
electronic states.[2] Recently, there has been growing interest

in 2D bilayer crystals in which the two layers are not only
conventionally stacked, but rotated relative to one another at
arbitrary angles.[3] For example, bilayer graphene displays
tunable bandgaps and exotic electronic properties quite
different from monolayer graphene that strongly depend on
the rotation angle and stacking registry between the layers.[4]

Xu et al. observed the coupling of real spin with layer
pseudospin in a given valley in bilayer WSe2,

[5] and a tunable
valley magnetic moment through the application of gate bias
in bilayer MoS2.

[2c] Despite the scientific importance of these
results and the great potential for new applications, compre-
hensive experimental studies are still lacking that characterize
the atomic-scale crystal structure of such bilayer 2D semi-
conductors, including work on interlayer stacking registry and
rotation angle, and understanding how these structures result
from particular synthesis conditions.

Gallium selenide (GaSe) is a layered semiconductor
widely used in optoelectronics, nonlinear optics, and terahertz
radiation detection.[6] The layers of bulk GaSe crystals are
bonded to each other by vdW forces. However, a unique
feature of the crystal structure of bulk GaSe is that it has four
different polytypes, designated as b-(2H), e-(2H), g-(3R), and
d-(4H) GaSe,[7] that correspond to different layer stacking and
result in different electronic and optical properties.[8] The b-
and e-polytypes have 2H stacking sequences, reflected by two
bilayer stacking periodicity and hexagonal symmetry in the
crystal unit cell.[7] As shown in the Supporting Information,
Figure S1, the b-polytype has inversion symmetry between
layers with pairs of Ga and Se atoms in one layer in direct
vertical alignment with Se and Ga atoms, respectively, in
another, so we designate it AA’-type stacking. The e-polytype
lacks an inversion center, which is called AB-type stacking.
Therefore, it is ideal to use bilayer GaSe as a model system to
study how the 2D bilayer stacking with different crystal
inversion symmetries is related to the polytype of layered
bulk crystals.

Recently, 2D GaSe crystals have been synthesized
through vapor-phase deposition or epitaxy growth.[9] Previ-
ously we synthesized large monolayer GaSe crystals through
a controllable vapor-phase deposition method.[9a] In this work,
large triangle bilayer GaSe crystals with different interlayer
rotations were grown using a modified method in which the
argon carrier gas flow rate was tuned. The atomic structures
of these bilayer crystals with different interlayer rotations
were observed, enabling us to directly relate the interlayer
rotations to stacking modes and polytypes. A first-principles
approach was used to investigate the energetics of the bilayer
stacking with rotation angle, and agreed well with the
experimental findings. Our work demonstrates valuable
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insight into the stacking modes and interlayer orientations of
few-layer 2D semiconductors, and therefore provides useful
guidance to study the electronic properties and controlled
synthesis of few-layer crystals and van der Waals (vdW)
heterostructures.

The 2D GaSe crystals were grown on a Si substrate with
a 300 nm thermally grown SiO2 layer using a process similar to
that described in our previous work.[9a] In the synthesis, the
argon carrier gas flow rate plays an important role in
controlling the thickness of the resulting crystals. To get
a high and uniform distribution of bilayer crystals, a 60 sccm
Ar flow was used (for detailed methods, see the Supporting
Information). Note that in the diffusion-limited growth
regime the flux of precursors to the substrate is determined
by diffusion through the boundary layer formed near the
substrate by this fast flow of Ar, with the flux proportional to
the square root of this flow rate.[10] This indicates that only
very small increases (ca. 10 %) in the precursor flux can result
in switching the growth mode from monolayer to bilayer,
underlining the importance of precise tuning of the carrier gas
flow for deterministic growth.

Figure 1a,b show typical optical micrograph and scanning
electron microscopy (SEM) image of the as-synthesized 2D
GaSe crystals. The crystals are all equilateral triangles and

contain both monolayer and few-layer flakes. Atomic force
microscopy (AFM) images show that most of the few-layer
crystals are bilayers (Figure 1g–i). The top layers of some
bilayer crystals have the same size and orientation as the
bottom layer (type I stacking, ca. 45 % of all the bilayers), as
shown in Figure 1 c (the flake indicated as 1) and Figure 1g
(Supporting Information, Figure S2), while others show
a shape in which the top layer has a much sharper edge
compared with the bottom layer. These bilayer crystals show
different interlayer orientations, with a distribution of about
45% for 08 stacking (type II stacking) and about 10% for 608
stacking (type III stacking), and in very rare cases, randomly
twisted stacking between 0 and 608 among all the bilayers
(type IV stacking). A special case of type III stacking is also
observed, that is, the top layer triangle is truncated when it
grew to the edges of the bottom layer (Figure 1c, the flake
indicated as 2). The distribution of each type of bilayer
crystals was calculated from typical low-magnification SEM
images (Supporting Information, Figure S2). The results
indicate that the top layer of the bilayer crystals prefer to
form with the same orientation as the bottom layer. Interest-
ingly, among the as-synthesized bilayer GaSe crystals, despite
the size or orientation of the top layers, they generally share
the same geometric center with the underlying layers. This

may be explained by defect-
mediated growth, because as
shown in Figure 1c–f, small
GaSe particles were always
observed in the center of most
of the triangles, and may assist
the growth of successive layers.
Figure 1 j shows the Raman
spectra of various bilayer GaSe
crystals and a multi-layer crystal
(ca. 20 layers). The intensity of
the Raman peaks decreases dra-
matically as the crystals are
thinned to a bilayer. The
Raman spectra of the type I, II,
and III bilayer crystals are sim-
ilar to each other, although the
A1

1g peaks (out-of-plane mode)
shift slightly to about 131 cm�1.
Such a red-shift is likely due to
the decrease in interlayer inter-
action.

The crystal structures of the
bilayer GaSe were character-
ized using both electron diffrac-
tion and bright-field imaging in
TEM and Z-contrast imaging in
aberration-corrected scanning
transmission electron microsco-
py (STEM), respectively. The
samples for TEM and STEM
characterizations were grown
directly on amorphous silicon
films (5 nm thick) supported by
a silicon TEM grid under the

Figure 1. Morphologies of 2D GaSe crystals. a,b) Optical micrograph and SEM image of triangular 2D
GaSe containing both monolayer and multi-layer crystals. c–f) Magnified SEM images featuring bilayer
crystals with typical stacking orientations. g–i) AFM images of monolayer and bilayer crystals. Insets are
line profiles in the direction of the arrows. j) Raman spectra of thick GaSe crystals (curve 1), type I
(curve 2), type II (curve 3), and type III (curve 4) bilayer crystals with 532 nm laser excitation. Note that
the spectra were offset for clarity.
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same condition as the growth on SiO2/Si wafer. Figure 2a–c
show the bright-field TEM (BF-TEM) images of individual
bilayer GaSe crystals with type I, II, and III stacking,
respectively. Note that the flake shown in Figure 2c contains
more triangular layers in the center (showing the darkest
contrast), and we only studied first two layers with type III
stacking in this case. The selected-area electron diffraction
(SAED) patterns along the [001] zone axis acquired from
both the monolayer and bilayer regions show only one set of
six-fold symmetry diffraction spots (insets of Figure 2 a–c).
For the type II and III stacking, the patterns from the bilayer
region are identical to those from the monolayer region but

with a higher intensity. The results indicate that the bilayer
GaSe crystals with type I, II, and III stacking are single
crystals with hexagonal crystal structures; in other words, the
type I, II, and III stacking modes are in a commensurate
state.[11]

We used Z-contrast STEM imaging to directly image the
stacking with atomic resolution. The type I and II bilayer
crystals exhibit close-packed atomic structures, with both
brighter (with higher intensity) and darker (with lower
intensity) positions (Figure 2 d,e), corresponding to atoms in
AB stacking as illustrated in the Supporting Information,
Figure S1b. The brighter positions, corresponding to atomic

Figure 2. Atomic resolution structures of bilayer GaSe crystals with different stacking modes. a–c) BF-TEM images of bilayer GaSe crystals with
type I, II, and III stacking modes, respectively. Insets are SAED patterns from the area indicated by solid circles. d–f) Corresponding Z-contrast
STEM images of the bilayer with the three stacking modes, respectively. Insets are magnified images and intensity profiles along the solid lines.
g) Z-contrast STEM image of monolayer GaSe. h,i) Z-contrast images showing the edges of the top layer of the type II and III bilayer crystals, as
indicated by dashed rectangles in (b) and (c). Insets are magnified images of the area contained by dashed squares. The atoms on the edge are
highlighted.
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columns, with a hexagonal symmetry and a spacing of
� 0.38 nm, in accordance with the lattice parameters of the
ab plane (0.375 nm), correspond to the sites where two Ga
(Se) atoms in one layer are stacked on the top of two Se (Ga)
atoms in another, where the coherent scattering makes the
intensity higher than the sites with only Ga or Se atoms from
one individual layer. The type III crystal shows all atoms in
a hexagonal lattice, as is characteristic of AA’-stacked bilayer
domains (Figure 2 f). Such a hexagonal ring structure is
similar to that of a monolayer GaSe crystal (Figure 2g). In
AA’-stacked bilayer GaSe, all the Ga (Se) atoms in one layer
are directly above Se (Ga) in the other, so each atom is visible,
and all have similar brightness. The distance between two in-
plane adjacent atoms is about 0.32 nm, and very close to
(
ffiffiffi

3
p

/2)a. Quantitative simulations of the Z-contrast annular
dark-filed (ADF) images and profiles are shown in the
Supporting Information, Figure S3, and closely match the
experimental ADF profiles in Figure 2. The STEM imaging as
well as quantitative simulation of the Z-contrast profiles
clearly demonstrate that the type I and II bilayer GaSe
crystals with AB stacking belong to the e-polytype, while the
type III with AA’ stacking belong to the b-polytype. In the
type III bilayer GaSe, each cation has a remote anion
neighbor in the adjacent layer and vice-versa. In the type I
and II bilayer GaSe, on the other hand, half the atoms have no
opposite neighbor. The polar bonding across the layers will
thus be strongest in the type I and II bilayers. Furthermore,
the type III bilayer crystal has an inversion symmetry
between the layers whereas the type I and II bilayer crystals
lack an inversion center. The difference in crystal symmetry in
these bilayer GaSe crystals are interesting for future studies of
their stacking-order-dependent valley magnetic and excitonic
valley pseudospin behaviors.[5, 12]

Edge structures and states in 2D materials play an
important role in magnetic, nonlinear optics, photolumines-
cence, catalysis, and electron dynamics for the quantum Hall
effect and topologic insulators.[13] Therefore, the identification
of the atomic structure of edges is an important step toward
exploring these properties in 2D crystals. The top layers in our
bilayer GaSe crystals have much sharper and straighter edges
than the bottom layers (Figure 1d,e), which makes them
suitable for imaging edge structures using atomic resolution
STEM. ADF-STEM images (Figure 2h,i) show large intensity
contrast between the monolayer and bilayer region, featuring
the edge of the top layer with type II and III stacking,
respectively. As shown in Figure 2g–i, the Se atoms are
slightly brighter than Ga atoms owing to the larger mass in
monolayer GaSe crystals; however, in bilayer GaSe crystals,
the brighter spots correspond to pairs of Ga and Se atoms that
are stacked in vertical alignment between top and bottom
layers, while the less intense spots correspond to Ga or Se
atoms that are not aligned vertically. Therefore, as shown in
the enlarged images in the insets, based on the atomic
structure of bottom layer in bilayer GaSe, we conclude that
the edges generally show Ga-terminated zigzag structures.

Compared with type I, II, and III stacking, type IV
stacking is very rare in our GaSe crystals. Figure 3a and b
show a GaSe crystal with a region containing 4 layers in the
center. A closer look at this multi-layer region shows that the

edges of the two top layers are aligned at 98. The SAED
patterns from the monolayer region and the region containing
the first three layers are identical to each other, showing only
one set of six-fold symmetry diffraction spots (Figure 3c and
d). However, in the SAED pattern from the region with four
layers, along with the spots from the first three layers, another
set of hexagonally arranged diffraction spots rotated by about
98 is observed (Figure 3e). The result indicates that the top
layer has an interlayer misorientation of about 98 with respect
to the underlying layers, corresponding to the edge alignment
shown in Figure 3 b. Such a 98 interlayer misorientation is also
reflected by the moir� pattern, which has a periodicity of
about 2.3 nm, shown in the Z-contrast image of the 4-layer
region (Figure 3 f). For visualization, the atomic model of the
two single atomic GaSe layers with a 98 misorientation is
illustrated in Figure 3 g. In contrast to type I, II, and III
stackings, type IV stacking in this crystal is in an incommen-
surate state.[14] Previous theoretical and experimental work
have already revealed that for the case of twisted bilayer
graphene, van Hove singularities, superlattice Dirac points,
Hofstadter�s butterfly, and the fractional quantum Hall effect
manifest on these kind of topological structures with moir�
patterns.[15] Therefore, the twisted bilayer GaSe crystal, as
a pseudoheterostructure, exhibiting a moir� pattern may be
potentially used in solar cells or light emitters with easily
tunable bandgap.

Figure 3. Structures of type IV stacking in a multi-layer GaSe crystal.
a) BF-TEM image of a monolayer crystal containing multi-layers in the
center. b) Magnified BF-TEM image showing the multi-layer region. c–
e) SAED patterns of the monolayer region indicated by circle 1 and the
multi-layer regions indicated by circles 2 and 3 in (b), respectively. f) Z-
contrast STEM image of the region indicated by the blue circle in (b).
The solid line indicates the periodicity length of moir� pattern (g).
Atomic model of two monolayer GaSe rotating by 98 with respect to
each other.
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Theoretical calculations were performed to understand
the origin of the interlayer rotations in the GaSe bilayers
almost exclusively either 08 or 608, and Figure 4 a and b show
two example bilayer structures, where in both cases the top
layer is pinned at the center of the bottom layer and a rotation
angle (q) is defined with respect to the bottom layer as shown
in Figure 4c. We focus on the configurations of type II (q =

08) of the e-polytype, energetically the most stable bulk phase,
which can be converted to the b-polytype (type III) upon
a q = 608 rotation. We investigated the energetics of different
interlayer stacking configurations from type II (AB) to
type III (AA’), where the top layer consists of triangular
GaSe flakes of different edge lengths of circa 1.12 nm (N = 32
atoms), 2.25 nm (N = 98 atoms), 3.37 nm (N = 200 atoms),
and the bottom layer is 7.49 nm long in each side (N = 882
atoms). Figure 4d shows the energy per atom of the top layer
with respect to the energy minimum configuration of type II.
Our calculation shows that the type II (AB) stacking config-
uration is energetically the most stable for the nano-island
configurations, which supports the experimental observation
that type II (AB) is the most commonly found stacking mode.
The results are also in agreement with previous reports that
the main polytype in bulk single crystal of GaSe is the e-
polytype. Our calculations also show that the energetic
pathways between the two stable configurations, type II
(AB) and type III (AA’), are strongly size-dependent. The
rotational energy barriers are higher as the system size
increases (Figure 4d). It should be noted that the shape of the

energy profiles is very dependent
on the atomic registry between the
two layers at each rotation angle.
A couple of flat regions in the
transition region (08< q< 608)
indicate the possibility of captur-
ing a top layer configuration that
is rotated at an arbitrary angle.
However, the calculations do not
reveal a pronounced stable inter-
mediate position, thus the chance
to stabilize such a structure is low.
This is consistent with experimen-
tal observations that interlayer
rotations of arbitrary angle (for
example, the 98 angle shown in
Figure 3g) between 0 and 608 are
very rare, and much less common
than type I, II (AB), or type III
(AA’) stacking.

In summary, triangle-on-trian-
gle bilayer 2D GaSe crystals were
synthesized and found to occur
with two energetically favored
interlayer orientations. Direct
atomic-scale characterization of
the interlayer stacking orientation
was performed using STEM from
2D bilayer crystals grown directly
on TEM grids. Theoretical calcu-
lations of the interlayer energetics

support the experimental observations that GaSe bilayers
grow predominantly in the most energetically stable sym-
metric configuration by AB stacking, corresponding to the
bulk GaSe e-polytype, but also less frequently with a meta-
stable q = 608 rotation corresponding to the bulk GaSe b-
polytype. The synergistic combination of synthesis, atomic-
scale characterization, and theory employed here for GaSe
bilayers is an approach that provides the basis to understand
how correlated electronic and optical properties emerge in
other few-layer 2D crystals and vdW heterostructures.
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