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ABSTRACT: Alloying two-dimensional (2D) semiconductors provides a
powerful method to tune their physical properties, especially those relevant to
optoelectronic applications. However, as the crystal structure becomes more
complex, it becomes increasingly difficult to accurately correlate response
characteristics to detailed atomic structure. We investigate, via annular dark-field
scanning transmission electron microscopy, electron energy loss spectroscopy,
and second harmonic generation, the layered III-VI alloy GaSe,sTe,s as a
function of layer number. The local atomic structure and stacking sequence for
different layers is explicitly determined. We complement the measurements with =
first-principles calculations of the total energy and electronic band structure of
GaSe(sTeys for different crystal structures and layer number. The electronic
band gap as well as the 7 and 7 + ¢ plasmons are found to be sensitive to layer

number.
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mong different two-dimensional (2D) material sys-

tems,'® 2D semiconductor alloys’™"' are highly
adaptable systems where physical properties can be controlled
not only by carrier doping, thickness, and strain but
additionally by overall composition and structural phase
tuning. Alloying and doping strategies have been developed
for band-structure engineering of transition-metal dichalcoge-
nides (TMDs) such as MoS,(,_,)Se,,'”"” and
Mo,_W,S,.""""'* However, more complex alloy systems,
where the constituent compounds have dissimilar structural
phases, could be even more versatile due to potential structural
phase engineering.

MixV! layered compounds (M = Ga, In; X = S, Se, Te)
represent an important group of 2D compounds owing to their
unique physical properties such as high carrier mobility, p-type
behavior, and direct band gap for a variety of thicknesses. '
Among them, bulk GaSe has a hexagonal crystal structure with
a band gap of 2.1 eV,"” whereas GaTe has a monoclinic
structure with a band gap of 1.65 eV.'® Fonseca et al.
demonstrated the phase engineering of GaSe,Te,_, alloys by
showing that both hexagonal and monoclinic structures can be
grown exclusively by controlling the composition.'” Tt was
found that the monoclinic structure is the stable structure
when x < 0.28, while the hexagonal structure is the stable

-4 ACS Publications  © 2019 American Chemical Society

1782

phase when x > 0.32, and for x = 0.28—0.32 both phases
coexist. Among different compositions of M™X"! layered
alloys, GaSeysTeys and GaS,sTeys have intriguing potential
for diverse applications, from photodetectors™® to water-
splitting catalysts.”"

Although alloying can provide additional tunability of
material properties, possible phase segregation in alloys due
to immiscibility of constituent elements can hinder optimiza-
tion. Determining the precise atomic arrangement of multi-
species alloys is therefore of critical importance. However, as
the number of atomic planes and atomic species in an alloy
increases, it becomes increasingly challenging to determine the
atomic structure and accurately correlate response character-
istics to detailed atomic structure. Monolayer and bilayers of
GaSe(Te,s alloys consist of 4 and 8 atomic-planes,
respectively, in contrast to the relatively simple structures of
graphene and h-BN (1 atomic-plane/monolayer) or even
TMDs (3 atomic-planes/monolayer).

Here, we examine, experimentally and theoretically, the
atomic-scale crystal structure and electronic band structure of
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Figure 1. (a—d) Atomic-resolution ADF-STEM image of a monolayer GaSey;Te,s crystal and intensity line profiles for metal and chalcogen
atomic columns along armchair and zigzag directions indicated by yellow arrows. (e) Side-view and top-view atomic models of four different
possible geometries for the GaSe; sTe, s monolayer and the corresponding simulated ADF-STEM image for each configuration. The DFT-PBE total
energy of each configuration is taken relative to the lowest-energy structure. (f) The DFT-PBE Kohn—Sham band structure of the shifted-stripes
GaSe;Te,s monolayer compared to that of the pure GaSe and GaTe monolayers.

GaSe(sTey; for different layer numbers. We employ annular
dark-field scanning transmission electron microscopy (ADF-
STEM) imaging and second harmonic generation (SHG).
Owing to the Z-contrast mechanism in the ADF-STEM
images, we directly map the position and chemical nature of
different atomic species in a crystal and construct its atomic
registry and stacking sequence. Using microscopic SHG
measurements, we gain insight into the stacking of multilayer
GaSe(sTeys with different crystal symmetry. In addition, we
use low-loss electron energy loss spectroscopy (EELS) to
probe changes in band gap and plasmons energy as a function
of layer number. We complement our experiments with density
functional theory (DFT) calculations that help to identify the
stable crystal structure and corresponding electronic band
structure.

Bulk GaSeysTeys crystals are mechanically exfoliated and
transferred onto TEM grids (see Methods in the Supporting
Information). We use Z-contrast imaging in an aberration-
corrected STEM to construct the atomic structure of the
GaSe(;Teys ternary alloy to explore its compositional
homogeneity. We investigate the atomic registries of
monolayer, bilayer, and trilayer GaSe;;Te,s and extract the
corresponding atomic-scale crystal structure by comparing
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atomic column intensity ratios in the ADF-STEM images
combined with image simulations, DFT calculations, and SHG
measurements.

Figure la shows an atomic-resolution ADF-STEM image of
a monolayer GaSesTe; s crystal next to a bilayer region. The
monolayer shows a hexagonal structure with two distinct lattice
sites with different intensities, i.e., brighter and dimmer spots
(Figure 1a, b). Through analysis of the projected pattern, we
find no phase segregation in the crystal, and the majority of
chalcogen lattice sites show uniform intensities. For instance,
the chalcogen atomic columns marked in Figure lc have
similar intensities, suggesting the presence of one Se and one
Te in the chalcogen sites. Therefore, the brighter and dimmer
spots in the ADF-STEM image correspond to the atomic
columns with Se/Te atoms and 2Ga atoms, respectively
(Figure 1b). A small number of chalcogen sites display ADF-
STEM intensity higher or lower than the norm (Figure 1d),
which suggests 2Se or 2Te instead of 1Se + 1Te. This is likely
due to local fluctuations in the available chalcogen species
during the growth.

To identify the distribution of the atoms within the
monolayer GaSe,;Te;s, we compare four different possible
geometries, as shown in Figure le. In the segregated structure

DOI: 10.1021/acs.nanolett.8b04802
Nano Lett. 2019, 19, 1782—-1787


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04802/suppl_file/nl8b04802_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b04802/suppl_file/nl8b04802_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b04802

Nano Letters

eoooo
‘k:{ ovvoooe

o AB1

AB1-3L

AB2-3L

Figure 2. (a) ADF-STEM image of a bilayer GaSe,sTe, ; revealing its close-packed atomic structure with AB stacking and (b) the same data as in
(a) with a line profile along the armchair direction (marked by yellow box), demonstrating three major distinct intensities for the atomic columns
in the image. (c) Side-view and top-view schematics of five possible stacking geometries for the shifted-stripes bilayer and the corresponding
simulated ADT-STEM images. (d) ADF-STEM image of a trilayer GaSe,sTeys and (e) the same data as in (d) with a line profile along the
direction marked by yellow box, showing fairly uniform intensity for the atomic columns in the image. (f) Simulated ADF-STEM images of the

trilayer GaSeysTe,s with AB1 (left) and AB2 (right) stacking.

(top left), the two chalcogen species (Se and Te) reside on
opposite sides of the monolayer, and the unit cell contains a
single unit formula of GaSeysTeys. In the stripes (lower left)
and shifted-stripes (upper right) configurations, the chalcogens
form chains of alternating species, and the unit cell contains
two unit formula. In the stripes geometry, each chalcogen is
facing the same species on the opposite side of the layer, while
in the shifted-stripes geometry, they face a different species. In
the double-stripes configuration (lower right), the chains of
chalcogen species are doubled, and the unit cell contains four
unit formula. By comparing the experimental ADF-STEM data
to image simulations, we find that the monolayer GaSejTe
imaged in this work has either the segregated or shifted-stripes
configuration, where the chalcogen lattice sites display a
uniform intensity.

We perform DFT total energy calculations, using the PBE
functional with van der Waals corrections’” to help understand
which atomic structure of monolayer GaSeysTe;s is most
likely”® (see Methods in the Supporting Information). The
shifted-stripes, stripes, double-stripes, and segregated config-
urations have a total energy of 0, 4.3, 14.7, and 32.2 meV/
atom, respectively. Hence, the shifted-stripes configuration has
the lowest energy and is our preferred model. By adopting this
model, we conclude that every gallium atom prefers to be
coordinated with different chalcogen species (2Se + 1Te or
1Se + 2Te), and every chalcogen prefers to be facing a different
chalcogen species.

Figure 1f shows the Kohn—Sham band structure of the
shifted-stripes GaSe( sTe, s monolayer, compared to that of the
pure GaSe and GaTe monolayers. The Kohn—Sham band
structures are computed at the DFT-PBE level, which
underestimates the band gap by about 50% compared to
previous GW calculations on these materials;”* however, they
provide accurate trends in comparing the salient features of the
bands for the different atomic structures. For the pure GaSe
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and GaTe systems, the last (doubly degenerate) occupied
band, which has p,-like character, features a caldera shape near
I', and the band reaches its maximum along the '—A (or
I'-K) direction. For GaSe,:Te,s, however, the second and
third last (doubly degenerate) occupied bands, which have p,-
and p,-like characters, pierce through the p_-like valence band
and become the highest occupied bands at I', giving the system
a direct band gap. This behavior results from the breaking of
the in-plane mirror symmetries in the shifted-stripes
monolayer, allowing the valence bands to hybridize.

We turn now to bilayer GaSe,sTeys. Figure 2a shows a Z-
contrast ADF-STEM image of bilayer GaSe;;Teys, which
suggests a close-packed atomic structure with AB stacking. The
selected intensity line-scan outlined in Figure 2b shows three
distinct intensities for the atomic columns, representing 2Ga +
1Se + 1Te (the highest intensity), 1Se + 1Te (the second
highest intensity), and 2Ga (the weakest intensity). Since
bilayer GaSejTey consists of 8 atomic planes and 3 atomic
species, interpretation of the ADF-STEM image of Figure 2a is
nontrivial. To aid in identification of the stacking sequence, we
simulate ADF-STEM images of five possible stacking geo-
metries for the shifted-stripes bilayer (Figure 2c), two
configurations for AA stacking and three for AB stacking.
The simulation for AB1 stacked bilayer GaSe,sTe, gives the
best fit to the ADF-STEM data. We perform complementary
DFT-PBE total energy calculations and determine the binding
energy for the same five bilayer configurations presented
above, with respect to two independent monolayers. The
results are —55.9, —55.4, —55.0, —45.5, and —45.5 meV/atom
for AB1, AA2, AB2, AA1, and AB3 configurations, respectively.
The least stable geometries (AAl and AB3) are the ones in
which the chalcogens lie on top of one another. The other
three geometries have similar binding energies and the ABI
stacking is the most stable one for bilayer GaSe;sTeys, in
agreement with our experimental ADF-STEM data. We also
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Figure 3. (a) Second harmonic generation from GaSe, s Te, s crystals with different layer numbers, showing monotonically increasing SHG signal in
4—7 layer flakes. The inset demonstrates the integrated SHG counts for the flakes with different layer number. (b, c) The polarization-angle-
dependent SHG intensity of monolayer and four-layer GaSe,sTe, crystals exhibiting a 6-fold rotational symmetry.
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Figure 4. (a) Low-loss EELS spectra of 2L, 3L, and 8L samples. The inset shows a red shift in the onset of the EELS spectra as the layer number
increases. (b) Evolution of the DFT-PBE Kohn—Sham band structure of GaSeysTe, as the layer number increased from 1 to 4.

probed atomic structure of trilayer GaSejsTe s to further help
confirming the stacking of few-layer crystals (Figure 2d—e).
Comparison of the experimental ADF-STEM image of trilayer
GaSejsTeys with the simulated images for the AB1 and AB2
stacking (Figure 2f) reveals that the ABI-stacked trilayer best
resembles the observed atomic structure and agrees with our
observation for the bilayer crystals.

Further insight into the stacking of multilayer GaSe,sTe
can be gained from microscopic SHG measurements. While
noncentrosymmetric AB1 stacking in GaSe,sTeys should
result in a SHG signal for any layer number, centrosymmetric
AB2 stacking restores the inversion symmetry of the crystal
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and should show negligible SHG intensity of even layers. A
femtosecond laser at 800 nm is used to nonresonantly excite
GaSeysTeys flakes of 1—7 layers (see Figure S1 in the
Supporting Information for the optical images of the flakes
with different layer numbers). We observe SHG signal in all
flakes, including those with an even number of layers. Figure 3a
shows monotonically increasing SHG signal in 4—7 layer
flakes. This is consistent with noncentrosymmetric ABI
stacking in GaSeysTeys. Strong SHG is also seen in thinner
(1-3) layers, but the absolute counts are not reliable due to
thin sample degradation over time. Furthermore, we probe the
structural symmetry of the lattice using polarization-dependent
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SHG measurements. We excite the sample with linearly
polarized 800 nm light and detect the SHG intensity parallel to
the excitation field. Both monolayer and four-layer SHG
intensity display a 6-fold rotational symmetry as the polar-
ization angle is varied, which is expected for a hexagonal
crystal, in agreement with our ADF-STEM observations
(Figure 3b, ¢).”’

Due to low absorption of ultrathin GaSe, GaTe, and
GaSesTe, s crystals, there is some uncertainty in the band gap
for these materials as a function of composition and
thickness.”® In agreement with previous studies,”””’ we are
unable to observe a photoluminescence (PL) peak in
monolayer, bilayer, or few-layer GaSe s Te, s crystals. However,
we do observe a PL peak at 1.76 eV for thick crystals (see
Figure S2 in the Supporting Information), which is
intermediate to the optical band-gaps reported for bulk
GaSe'” and GaTe."® To further probe the electronic structure
in ultrathin crystals of GaSe,sTe, s, we perform low-loss EELS
measurements. Figure 4a shows low-loss EELS spectra of
bilayer (2L), trilayer (3L), and eight-layer (8L) crystals (see
Figure S3 in the Supporting Information for the low-
magnification ADF-STEM images of the 2L, 3L, and 8L
flakes). The EELS spectra contain two main peaks at ~5.5—6.6
eV and ~15.8—16 eV, referred to as 7 and 7 + ¢ plasmons. A
red shift is observed for the & plasmon peak with increasing
layer number. The 7 + ¢ plasmon peak also slightly red shifts,
while the peak intensity significantly increases for thicker
samples. This observation of change in the plasmon peak
energy and intensity in the EELS spectrum is analogous to
what have been experimentally observed in TMDs™ and
graphene”” and theoretically calculated for GaSe™ and
TMDs.*' It has been attributed to the increased number of
atoms and consequently number of bands, smaller volume per
unit cell, and larger electron screening in thick samples (i.e.,
bulk) compared to monolayers.’' In addition, we find that the
onset of the EELS spectra red shift as the layer number
increases, suggesting a decrease in the band gap from ~2.5 to
~2.2 eV. We also perform DFT calculations to study the
evolution of the band structure as the number of GaSe Te
layers increased from 1 to 4 (Figure 4b). The last valence band
is duplicated and recovers the caldera shape for 2 or more
layers. As the layer number is increased, the depth of the
caldera decreases, and the system evolves toward a direct band
gap. At the same time, the band gap is reduced, in agreement
with our experimental observation, thus enhancing the
screening capabilities of the system.

In summary, we studied the GaSeysTe,s alloy and
determined its detailed atomic structure using atomic-
resolution ADF-STEM imaging, image simulations, SHG
measurements, and DFT calculations. We found multilayer
GaSe(sTeys crystals have a noncentrosymmetric AB stacking
sequence. The EELS spectra show a steady decrease of the
band gap with increasing numbers of layers, which is
corroborated by DFT calculations. In addition, we identified
that the energy of the 7 plasmon peak as well as the intensity of
the 7 + o plasmon peak are largely affected by the layer
number.
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