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Strong bulk-surface interaction dominated in-plane
anisotropy of electronic structure in GaTe
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Recently, intriguing physical properties have been unraveled in anisotropic layered semi-
conductors, in which the in-plane electronic band structure anisotropy often originates from the
low crystallographic symmetry and thus a thickness-independent character emerges. Here, we
apply high-resolution angle-resolved photoemission spectroscopy to directly image the in-plane
anisotropic energy bands in monoclinic gallium telluride (GaTe). Our first-principles calcula-
tions reveal the in-plane anisotropic energy band structure of GaTe measured experimentally is
dominated by a strong bulk-surface interaction rather than geometric factors, surface effect and
quantum confinement effect. Furthermore, accompanied by the thickness of GaTe increasing
from mono- to few-layers, the strong interlayer coupling of GaTe induces direct-indirect-direct
band gap transition and the in-plane anisotropy of hole effective mass is reversed. Our results
shed light on the physical origins of in-plane anisotropy of electronic structure in GaTe, pro-
viding guidance to further improving the performance of electronic and optoelectronic devices
based on the layered anisotropic semiconductors.
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as black phosphorous (BP)!%, SnSe3* and ReS,”%have

attracted considerable attentions owing to their in-plane
anisotropic physical properties which endow them with versatile
applications”8, including artificial biological synapses®, polarization-
sensitive photodetectors!® and thermoelectric devices!!. Recently,
Raman intensity!2-14, electronic transport!>!® and optoelectronic
properties!>17:18 in monoclinic GaTe, a p-type semiconductor with a
direct band gap and strong in-plane anisotropy, have been exten-
sively studied and shown great potentials for application in high-
performance anisotropic devices. Transport study demonstrates that
a GaTe floating gate memory could reach a high on/off ratio of 107
and a long retention time of 10° s by taking the advantage of the
gate-tunable strong resistance anisotropy of GaTel>.

Generally speaking, the in-plane anisotropy of electronic
structure originates from the low crystallographic symmetry. As a
result, the anisotropy of energy band dispersion will show a
thickness-independent character!®. For example, the carrier
effective masses of BP along armchair direction are smaller than
that along zigzag direction for the thickness ranging from bulk to
2D limit?’. In theoretical investigation, the band structure of
infinitely extended bulk model is sufficient to interpret the ani-
sotropy of band structure of BP obtained by angle-resolved
photoemission spectroscopy (ARPES)2, and the anisotropic car-
rier mobilities of six-layer ReS, could be understood on the basis
of those of monolayer system calculated upon the deformation
potential theory”. Previous study on GaTe shows that the highest
valence band dispersion along x direction of the infinitely
extended bulk model is much stronger than that obtained by
ARPES, whereas a good agreement between theory and experi-
ment is found for that along y direction?!. Unlike BP, recent
experimental study demonstrates the optical extinction ratio of
GaTe is changed from ~1.3 to ~1.0 as the thickness increases!2,
which indicates a quasi-isotropy of optical extinction in thicker
GaTe flake. These anomalies suggest that the thickness has pro-
found influence on the in-plane anisotropic electronic structure of
GaTe. To date, there is, however, a lack of deep understanding on
the physical origin of in-plane anisotropy of electronic band
structure of GaTe.

In this work, we study the in-plane anisotropic electronic
structure of GaTe with thickness altering from bulk to monolayer.
The ARPES results show that the valence band maximum (VBM)
of bulk GaTe is located at I point, and the hole effective mass along
I'-X direction is about 3.5 times larger than that along the I'-Y
direction. The energy band dispersion of the system is considerably
weak for k, direction. The density functional theory (DFT) calcu-
lations reveal that the in-plane anisotropy of energy bands obtained
by ARPES doesn’t originate from the low crystalline symmetry.
Further analysis indicates a strong bulk-surface interaction plays
the primary role in determining the observed in-plane band
structure anisotropy. In addition, an intriguing direct-indirect-
direct band gap transition is predicted from monolayer to few-layer
GaTe due to strong interlayer coupling. Our findings thus
demonstrate a distinct physical phenomenon, where the in-plane
electronic anisotropy of a layered material is dominated by bulk-
surface interaction, rather than by the crystallographic symmetry.
Results of this work provide both experimental and theoretical
evidences to unravel the mechanism behind the in-plane aniso-
tropy in 2D GaTe layers, and pave the way to the design of devices
making use of anisotropic layered semiconductors for future nano-
electronic and optoelectronic applications.

Two—dimensional (2D) anisotropic layered materials, such

Results and discussion
Geometric and electronic structure of GaTe. Bulk GaTe is a
monoclinic p-type semiconductor with the C2/m space group and

possesses two kinds of Ga-Ga bonds with different orientations,
one of which lies almost within the layer plane and the other is
oriented in the out-of-plane direction. The primitive cell of bulk
GaTe is shown in Fig. la. The cleavage plane of bulk GaTe cor-
responds to the (1 1 1) plane, thus the surface Brillouin zone (BZ)
is obtained by projecting the first BZ of bulk onto the (1 1 1)
plane of the reciprocal space as demonstrated in Fig. 1b. After the
formation of surface, the I' and Z points in bulk BZ fold to the T
point and the in-plane high-symmetry H-Z-L path of the bulk
projects onto the Y-I-X path of the surface. The GaTe band
structure revealed by ARPES using He I a line is shown in Fig. 1c.
The VBM is located at T point, and the dispersion of highest
valence band along the T-Y direction is stronger than that along
the T-X. The hole effective mass along x direction is about 3.5
times larger than that along y direction (Supplementary Fig. 1a).
Meanwhile, the anisotropic valence bands can also be visualized
by the constant energy surfaces (Fig. 1d). They exhibit two-fold
in-plane symmetry from VBM to a binding energy of —0.5eV.
The valence band spectral intensity along T-X direction is elon-
gated, which implies a stronger dispersion of the highest valence
band along y direction than that along x direction. The constant
energy surface reveals a four-fold in-plane symmetry at a binding
energy of —1.4eV.

The origin of in-plane anisotropy of band structure in GaTe. In
order to assess whether the observed anisotropy of energy band
structure of GaTe originates from the low crystallographic sym-
metry, the band structure of monolayer (1 ML) GaTe is calculated
by using PBE functional with the inclusion of spin-orbit coupling
(SOC) effect. As shown in Fig. 2a, the direct band gap is located at
X point, and the highest valence band dispersion along x direc-
tion is stronger than that along y direction. These results are
inconsistent with our experimental observation, indicating that
the in-plane anisotropy of energy band structure of GaTe
obtained by ARPES doesn’t originate from the low crystal-
lographic symmetry. Moreover, a higher specific surface area is
expected in 1 ML GaTe as compared to its bulk counterpart and
the surface effect dominates the electronic structure of the system.
These results imply that the bulk effect plays an important role in
the observed in-plane anisotropy of band structure of GaTe.

Therefore, the band structure of infinitely extended bulk GaTe
is calculated. The geometric structure of bulk primitive cell is fully
optimized by the optB88-vdW functional. The lattice parameters
of GaTe bulk unit cell predicted by optB88-vdW functional are
approximately 1.2-2.0% larger than those obtained in the
experiment!4, and better than those calculated by PBE functional
(Supplementary Table 1). Figure 2b shows that the band structure
of bulk model possesses a direct band gap at Z point. This agrees
with previous theoretical results!?2!. Like 1 ML system, the hole
effective mass along x direction is smaller than that along y
direction for the bulk model, which doesn’t agree with our
experimental result (Fig. 2c and Supplementary Fig. 1b, c). This
suggests neither bulk nor surface effect could solely determine the
observed in-plane anisotropy of energy bands of GaTe. Both the
bulk and surface effect thus should be included in the theoretical
model in order to interpret experiment.

We next perform the band structure calculation of a slab
configuration with thickness of 7 ML GaTe. This configuration is
built on the basis of bulk unit cell relaxed by optB88-vdW
functional (Supplementary Fig. 2), in which the middle five layers
are fixed as bulk region while the top and bottom mono-layer are
regarded as surface region, respectively. The positions of surface
atoms are also optimized by the optB88-vdW functional. As shown
in Fig. 2d, the PBE + SOC method predicts that the VBM of GaTe
slab model is located at T point, and the highest valence band

2 COMMUNICATIONS PHYSICS| (2022)5:143 | https://doi.org/10.1038/s42005-022-00923-1| www.nature.com/commsphys


www.nature.com/commsphys

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-022-00923-1

ARTICLE

E-Ef(eV)

0.000.25
ke (17A)

04 00 04
k, (1/A)

-04 00 04 -04 00 04

k, (1/A)

-04 0.0 04
ky (1/A)

04 00 04
k, (1/A)

Fig. 1 Geometric and electronic structure of GaTe. a Crystal structure of bulk GaTe. The directions of the lattice vectors are indicated by (g, b, ¢). b First
Brillouin zone (BZ) of bulk and surface GaTe. The high-symmetry points of bulk and surface BZ are marked by orange and red dots, respectively. The high
symmetry path in the bulk BZ is plotted by orange dash line. ¢ Valence bands near Fermi level along I-Y and T-X directions for GaTe obtained by angle-
resolved photoemission spectroscopy (ARPES) using He | « line. The color bar represents the ARPES intensity. d Constant energy surfaces from valence

band maximum to a binding energy of —1.4eV.

dispersion along I-Y direction is stronger than that along I-X
direction. The hole effective mass along x direction is about 2.3
times larger than that along y (Fig. 2c and Supplementary Fig. 1d).
These represent the anisotropic band structure of 7 ML slab model
agrees well with our experimental result. Despite the agreement of
calculation with experiment, the 7 ML slab model is not thick
enough to eliminate the quantum confinement effect on the
anisotropic band structure of GaTe. We then calculate the band
structures for GaTe with thickness of 8, 9, 13, 16, 20, 25 and 30 ML.
The geometric structures of all multilayer systems are fully relaxed
by optB88-vdW functional. The Supplementary Fig. 3a shows the
values of in-plane lattice constant and the band gap of the
multilayer GaTe gradually converge and are close to those of bulk
model as the thickness increases to 30 ML GaTe. The anisotropy of
hole effective mass of 8 ML GaTe is consistent with that of 30 ML
GaTe (Supplementary Fig. 3b and Supplementary Fig. 4), which
indicates the quantum confinement effect doesn’t play a primarily
role in the in-plane anisotropy of band structure of GaTe.

Moreover, Supplementary Fig. 5 shows that the ARPES
intensities around Fermi level (Eg) as a function of the momentum
k, as well as the probing photon energy are rather slender (i..
along the k, direction). From these spectra, photon energies 20 eV
and 30eV seem to be corresponding to high-symmetry points,
while an inner potential V of 16.4 eV has been obtained which
qualitatively agrees with the earlier experiments?!. In contrast to
the bulk model calculations where the band structures at I' and Z
points have obvious differences, the VBM at the aforementioned
two different high-symmetry points are quite close and their
dispersions are similar as shown in Supplementary Fig. 6. These
results suggest that the k, dispersion is considerably weak and GaTe
doesn’t possess obvious surface states, which also agrees with early
reported results?!,

Furthermore, our band structure calculation for 7 ML slab
model shows that the highest valence band is dominated by the p,
orbitals from bulk region (Fig. 2e, f). Here, we also performed the
polarization-dependent ARPES measurements. The scheme of
our polarization-dependent measurements is shown in Fig. 2g.
According to the selection rule, the s(LV) polarization is sensitive
to probe the p, orbitals, while for the p(LH) polarization, the
transition matrix element is nonzero only for photoemission
originating from py and p, orbital. Here, as we can see in Fig. 2h,
for the highest valence band, the result of p(LH) polarization
yields stronger spectral weight than that of s(LV) polarization,
moreover, the valence bands between —1.5 and —2.0 eV below Eg
that also dominated by the p, orbital is significantly more
distinguishable when probing with p(LH)-polarization. As for
valence bands surrounding the T point while locate at —1.0 eV
and higher binding energies are dominated by p, and p, orbitals,
these band features are both pronounced under different
polarizations. The distinguishing spectral weight distributions
between the two measurements illustrate that the highest valence
band hosts a predominantly different orbital makeup compared
to band structures reside at binding energies higher than —1.0 eV.

In the discussion above, we find that the experimentally
measured in-plane anisotropy of energy bands in GaTe doesn’t
originate from the low crystallographic symmetry and the quantum
confinement effect, and could not be reproduced by the system
solely involving the surface or bulk effect. Only by considering both
the bulk and surface effect does the calculated anisotropic band
structure of GaTe agree with the experimental observations. Hence,
there exists a strong bulk-surface interaction which dominates the
in-plane electronic structure anisotropy in GaTe. The influence of
bulk on the surface is attributed to the interlayer coupling. To verify
this, we perform band structure calculation for the 7 ML GaTe slab
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Fig. 2 Comparison between anisotropic band structures for experiment and theoretical models. a, b Band structures of monolayer (1 ML) and bulk GaTe
calculated by the PBE+SOC method. ¢ Hole effective masses for x and y direction for bulk, 1ML and 7 ML slab configuration calculated by PBE+SOC

method compared with experimental results in units of free electron mass mq. d Band structure of 7 ML GaTe slab configuration. e Spatial-resolved band
structure of 7 ML GaTe slab configuration. f Orbital-projected band structure of 7 ML GaTe slab configuration. g Scheme of polarization-dependent angle-
resolved photoemission spectroscopy (ARPES) measurement. h ARPES spectra of GaTe obtained by using p(LH)- and s(LV)- polarized light of 21.2 eV.
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model with weakened interlayer coupling, in which the interlayer
distances of the bulk region are 0.5 A larger than the equilibrated
ones. As shown in Supplementary Fig. 7a, the band structure of the
system exhibits an indirect band gap. The VBM of the system is
located at the point closed to X and contributed by both the p, and
Pxy orbitals (Supplementary Fig. 7b), instead of p, orbitals
predominantly. This feature is approximate to that of 1 ML GaTe,
in which the VBM is dominated by the p,, orbitals (Supplementary
Fig. 7¢). These results indicate that the interlayer coupling will
reduce the surface effect in the multilayer GaTe, which is naturally
included in the bulk system. However, the significant influence of
the surface effect on the in-plane band structure anisotropy of
GaTe remains even though the number of layers reaches 30 ML. As
shown in Supplementary Fig. 3b, with the number of layers
increasing to 30 ML, the hole effective mass along y direction
gradually converges to that of bulk model, and a large difference
between 30 ML and bulk GaTe could be found for x direction. As a
result, 30 ML GaTe has an opposite in-plane anisotropy compared
with that of the bulk model. This means that once the periodicity
perpendicular to the cleavage plane of bulk GaTe breaks down, the
highest valence band dispersion along x direction becomes much
weaker than that along y direction. Therefore, the bulk-surface
interaction originates from the interlayer coupling and out-of-
plane periodicity breaking in GaTe.

Band structure evolution from monolayer to few-layer GaTe.
The difference between the positions of VBM in 1 ML and 7 ML
GaTe suggests a band structure evolution from monolayer to few-
layer GaTe. To verify this, we provide theoretical calculations for
the electronic structures of GaTe in dependence on the number of
layers from 1 to 9. The geometric structures of all the systems are
fully optimized using optB88-vdW functional. Supplementary
Table 2 summarizes the structural parameters of few-layer GaTe.
The in-plane lattice parameter of the system is non-
monotonically increasing with thickness. The values of inter-
layer distances are in the range from 2.01 to 2.16 A, which are
much smaller than those in BP?0. The charge density difference
between 6 ML and 1 ML GaTe shows electron accumulation in
the interlayer region of GaTe, indicating strong interlayer cou-
pling in GaTe (Supplementary Fig. 8). As shown in Fig. 3a-i, the
band structures calculated by PBE + SOC method for few-layer
GaTe suggest the system experiences a direct-indirect-direct band
gap transition with the thickness increasing from 1 to 5 ML.
We further analyze the orbital-projected band structures of
GaTe for the number of layers from 1 to 6. As shown in
Supplementary Fig. 9a, both the CBM and VBM of 1 ML GaTe
situated at T are derived from the delocalized out-of-plane p,
orbitals. When two monolayers are stacked to form 2 ML GaTe,
the VBM of T point is lifted in energy relative to that of X, and the
positions of CBM and VBM shift from X to the points close to T
and X, respectively, as a result of strong interlayer coupling. This
induces a direct-to-indirect band gap transition. The 2, 3 and
4 ML GaTe are indirect band gap semiconductors, in which the
VBM and CBM are composed of p,, and p, orbitals (Supple-
mentary Fig. 9b-d). When the number of layers reaches 5, the
VBM and CBM shift to T point and are dominated by the p,
orbitals (Supplementary Fig. 9e), leading to an indirect-to-direct
band gap transition. As shown in Fig. 3j as well as in
Supplementary Fig. 1b and Supplementary Figs. 10, 11, the in-
plane anisotropy of hole effective masses is reversed with the
number of layers, and the ratio between hole effective masses
along x and y directions reaches minimum and maximum value
in 3ML and 5ML GaTe, respectively. In contrast to the layer-
dependent anisotropy of hole effective mass, the anisotropy of
electron effective masses shows layer-independent feature.

Moreover, we conduct angle-resolved polarized Raman measure-
ment for GaTe thin films with thickness of 3.53, 4.87 and 6.47 nm
encapsulated by hexagonal boron nitride (h-BN). The optical
microscopy images, Raman maps and atomic force microscope
(AFM) height profiles of GaTe thin films are shown in
Supplementary Fig. 12. The polarized Raman spectra exhibit
strong in-plane anisotropy of the Raman intensity which is
consistent with that of bulk GaTe (Supplementary Figs. 13, 14).
This indicates that the GaTe thin flake may be very sensitive to
ambient conditions, though a monoclinic to hexagonal phase
transition with the decreasing of the GaTe layer thickness has
been reported before!422, Our results demonstrate that the GaTe
monoclinic phase is robust for the flake thickness down to
3.5nm, and the anisotropic band structure evolution with
thickness for GaTe is potentially feasible.

Previous studies show the quantum confinement effect plays an
important role in the band gap evolution of layered materials?3-24,
We thus use the empirical equation E = A/N* + Ey,,, where E is
the band gap of multilayer GaTe, N is the number of layers and
Epu is the band gap of bulk GaTe, to evaluate the influence of
quantum confinement effect on evolution of band gap for GaTe.
The fitted parameters A, a and E, . are 0.70 eV, 0.79 and 0.68 eV,
respectively. As shown in Fig. 3k, the band gap of GaTe decreases
as the thickness increases, following the 1/N%7? power law. The
fitting exponent is smaller than the values of the infinite potential
well model and BP23, which suggests both quantum confinement
and strong interlayer coupling control the band gap evolution
of GaTe.

Conclusions

In conclusion, the in-plane anisotropic energy band structures of
GaTe are systematically investigated both in experiment and
theory. A two-fold symmetry valence band dispersion near VBM
is found, where the hole effective mass along y direction is smaller
than that along x direction. The observed in-plane anisotropy of
energy bands in GaTe is the result of strong bulk-surface inter-
action rather than the reduced crystallographic symmetry, surface
effect and quantum confinement effect. The energy band dis-
persion along k, direction is considerably weak in the system. As
the thickness increases from monolayer to few-layer, the band
structure of the system experiences a direct-indirect-direct band
gap transition due to strong interlayer coupling and in turn the
anisotropy of hole effective mass will be reversed. Our findings
provide guidance to understanding the underlying mechanism of
anisotropic electronic transport in GaTe and further improving
the performance of electronic and optoelectronic devices based on
the layered anisotropic semiconductors.

Methods

Preparation of GaTe bulk crystals. Single crystals of GaTe used in this work were
prepared via the self-flux method. We first mixed raw material with the stoichio-
metric ratio of Ga (purity 99.999%): Te (purity 99.9%) of 48.67:51.33 (%wt/wt), and
kept the mixture at 880 °C for about 5h. The mixture was then cooled down to
room temperature at a rate of 1.5 °C per hour.

Angle-resolved photoemission spectroscopy. ARPES measurements were per-
formed at BL13U beamline of National Synchrotron Radiation Laboratory (NSRL),
and Vacuum Interconnected Nanotech Workstation (NANO-X), both using Sci-
entaOmicron DA30L electron spectrometers. All samples were cleaved in situ and
measured at 80-120 K under vacuum conditions not more than 1 x 10710 mbar.
The angular resolution of the spectrometers was 0.3 degrees, and the combined
instrumental energy resolution was better than 25 meV.

Angle-resolved polarized Raman measurements. The h-BN-encapsulated GaTe
thin films were fabricated in an mBraununiverse glove box. The thickness and
morphology of GaTe thin film were obtained by a Bruker Dimension Icon AFM.
Raman measurements were performed by a commercial confocal Raman spec-
trometer (Witec Alpha 300 R).
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effective masses along the x and y directions (m, and m,) in units of free electron mass mg, and the ratio between m, and m, with number of layers. k Band
gap evolution as function of number of layers for GaTe. These results are calculated by the PBE+SOC method.

First-principles calculations. The density functional theory calculations were
performed within the projector augmented-wave method?>?% implemented by
using Vienna ab initio simulation package?”-28, with a kinetic energy cutoff of
500 eV for plane-wave basis set. The generalized gradient approximation in the
Perdew-Burke-Ernzerhof (PBE) implementation? was chosen as the exchange
correlation functional, respectively. To capture the interlayer spacing of GaTe, the

optB883%3! van der Waals density functional was used in optimizing the system
geometry. The spin-orbit coupling (SOC) effect is known to be proportional to Z*
(Z is a nucleus charge) and plays an important role in the heavy element layered
system32. Therefore, the SOC effect has been included in the band structure cal-
culation. The Brillouin zone was sampled with T-centered Monkhorst-pack grid33
of 8 x 8 x 8 and 4 x 16 x 8 for the bulk primitive and unit cell, and 8 x 8 x 1 for the
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surface system. A large vacuum space of at least 13 A was used in multilayers and
slab configuration of GaTe. The atomic coordinates of bulk and surface were
optimized until the maximum force of all atoms was less than 0.01 eV/A.

Data availability
The data that support the findings of this study are available from the corresponding
author on a reasonable request.

Received: 4 May 2021; Accepted: 16 May 2022;
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