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Abstract: In this work, we performed a theoretical study on the electronic properties of monolayer
GaSe;_, Tey alloys using the first-principles calculations. The substitution of Se by Te results in
the modification of a geometric structure, charge redistribution, and bandgap variation. These
remarkable effects originate from the complex orbital hybridizations. We demonstrate that the energy
bands, the spatial charge density, and the projected density of states (PDOS) of this alloy are strongly
dependent on the substituted Te concentration.
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1. Introduction

Two-dimensional (2D) monolayer graphene, with fascinating chemical and physical
properties, has been extensively studied both by theoretical and experimental investiga-
tions [1-3]. However, being a gapless semi-metal, pristine graphene cannot be used for
nano-electronic applications. This motivated several researchers to evaluate graphene
derivatives, such as graphane [4], fluoro-graphene [5], metal dichalcogenides [6], oxides [7],
and so on. Group III metal chalcogenides (namely MX, where M: group III element and X: S,
Se, and Te) are representative 2D intrinsic semiconducting materials. The MX systems share
many excellent properties of graphene, but also possess intrinsic energy gaps, and their
outstanding performance in electronics and optoelectronics are well documented [8-11].
For example, InSe-based field-effect transistors exhibit ultrahigh carrier mobilities [12,13],
surpassing all other semiconductor-based electronics with the same device configuration.
Further, GaSe-based photodetectors display excellent optical properties, such as a fast
response of 0.02 s, high responsivity of 2.8 AW~!, and high external quantum efficiency
of 1367% at 254 nm [14]. Further, GaTe is considered as a promising material for ther-
moelectric devices [15], photocatalysts [16], and radiation detectors [17]. Importantly,
the electron/hole density and size of the energy gap of the MX systems can be adjusted by
changing the compound composition. The carrier density and band-gap engineering of
these systems is crucial for obtaining a superior photoelectric power.

To date, alloying has remained one of the best approaches for the band-gap engi-
neering of 2D semiconductors [18-20]. The introduction of guest atoms into a typical
semiconductor can change the periodic potential and electron-ion interactions, and thus fa-
cilitate band-gap tuning. For producing such alloys, a few modern growth techniques, such
as the molecular beam epitaxial (MBE) [21,22] and physical vapor transport (PVT) [23,24],
have been employed. In particular, the PVT method enables the synthesis of alloys with
two components containing different phases via the kinetic factor control. For example,
a biphasic region with coexisting hexagonal and monoclinic phases can be created under
a specific growth pressure [25-27]. The synthesis of complex 2D structures in the form of
binary, ternary, or quaternary compounds is critical for researchers to find the practical
applications of these materials.
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In recent years, 2D GaSe;_,Te, alloys have been successfully synthesized [28-31].
The Se atoms in pristine GaSe are gradually substituted by Te. The composition param-
eters x and 1 — x denote the density of the added Te and the remaining Se atoms in
a unit cell, respectively. The ratio of Te to Se atoms can be examined by Raman spec-
troscopy [32], photoluminescence spectroscopy [28], and high-resolution transmission
electron microscopy [33]. Despite great experimental progress, a comprehensive theo-
retical study on the electronic properties of 2D GaSe;_, Te, alloys is still lacking. In this
work, we employed the first-principles density functional theory (DFT) in the Vienna
ab initio Simulation Package (VASP) to systematically explore the essential properties of
the monolayer GaSe;_,Tey. Detailed geometric parameters, a whole feature of energy
bands, spatial charge density, and sophisticated projected density of the states (PDOSs)
and their dependence on the Te-concentration are presented. The atom substitution modi-
fied the geometric structure and generated a highly heterogeneous chemical environment.
The feature-rich energy dispersions include composite/oscillating parabolic subbands,
many constant-energy loops, and several saddle points and partially flat bands, as well as
frequent noncrossing, crossing, and anticrossing behaviors. Further, we used the spatial
charge density distribution and atom- and orbital-decomposed van Hove singularities to
demonstrate the complicated multi-orbital hybridizations among Ga-Ga, Ga-Se, and Ga-Te
bonds. The above information is helpful in understanding the important features in the
energy bands, including the nonmonotonous energy dispersions, significant 7z and ¢ band
mixings, and the existence of quasi-flat and anticrossing bands.

2. Methods

The geometric and electronic properties of the GaSe;_, Tey systems are investigated
by the first-principles density functional calculations using the Vienna ab initio simulation
package (VASP) [34,35]. The electron exchange and correlation energies are calculated by
the Perdew—Burke-Ernzerhof (PBE) functional under the generalized gradient approxima-
tion [36,37]. Moreover, the projector-augmented wave PBE pseudopotentials are used to
evaluate the electron-ion interactions. A vacuum distance along the z-axis is set to be 15 A
to avoid the interaction between the adjacent unit cells. The k-point mesh is setas9 x 9 x 1
in the geometry optimization and charge density distribution, 100 x 100 x 1 in the band
structure calculations, and 200 x 200 x 1 in the DOS calculations within the Gamma scheme.
A plane-wave basis set with a cut-off energy of 500 eV is chosen for the valence electron
wave functions. The structural relaxation is performed under a fixed cell shape and volume.
All atomic coordinates were relaxed (therefore, the Ga-Ga bond is not constrained to being
perpendicular to the layer) until the Hellmann-Feynman force was less than 0.01 eV /A,
along with a total energy difference of AE < 107> eV.

3. Geometric Structures

To ensure the study is systematic, nine monolayer GaSe;_,Te; compositions are
considered, including two binary pristine systems, namely GaSe (x = 0) and GaTe (x = 1),
and seven ternary ones (x = 0.125-0.875). After structural relaxation, these compositions
reached their equilibrium conditions and exhibited the similar honeycomb lattice structures,
as shown in Figure 1a-i. The structure consistency results in a regularly decreasing E; with
an increase in x (Table 1). The middle panels, as viewed from the top, exhibit a honeycomb
structure, and the upper/lower side views reveal a buckling structure along the zigzag
(x-)/armchair (y-) direction. Each monolayer system comprises four atomic planes, which
are all covalently bonded. The various geometric parameters are listed in Table 1, including
the Ga-Ga/Ga-Se/Ga-Te bond length and buckling height h. The buckling height # is
determined by the position difference along the z-axis between the nearest neighboring
Se and Ga (Te and Ga) atoms, as illustrated in Figure 1a. The structural deformation after
introducing the Te atoms was significant, as reflected in the large fluctuations in bond
lengths and buckling heights. The Ga-Ga, Ga-Se, and Ga-Te bond lengths in the ternary
alloys are 2.425-2.484, 2.451-2.483, and 2.606-2.637 A, respectively, which are slightly
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larger than that of Si-Si in silicene and almost equal to that of Ge-Ge in germanene [38].
Notably, two bond lengths of Ga-Ga/Ga-Se/Ga-Te coexist in most configurations except
x = 0.5. In x = 0.5, the Se and Te atoms are located on the opposite sides of the Ga atoms,
and therefore the Ga-Ga/Ga-Se/Ga-Te bond length becomes unique. Additionally, at a low
or moderate concentration, i.e., x = 0.125-0.625, the buckling height is dependent on the
atom site. The smaller the x is, the wider the range of / obtained. The bond length is not
monotonically dependent on x. However, the average buckling height generally increases
with theincreasing x. The multiple and x-dependent bond lengths and buckling heights are
attributable to the competition between Se and Te atoms. Differences in their atom sizes
and electronegativities result in nonuniform chemical environments and enrich the orbital
hybridizations among the Ga-(4s, 4px, 4py, 4p,), Se-(4s, 4py, 4py, 4p,), and Te-(5s, 5py, 5py,
5p.) orbitals. Specifically, the increased buckling height enhances the nonorthogonality
of the 7t and ¢ bondings, leading to more prominent sp® hybridizations. All the systems
exhibit a semiconducting property. The band gap calculations with PBE and HSE06 hybrid
functional are listed in the second-last and last columns in Table 1, respectively. Although a
difference in band gap exists between PBE and HSE06 calculations, the trend in the band
gap change is the same when the Te-concentration is increased.

o ®Ga b L] o
@ se
® Te
0 o

°
X=0 - )ﬂ_ L X=0a25
} o d Q

Figure 1. Top and two side views of the optimal geometric structures of GaSe;_,Te, with nine
different configurations x = 0-1 in (a—i). The Ga, Se, and Te atoms are represented by the blue, green,
and magenta balls, respectively. The buckling height # is indicated in (a).
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Table 1. Geometric parameters of GaSe;_,Tey systems: the Ga-Ga, Ga-Se, and Ga-Te bond lengths,
the buckling heights }, the ground state energies Eg (per unit cell), and bandgaps E,.

Configuration Ga-Ga Ga-Se Ga-Te h Ep E¢ (PBE) E; (HSE06)

GaSe;_xTey A) (A) (A) (A) (eV) (V) eV)

x = 0 (GaSe) 2.485 2.483 - 1.14 —60.842 1.70 2.67

x = 0.125 (Te:Se = 1:7) 2.474;2.484 2.469; 2.483 2.637 1.12-1.44  —59.883 1.77 2.75
x = 0.25 (Te:Se = 2:6) 2.463; 2.475 2.455; 2.483 2.625 1.12-1.42  —58.857 1.58 241
x = 0.375 (Te:Se = 3:5) 2.453; 2.465 2.454;2.482 2.611;2.624 1.12-141  —-57.765 1.34 2.09
x = 0.5 (Te:Se = 4:4) 2.454 2.481 2.611 1.14-1.40 —56.612 1.10 1.79
x = 0.625 (Te:Se = 5:3) 2.444; 2.457 2.466; 2.481 2.608; 2.633 1.39-1.43  —55.654 1.04 1.71
x = 0.75 (Te:Se = 6:2) 2.434;2.447 2.451;2.467 2.606; 2.621 1.41 —54.629 0.98 1.62
x = 0.875 (Te:Se = 7:1) 2.425;2.437 2.452 2.610; 2.621 1.40 —53.540 0.91 1.54
x =1 (GaTe) 2.427 - 2.608 1.39 —52.378 0.98 1.60

4. Electronic Properties
4.1. Energy Bands

The electronic properties of pristine GaSe are shown in Figure 2a . The energy disper-
sions exhibit highly anisotropic behaviors along different high-symmetric points. The con-
duction bands are highly asymmetric to the valence bands about the Fermi level Er = 0.
The system is an indirect-gap semiconductor, with the lowest unoccupied states being
located at the I' point and the highest occupied states lying between the I' and K points.
The latter belongs to the 7t band that starts at the K valley and exhibits a composite parabolic
dispersion along the K — I' — M, with a saddle I'-point at —1.5 eV. Such a saddle point can
accumulate several electronic states and cause a logarithmically divergent van Hove singu-
larity. In various carbon-related sp?>-bonding systems, such as layered graphene [39-42],
carbon nanotubes [43-45], and graphite [46—49], the saddle points are responsible for the
principle optical absorption peak at low frequencies. The atom-projected energy bands
reveal that the contributions of Ga and Se to the low-lying 7t bands are almost equal.
The highest occupied states of the ¢ bands are located at the I' point and E? =~ —0.8 eV. All
the o bands are distributed in the region of (—0.8, —4) eV and they anticross the s bands
prominently around E? ~ —3.5 eV, where the sp® hybridization is prominent. The energy
of sp® hybridization is higher than that of monolayer graphene (at EY ~ —10 eV), which is
attributed to the buckled structure of the monolayer GaSe. Se (4py, 4py) orbitals predom-
inate the o bands, leading to an unbalanced charge distribution in the Se-Ga bond (seen
in Figure 3). The VI-group element in the III-VI semiconductor determines the highest
occupied 7t and ¢ states and the band gap size. Therefore, band-gap modulation can be
achieved by alternating the VI-group element.

The energy bands of different substituted Te concentrations are shown in Figure 2b—i.
At a low concentration (x = 0.125 in Figure 2b), the system is still an indirect-gap semi-
conductor but E; increases slightly. The energy spacing between the highest occupied 7
and ¢ bands decreases owing to the increase in the energy of the Te-dominant ¢ band,
whose ionization energy is lower than that of Se. Further, several band splittings are
present, especially at (—1.6, —3.2) eV, which arise from the multiple bond lengths and
buckling heights.

The highest occupied states are shifted to the I' point when x is further increased
to x = 0.25 (Figure 2c). Accordingly, the system is transformed into a direct-gap semi-
condoctor, with a significant reduction in E,. The direct E; is identical to the threshold
optical absorption frequency and can be measured via high-resolution optical spectro-
scopies. The distribution range of the o bands is extended to (—0.2, —4.3) eV, and the s
bands are moved to the deeper energy (EY < —3.9 eV). Further, newly created /enhanced
band anticrossings and splittings are present, especially at (0, —2) eV, corresponding to
the increased buckling heights and highly nonuniform chemical environments of the Te
and two Se sites (see Figure 1c). For example, the two separated quasi-flat bands around
—0.8 eV along the K-M path are predominated by Se and co-dominated by Te and Se.
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Figure 2. Two-dimensional band structures of the GaSe; _, Tey alloys for different x in (a—-i). The Ga-,
Se-, and Te-atom contributions are represented by the blue, green, and magenta circles, respectively.

Increasing x to 0.375 enlarges the ¢ band width and further reduces E, (Figure 2d).
Several low-lying oscillating subbands occur at (0, —2) eV following the creation of extra
band-edge states. Ga, Se, and Te codominate these low-lying bands. The anticrossing regions
denote the comparable independent components of these atoms. When Te is fully substituted
into one side of the system (x = 0.5 in Figure 2e), the Ga-Ga/Ga-Se/Ga-Te bond length
becomes unique, which enhances the band degeneracy and creates frequent band crossings.
However, adding Te atoms to the other side creates new band splittings and anticrossings,
as shown in Figure 1f,g for x = 0.625 and x = 0.75, respectively. Notably, the o band width is
almost unchanged beyond x = 0.5. This may be due to the fluctuation in the crystal structure
being less than those in x = 0-0.5. In general, distinguishing the 7t and ¢ bands at a high
Te concentration is difficult because they are fully mixed along all directions. For x = 1
(Figure 2i), the intrinsic GaTe exhibits prominent anticrossings between the 7t and ¢ bands,
unlike the crossing behaviors in the intrinsic GaSe (x = 0). Specifically, the energy gap at
x = 1(E; = 098 eV) is larger than that at x = 0.875 (Eg = 0.91 eV in Figure 2h)), which may
be related to the recovering structural inversion symmetry. The large band gap variation
E¢ =170 = 177 — 0.91 — 0.98 eV for x = 0-1 is beneficial for band-gap engineering.

The effective masses of carriers (EMC) are frequently used to interpret experimental
observables for alloys. Such quantities are inversely proportional to the curvature of
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the electronic dispersion in a reciprocal space, implying that band edges with stronger
(weaker) dispersions result in smaller (larger) effective masses. Therefore, EMCs are
readily derived from the energy bands by fitting the band dispersion with a second- or
third-order polynomial schematically [50,51]. The theoretical prediction of the energy
dispersions can be further verified through high-resolution angle-resolved photoemission
spectroscopy (ARPES). The low-energy valence bands of layered graphene systems have
been identified [52], including the linear Dirac-cone structure in monolayer graphene;
parabolic and linear dispersions in bilayer and trilayer AB stackings; the linear, partially
flat, and Sombrero-shaped bands in trilayer ABC stacking; and the semimetallic property
of bulk Bernal graphite. These diverse electronic energy spectra are consistent with the
results from first-principles calculations [53]. Similar experimental measurements can be
made to determine the electronic properties of GaSe;_,Tey, such as the dependence on
the wave vector; large band gap; highly asymmetric electron and hole energy spectra; and
frequent noncrossing, crossing, and anti-crossing behaviors.

4.2. Spatial Charge Density

The spatial charge density reveals the pure (orthogonal) or hybridized (nonorthogonal)
7t and o chemical bonds. In Figure 3, the green parts represent the weak but significant 7
bondings formed by the 4p,-4p, of Ga-Ga/Ga-Se and 4p.-5p, of Ga-Te. The yellow and red
parts represent the strong ¢ bondings that are mainly composed of (4py, 4py) and (5px, 5px)
orbitals. The asymmetric charge distribution relative to the bond center reflects the different
number of the outermost electrons and affinities of Ga, Se, and Te atoms. The charges are
mostly localized around Se and Te. In general, completely separating the 7t and ¢ bondings
is difficult, especially in the presence of Te atoms because of the enhanced buckled struc-
ture and sp> hybridization. Increasing the Te concentration results in a more prominent
rectangular yellow /red part in Ga-Ga. The charge density in Ga-Te also increases due
to the shortened bond length. The above features reflect the decreased/increased sin-
gle/multiorbital hybridization after Te substitutions. Briefly, the competition among 7, sp?,
and sp® bondings complicate the charge distributions and diversify the bonding strengths.

4.3. Density of States

The number, position, intensity, and composition of the van Hove singularities in the
density of states (DOSs) reflect the main features of energy bands and the substitution effects.
The special energy band structures, namely, the extreme states of parabolic dispersions,
saddle points, and constant-energy loops can result in prominent shoulders, logarithmically
symmetric peaks, and asymmetric structures in the square-root form, respectively, as shown
in Figure 4. At x = 0 (Figure 4a), the threshold asymmetric peak, corresponding to the
band-edge states between the I' and K points of the highest occupied parabolic 7= band,
are codominated by Ga and Se. The shoulder structures at —0.8 and —4 eV are related
to the highest and lowest valleys of pure ¢ bands, respectively, which determine the ¢
band width. Apparently, Se predominates in this region. The logarithmically symmetric
peaks, which usually denote multiorbital hybridizations, could arise from the saddle points,
partially flat bands, or band anticrossings. For example, the three symmetric peaks at
—1.5,-2.2,and —2.5 eV correspond to the saddle I'-points and that at —3.4 eV is associated
with the partially flat bands along the I'-K and I'-M paths. Notably, the symmetric peak at
E = —3.4 eV corresponds to the highest occupied sp® hybridization energy, which is higher
than the lowest valley energy of the ¢ bands (the shoulder structure at E = —4 eV). This
is opposite to that in planar monolayer graphene, in which the sp> peak is beyond the ¢
energy region. The energy overlap of sp® and ¢ results in significant band anticrossings at
(=3, —4) eV, as shown in Figure 2a.
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Figure 3. Spatial charge distributions of the GaSe;_,Tey alloys for different x in (a—g). The Ga, Se,
and Te atoms are represented by the blue, green, and magenta balls, respectively. The plane (1 1 0)
was used to cut through the unit cell.
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and Te atom compositions are represented by the blue, green, and magenta curves, respectively.
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The introduction of Te atoms creates the extra constant-energy loops in the energy
bands (because of the band splittings and anticrossings) and generates the additional
asymmetric peaks and twin-peak structures in the DOSs (Figure 4b). The twin-peak
structures (for example at E =~ —1 eV or —1.8 eV) reflect the multiple chemical bonds and
are composed of different weights of Se and Te atoms. The shoulder structure related to the
highest o band valley shifts towards the threshold 7 peak at —0.2 eV, transforming into
an asymmetric peak. The transformation arises from the - mixing. DOSs smaller than
—2 eV are almost unchanged because of the rigid Ga-Se bonds. With x > 0.125 (Figure 4c-i),
the threshold DOSs exhibit a Te-dominated shoulder structure, which corresponds to the
highest occupied states at the I" point (Figure 2c—i) and is responsible for the transformation
from an indirect- to direct-gap semiconductor. The other prominent peaks shift towards a
lower energy with their spacings enlarged. This may be attributed to the relatively weak
Ga-Te bondings. Notably, for x > 0.5, the sp> symmetric peaks in (—4, —4.5) eV become less
dependent on x in terms of position and intensity, exhibiting a rigid geometric structure at
a sufficiently high Te concentration.

The PDOSs, which represents the decomposition of the single-/multi-orbital hy-
bridization, are useful for distinguishing the pure and impure 7t/ bonds in the crystalline
phase [54,55]. Generally, a single py, py, or p; orbital (the Cartesian coordinates (x, y, z) are
specified in Figure 1a) has o and 7t components, which can be obtained by projecting the
orbital along the direction parallel and perpendicular to the o bond, respectively. In some
specific cases, e.g., planar monolayer graphene in the x-y plane, the p, orbital has only a 7
component but no o component. However, in a curved (e.g., carbon nanotube) or buckled
(e.g., monolayer silicene or GaSe) structure, the p, orbital has both ¢ and 7t components.
The curvature or buckled angle determines the ratio between the o and 7.

For the pristine GaSe (Figure 5a), the 7t and ¢ components in (0, —2) eV can be
distinguished based on the distinct structures of p,- and p-/p,-PDOSs. The 4p; orbitals of
Ga and Se dominate the threshold DOSs due to the weak 7-bondings, while the (4s, 4py,
4py) orbitals have little but significant contributions. This is in contrast to the PDOSs of
monolayer graphene, in which C-(2s, 2py, 2py) orbitals are absent in the initial energy [38].
The prominent (4py, 4py, 4p-) hybridizations of Seoccur at E = —1.5, —1.9, and —2.2 ¢V,
which correspond to the saddle I points, whereas the (4s, 4px, 4py, 4pz) hybridizations of
both Ga and Se appear at E = —3.4 eV, corresponding to the partially flat bands. The 4s
orbital of Ga dominates the DOSs in E < —3.5eV.

Increasing x enhances the (px, py, pz) hybridizations of Ga, Se, and Te and induces the
extra subpeaks. The shoulder structure, which is mainly composed of Te-(5px, 5py) orbitals,
approaches Er and becomes the threshold structure of the whole DOSs at x = 0.25-1. The Se-
PDOSs exhibit another prominent shoulder structure at a lower energy E ~ —1.5 eV (the
middle panel in Figure 4c) due to the stronger Ga-Se bonds. The Ga-Se/Ga-Te bonds
are responsible for the indirect-/direct-semiconductor feature. In general, the different
Ga, Se, and Te orbitals exhibit distinct distribution weights, suggesting that the chemical
environments are highly nonuniform. The pure p; or px/py contribution almost disappears
beyond E = —2 eV. The several overlaps in prominent structures from different orbitals
and atoms reveal the presence of complex multiorbital hybridizations, making it difficult to
determine 7t and ¢ bonds or single and double bonds.

The above DOSs’ calculations can be further validated by the high-resolution scanning
tunnelling spectroscopy, which is the most efficient and accurate method of examining
the van Hove singularities in the DOSs. These characterization techniques have been
applied to numerous well-known layered materials, such as the few-layer graphene [56],
silicene [57,58], and monochalcogenides [59]. However, compared with the DOSs of
graphene and silicene, those of the GaSe;_,Tey alloys are more complex, and it is difficult
to identify the bonding types at most energies. For theoretical investigations simulating the
alloy systems, unlike those of graphene and silicene, using phenomenological models is
almost impossible.
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Figure 5. PDOSs of the GaSe;_,Tey alloys for x = 0-1 in (a—i). In each case, the up, middle, and low
panels represent the Ga-, Se-, and Te-PDOSs, respectively.

5. Conclusions

The feature-rich electronic properties of the GaSe;_,Te, alloys were explored via first-
principles calculations. The introduction of guest Te atoms modified the geometric structure,
resulting in the unusual crystalline asymmetry, and diversified the electronic properties.
The atom-dominated energy spectra, spatial charge density, and PDOS confirmed the
coexistence of single- and multi-orbital hybridizations in the pure or impure form and
demonstrated that the electronic properties were strongly dependent on the substituted Te
concentration. The tunable electronic properties suggest possible applications of this unique
material (alloy) to photoelectric generators, solar energy harvesting, and radiation detectors.

Finally, we would like to mention that several theoretical and experimental studies
have reported various polymorphs of 2D GaSe and GaTe [60-64]. The different ratios of
in-plane Ga-Ga and Ga-Se (Ga-Te) bonds give rise to various metastable states with similar
energies. The possibility of existence of the Ga-Se-Se-Ga (Ga-Te-Te-Ga) series or Se-Ga
(Te-Ga) two-atom slabs is an open issue. Although the investigation on polymorphs is
beyond this work, we intend to discuss them in the future.
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