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Abstract: Two-dimensional (2D) van der Waals (vdW) AIIIBVI semiconductor materials, such as
InSe and GaSe, are of considerable interest due to their potential use in various microelectronics
applications. The range of properties of materials of this class can be extended further through the use
of quasi-binary alloys of the InSe(Te)-GaSe(Te) type. In this work, we study the effect of compositional
and structural disorder in 2D In(Ga)Se(Te) on the band structure and electronic properties using
first principles modeling. The results for In(Ga)Se demonstrate a noticeable decrease in the band
gap for structures with a random distribution of indium and gallium cations, while for In(Ga)Te
with a random cation distribution, metallization occurs. Changes in the compositional arrangement
of chalcogens (there can be either the same or different atoms on each side of the vdW gap) lead
to pronounced changes in the band gap, but no significant changes in topology are observed. In
addition, a significant effect of the distance between the layers on the band gap under compression
along the c axis was found for both alloys under study. An important point of our study is that
van der Waals gap engineering is a very powerful tool to control the properties of 2D materials and
its alloys.

Keywords: material science; two-dimensional semiconductors; first-principles calculations; GaSe;
InSe; Ga(In)Se; Ga(In)Te

1. Introduction

The discovery of graphene in 2004 marked a turning point in the field of 2D materials.
Since then, researchers have been pushing the boundaries of materials science, discovering
many 2D materials with even more possibilities. Of particular interest are materials with
semiconductor properties. The first such class of 2D semiconductors was transition metal
dichalcogenides with the generic formula MX2 (M = Mo, W; X = S, Se, Te), of which MoS2
is the most studied representative. A characteristic feature of such materials is their layered
structure, where strongly (covalently) bonded layers are held together by weak van der
Waals (vdW) forces. The covalently bonded layers are often referred to as monolayers, even
though in reality they may have a different number of atomic planes. Thus, in the already
mentioned transition metal dichalcogenides, a monolayer is an X-M-X sandwich, where a
metal plane is located between two chalcogen planes. In the group of topological insulators,
such as Sb2Te3, a monolayer is a quintuple layer with the Te-Sb-Te-Sb-Te stacking sequence.
The class of 2D semiconductors is constantly expanding.

Such materials are often referred to as two-dimensional (2D) solids or vdW solids,
even when they exist in bulk form. The constantly growing interest in these materials is
associated primarily with an important unique property inherent in some two-dimensional
materials—the ability to form extremely thin layers, which exists due to the presence of a
weak dispersion interaction between atomic layers. Of particular interest to researchers are
single-layer and few-layer slabs made of such materials.

Two-dimensional materials offer an excellent platform for understanding fundamental
physical phenomena on the nanoscale due to their limited dimensionality. Their behavior
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differs from that of bulk materials, allowing scientists to explore and manipulate quantum
effects. With a wide range of electrical conductivity, varying from insulators to super-
conductors, 2D materials hold the promise of creating advanced electronic devices that
can outperform traditional technologies. Recently, there has been a new surge of interest
among researchers in two-dimensional (2D) semiconductors, since such materials have
significant potential for creating devices with ultimately low power consumption [1]. This
characteristic also opens the way for applications in transparent and flexible electronics [2].

In addition, this weak interaction, called van der Waals (vdW), between layers in
2D semiconductors allows the creation of heterostructures with atomically sharp inter-
faces, regardless of their lattice constants. These and other promising properties open
up a wide range of opportunities for the production of new materials with improved
characteristics [3,4]. In addition to the above, the behavior of 2D semiconductors is strongly
influenced by quantum size effects and interlayer interaction. These factors lead to a notice-
able dependence of properties on the number of layers, which, in turn, leads to exciting
phenomena such as valley polarization and topological effects [5,6]. Currently, intensive
research and development is being carried out aimed at expanding the range of possibilities
and developing methods for studying new functions in two-dimensional chalcogenides.

One of the effective approaches to control the functionality of van der Waals materials
is the fabrication of quasi-binary alloys using isoelectronic materials. These alloys often
exhibit properties that vary linearly between two end points in accordance with Vegard’s
law [7], but it should be noted that a more complex behavior is also observed in such
alloys [8–10].

Among the many 2D materials, InSe stands out as an attractive candidate for various
applications, mainly due to its exceptional characteristics, including record high charge
carrier mobility and high property anisotropy [11,12]. In addition, the band gap of InSe can
be changed in a very wide range (from 1.4 to 2.6 eV) by simply manipulating the number of
layers [13–15]. The properties of InSe can also be further controlled by inclusion of alloying
elements such as GaSe and GaTe. Also, the possibility of varying the properties of the
material exists under the condition of the formation of GaSe/InSe superlattices or engineer-
ing materials with an ordered or random distribution of cations and anions in individual
layers. If we pay attention to layered hexagonal GaTe, then a similar rearrangement of the
band gap in a wide range is observed in it, as in GaSe [16]. The hexagonal modification
of GaTe, in contrast to its more common monoclinic counterpart, provides greater control
over the band gap and is the object of study. The present work is devoted to the study
of quasi-binary alloys composed of GaTe, InSe and GaSe using ab initio simulations as
a research and analysis tool. Different distributions of cations and anions relative to the
vdW gap were investigated. The influence of various structural transformations, such as
deformation compression along the c-axis and lateral displacement of layers relative to
each other, were also studied. Since real materials are often a mixture of different phases,
one of these mixtures was also investigated.

2. Materials and Methods

III–VI semiconductors, such as GaTe, GaSe, and InSe, have various crystalline modifi-
cations associated with different stacking of individual monolayers relative to each other
(Figure 1). These layers have the same internal structure and hexagonal symmetry, forming
four atomic planes in which the elements of groups III and VI alternate in the sequence
VI-III-III-VI. In our calculations, we chose the centrosymmetric space group P63/mmc
from various possible space groups, which describes the symmetry of the β-polytype.
This polytype will be selected as one of the most frequently encountered. In this case, the
β-polytype consists of four sublayers. The first and fourth sublayers each contain three Se
anions, and the second and third sublayers each contain three Ga cations. The vdW forces
between monatomic layers of anions depend to some extent on the repulsion of cations,
which in turn affects the Ga–Ga intralayer bond and the Se–Se interlayer distance. Various
polymorphs for hexagonal structures III–VI are shown in (Figure 1).



Crystals 2023, 13, 1209 3 of 14

Crystals 2023, 13, x FOR PEER REVIEW 3 of 14 
 

 

between monatomic layers of anions depend to some extent on the repulsion of cations, 
which in turn affects the Ga–Ga intralayer bond and the Se–Se interlayer distance. Various 
polymorphs for hexagonal structures III–VI are shown in (Figure 1).  

 
Figure 1. The polymorphs of InSe: (a) β-phase; (b) γ-phase; (c) ε-phase. Upper panels—side view, 
lower panels—top view. 

Unless otherwise stated, simulations were performed for the β-phase. All studied 
materials are united by the possibility of their use in various optical applications. GaSe 
has a band gap of approximately 1.65 eV and has been extensively studied for its potential 
applications in photoelectrochemistry and nanoscale photodetectors [17]. InSe has a band 
gap of ~1.26 eV, and it has been investigated for uses in field effect transistors (FETs) and 
photovoltaics due to its large absorption coefficient [18,19]. GaTe has a direct band gap of 
~1.3 eV and has been studied for its potential applications in optoelectronics, photochem-
istry, and thermoelectricity due to its low thermal conductivity [20,21].  

The density functional theory calculations were performed at 0 K using the CASTEP 
plane wave program [22]. Ultrasoft pseudopotentials were used. The Ga, Se, Te, and In 
pseudopotentials included the Ga 3d104s24p1, Se 4s24p4, Te 5s25p4, and In 4d105s25p1 elec-
trons as valence electrons, respectively. The exchange term was estimated using the gen-
eralized gradient approximation (GGA) and the PBE functional [23] implemented in 
CASTEP. To ensure that the choice of functional did not affect the results, the structures 
were also optimized using the PBEsol solid-state potential (which did not affect the re-
sults). A study was made of the convergence depending on the cutoff energy of a plane 
wave and the Monkhorst-Pack grid, which were ultimately chosen to be 700 eV and 15 × 
15 × 3, respectively, for the optimal combination of computational cheapness and accu-
racy. The following values were established by the criteria for simultaneous convergence: 
energy, 5 × 10−6 eV/atom; Max. strength—0.01 eV/A; Max. stress 0.02 GPa; Max. displace-
ment 5 × 10−4 A. The optimization algorithm Two-Point Steepest Descent (TPSD) [24] was 
used. TPSD is a global optimization method and is suitable for quadratic potential prob-
lems. Thus, this method is effective when optimization of cells with custom constraints is 
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Unless otherwise stated, simulations were performed for the β-phase. All studied
materials are united by the possibility of their use in various optical applications. GaSe
has a band gap of approximately 1.65 eV and has been extensively studied for its potential
applications in photoelectrochemistry and nanoscale photodetectors [17]. InSe has a band
gap of ~1.26 eV, and it has been investigated for uses in field effect transistors (FETs)
and photovoltaics due to its large absorption coefficient [18,19]. GaTe has a direct band
gap of ~1.3 eV and has been studied for its potential applications in optoelectronics,
photochemistry, and thermoelectricity due to its low thermal conductivity [20,21].

The density functional theory calculations were performed at 0 K using the CASTEP
plane wave program [22]. Ultrasoft pseudopotentials were used. The Ga, Se, Te, and
In pseudopotentials included the Ga 3d104s24p1, Se 4s24p4, Te 5s25p4, and In 4d105s25p1

electrons as valence electrons, respectively. The exchange term was estimated using the
generalized gradient approximation (GGA) and the PBE functional [23] implemented in
CASTEP. To ensure that the choice of functional did not affect the results, the structures
were also optimized using the PBEsol solid-state potential (which did not affect the results).
A study was made of the convergence depending on the cutoff energy of a plane wave
and the Monkhorst-Pack grid, which were ultimately chosen to be 700 eV and 15 × 15 × 3,
respectively, for the optimal combination of computational cheapness and accuracy. The
following values were established by the criteria for simultaneous convergence: energy,
5 × 10−6 eV/atom; Max. strength—0.01 eV/A; Max. stress 0.02 GPa; Max. displacement
5 × 10−4 A. The optimization algorithm Two-Point Steepest Descent (TPSD) [24] was used.
TPSD is a global optimization method and is suitable for quadratic potential problems.
Thus, this method is effective when optimization of cells with custom constraints is required.
The TPSD algorithm only requires the gradient and position of the system at the current
and previous iteration, which means that it consumes relatively little memory. The TPSD
method overcomes the limitations of descent algorithms while maintaining the advantages
of point-to-point algorithms.
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Another important factor is that, in connection with the long-range nature of dispersion
interactions, it is necessary to more carefully study the convergence of energy in terms of
the number of k-points. Therefore, the study of convergence depending on the corrections
of the dispersion interaction was carried out. Subsequently, the MBD* method [25] was
chosen as the correction for the van der Waals dispersion interaction, as it most accurately
takes into account electronic correlations. The MBD* method is based on the random phase
approximation for the correlation energy, where the response function is approximated
by the sum of atomic contributions represented by quantum harmonic oscillators. This
method sometimes has numerical problems if highly polarized atoms are located at short
distances, which is a limitation of the underlying physical model. In Figure 2, we show
the starting materials, their electronic structures, and the corresponding densities of states.
From these structures, alloys of various configurations were subsequently prepared.
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(b) GaSe; (c) GaTe.

3. Results
3.1. Compositional Disorder

In the course of the study, we simulated the atomic and electronic structure of different
2D In(Ga)Se alloys. Ga and In can hypothetically be distributed in layered In(Ga)Se
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in several different ways. Namely, (i) InSe and GaSe layers may alternate forming an
InSe/GaSe superlattice, or (ii) Ga and In can form monatomic planes such that the atomic
plane sequence is the same in all layers and, finally, (iii) Ga and In may be distributed in
the materials in a random way. Also, the terminating chalcogen atoms forming the vdW
gaps can be distributed in different ways.

We start our investigation with differently distributed cations. Various possible atomic
structures and the corresponding band structures are shown in Figure 3. One can see that
the smallest band gap is obtained for the structure marked Ga-vdW-In. Here and below,
we will indicate the alternation of sublayers in this way. This notation means that on one
side of the vdW gap the nearest metal plane is formed by Ga atoms while at the opposite
side the corresponding atomic plane is formed by In atoms. It should also be noted that,
due to the boundary periodic conditions required by density functional simulations, the
configurations Ga-vdW-Ga and In-vdW-In are identical. The largest gap, among structures
with different distributions of metal atoms, is observed for the Ga-vdW-Ga (or In-vdW-In)
structure (Figure 3b), where vdW gaps formed by metal atoms of the same nature alternate.
In the case of a random distribution of cations, the band gap has an intermediate value,
and it can be seen that the main extrema are shifted from the Γ point and blurred. As
for the heterostructure, the band gap is slightly larger than for structures with different
distributions of metal atoms. The topology of the zones does not have any significant
differences compared to configurations with compositional permutations.
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Figure 3. At the top of the figure, the Brillouin zone is shown. Different compositions of the
GaInSe and related band structures: (a) GaSe-InSe heterostructure; (b) Ga-vdW-Ga; (c) Ga-vdW-In;
(d) randomly distributed cations. The color code is the same as in previous images.
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An analysis of the partial density of states (PDOS) gives us an idea of the electron
density distribution at and near the Fermi level (Figure 4). The PDOS analysis also shows
the contributions of various atoms to the density of states. By analyzing the partial contri-
butions from different atoms to the density of states, it becomes apparent that no significant
changes occur; for all structures, the contribution of chalcogen atoms dominates both the
top of the valence band and the bottom of the conduction band.
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Similar simulations were performed for the Ge(In)Te system. We note that the band
gap in tellurides is smaller than in selenides, which is to be expected. The decrease in
Eg in the series of compounds GaX (X = S, Se, Te) with an increase in the mass of the
anion is associated with a decrease in the degree of ionicity of the Ga–X bond. It should
also be noted that the experimental data available in literature for Eg of hexagonal GaTe
demonstrate a significant scatter [16].

In the analysis of compositional rearrangements with tellurides, in contrast to the case
in selenide structures, no significant change in the band gap is observed. The topology of
the band structure for the Ga-vdW-Ga and Ga-vdW-In compositions does not change at all
(Figure 5b,c). When switching to a random distribution, it is seen that the main extrema
are blurred, and the maximum of the valence band is shifted to the L-point of the Brillouin
zone. For the heterostructure, the band gap decreases in comparison with the initial GaTe
structure (Figure 2c).
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Figure 6 shows PDOS for the studied GaInTe structures. While in general the results
look similar to the case of selenides, viz., the major contribution to the PDOS comes
from the chalcogen atoms, there is one interesting exception. Namely, in the GaTe-InTe
heterostructure, the top of the valence band is formed by Te atoms, while the bottom of
the conduction band is formed by the In atoms, i.e., Ga and In atoms, even if they are
“identical” from the compositional perspective, contribute differently to the electronic
structure. At this moment, it is not clear why this difference is only observed in tellurides
and not in selenides.

Structures with different distributions of chalcogens in the layers and across the vdW
gaps were also studied (Figures 7 and 8). In this case, the differences between the various
atom allocations are significant. When the vdW gap is formed by different (Te-vdW-Se)
and identical (Se-vdW-Se) chalcogens, they differ significantly in their band gap. This
is especially pronounced for Ga-based structures. As for the various distributions of
chalcogens in the indium-based structure, such a significant change in the band gap does
not occur—the range of changes is much smaller, but the general trend is similar.

It should be noted that in the case of structures in which the gap vdW is formed by
chalcogen atoms of the same type, the topology also changes in addition to the band gap.
One can see an increase in the extremum at the Z point of the Brillouin zone. This can be a
little unexpected, as usually the topology changes due to a change in symmetry.

Thus, it becomes clear that it is the chalcogen atoms that have the most significant
effect on the band gap. In the case of a change in the distribution of chalcogen atoms in
the layers, the band gap changes in a wider range compared to the case when the metal
atoms are rearranged. In this case, the topology of the band structure does not change
significantly, which is natural, since changes in the topology should be associated to a
greater extent with symmetry, as we saw, for example, for a random distribution of cations.
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the vdW gap, but by changing the vdW gap width. Only the distance along the c-axis was 
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3.2. Structural Disorder

To further explore the effect of vdW interactions, we performed a series of simulations,
influencing the band gap not by changing the composition of the atoms that form the
vdW gap, but by changing the vdW gap width. Only the distance along the c-axis was
changed (without changing other parameters and without structure) relaxation. The results
are presented in Figure 9 and show that the band gap increases with an increase in the
vdW gap.

For selenium-based materials, compressing the materials along the c-axis eventually
results in the formation of a gapless state. The band gap variation for both compression and
stretching deformations can be approximated by linear dependencies, albeit the steepness
of the curves is very different (Figure 10), which is most likely due to the anharmonicity of
interatomic potentials. We also note that the topology of the zones changed insignificantly.

In tellurides, an interesting effect of topology change is revealed during stretching,
namely, the smearing of the extremum at the Z-point of the Brillouin zone. It is also worth
noting a slight change in the position of the extremum at point M relative to the Fermi level
during compression and tension by 5% (Figure 11).

In contrast to the “vertical” displacement of monolayers with respect to each other,
lateral displacement of layers without changing the interlayer distance did not demonstrate
a similarly large change in the band gap, as is illustrated in Figure 12. It may be noted that
such a displacement leads to a decrease in the band gap.

From these results, an interesting observation can be made. Although van der Waals
interactions across the layers are significantly weaker than covalent bonds within layers,
it is these weak vdW forces that play a decisive role in determining the band gap of 2D
semiconductors. Indeed, during the lateral layer displacement, while the covalent structure
of the monolayers was unchanged, the band gap decreased by 30% from the starting value.
An important point from this finding is that vdW gap engineering is a very powerful tool
to control the properties of 2D materials.
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Figure 9. The electronic structure of fully relaxed cell InGaSe (c = 17.55 Å) subjected to compression
and stretching along the c-axis: (a) band gap decreases to 0.028 eV upon compression by 11%;
(b) initial structure; (c) band gap decreases to 0.304 upon 5%; (d) increases to 0.693 eV upon stretching
by 5%.

Real structures are often a mixture of phases. Thus, even in classic 3D semiconductors
such as ZnS, ZnSb different stacking sequences may alternate between sphalerite and
wurtzite phases. Phase alternation along the growth axis is even more natural for 2D
semiconductors. In Figure 13 (left panel), we show a structure with alternating ε- and
γ-phases. Figure 13 (right panel) shows that the band gap changes insignificantly, while the
pattern appears to be highly dispersive, which we believe to be due to broken symmetry.
The main extrema are shifted from the gamma point to Z-point. Otherwise, the topology of
the zones and the value of the band gap are preserved.
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Figure 10. Change in the InGaSe band gap width during a c-axis lattice constant variation. Starting
with an ideal structure at the point (c = 17.55 Å).
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Figure 11. The electronic structure of fully relaxed cell InGaTe (c = 17.19 Å) subjected to compression
and stretching along the c-axis: (a–c) band gap is not noticeable for compressions 11%, 0%, and 5%,
respectively; (d) increase to 0.087 eV upon stretching by 5%.
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Figure 13. Mixed γ and ε InSe phases. Atomic structure on the left and the corresponding band
structure on the right.

4. Conclusions

In this work, we study the effect of compositional and structural disorder on the
electronic properties of mixed structures of gallium and indium selenides and tellurides
with a weak van der Waals interaction between the layers.

We found that random distribution of indium and gallium cations (for both tellurides
and selenides) significantly affects the topology of the band structure, which we attribute
as being due to symmetry breaking, while the band gap does not change significantly. On
the other hand, the ordered distribution (one type of atoms in the atomic plane forming the
vdW gap) does not significantly affect the topology, but only affects the band gap. Various
permutations of the chalcogen atoms across the vdW gaps have also been studied and
found to have a significant effect on the band gap value. In particular, it was found that
the different distribution of Se and Te in Ga-based materials leads to the most significant
changes in the band width; namely, in the case when the vdW gap is formed on both sides
by atoms of the same type, the band width will be the largest.

The uniaxial tension and compression of materials has been investigated and a strong
correlation between the van der Waals gap width and the electronic band gap has been
found, which is confirmed by experimental data that can be found in the literature [26].
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Lateral displacement of atoms, on the other hand, does not significantly affect the
band gap; instead, a topology change was observed with a shift of the extremum towards
the Z-point of the Brillouin zone. The mixing of the two phases occurs in a similar way. Due
to the fact that the types of atoms in the sublayer that forms the VdW gap are the same, and
the distance between the layers is preserved, the band gap changes insignificantly, while
the topology changes significantly, and the extremum at the Z point shifts to the Fermi level.
This is again explained by a change in symmetry without changing the distance between
the layers and the type of atoms that form the gap (chalcogens).

Our study confirms the decisive influence of chalcogen atoms on the band structure
and vdW gap. In this case, the largest expansion of the zone occurs when the gap is
formed by atoms of the same type, and the smallest, when the gap is formed by atoms of
different types.

We believe that our results are rather general and can be applied to other classes of
2D materials.
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