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Computational discovery of single-layer III-V materials
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Single-layer materials open up tremendous opportunities for nanoelectronic devices. Using a first-principles
design approach we identify a previously unrecognized family of single-layer III-V materials. We determine their
energetic and dynamical stability, identify a surprising reconstruction, and calculate their electronic properties
using a hybrid density functional and the G, W, method. Finally, we find that metal substrates stabilize these
as-yet hypothetical materials. Our results provide guidance for experimental synthesis efforts and future searches

of single-layer materials suitable for device applications.
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I. INTRODUCTION

The last two decades have seen an explosion of interest in
two-dimensional materials, which now can be synthesized in
either single or a few atomic layer form.' The discovery
of novel fabrication methods for creating two-dimensional
materials such as graphene,® zinc oxide,’ silicon carbide,®
boron nitride,” and molybdenum disulfide® has opened a
new field of materials research with promising applications
in nanoelectronic devices. Single-layer materials not only
represent the ultimate scaling in the vertical direction, but
also show a variety of novel and useful electronic, optical,
and mechanical properties. However, the number of materials
that have been synthesized in two-dimensional (2D) form is
limited. There are potentially many more candidate materials
awaiting discovery, which could have transformative proper-
ties in device applications.”!°

Density-functional theory (DFT) has the potential to predict
the stability of proposed materials and has already played
an important role in predicting the existence of single-layer
materials. For example, metastable structures of silicene and
graphyne have been predicted by DFT,'"!'> and experimental
efforts have tried synthesizing these single-layer materials.'?
Searches for other 2D materials, especially semiconductors
beyond those already fabricated, have continued.’'’

The two primary questions in this search are (i) what is the
stability of these single-layer materials and (ii) how are their
electronic structures altered due to reduced dimensionality.
In this paper, we answer these two questions for the family of
single-layer group-1II-V materials. We first identify all suitable
candidate materials that exhibit the same 3D crystal structure
types as occur in the systems with known 2D materials. To
determine the stability of the 2D materials, we compare the
formation energies to the corresponding bulk energies and
calculate their phonon spectra. For 2D materials with unsta-
ble phonon modes, we investigate different reconstructions.
Hybrid density-functional and GoW, calculations that can
accurately predict the band gap of materials'4'® are used
to determine the band structure of the 2D materials. Finally,
we construct a diagram illustrating the relationship between
band gaps and lattice constants which supplements current
3D materials selection diagrams that are widely used for the
design of electronic devices in the semiconductor industry.
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II. METHODS

All calculations are based on DFT using the projector aug-
mented wave (PAW) method as implemented in the plane-wave
code vASP.!”"!” For the structural relaxations and energy cal-
culations we employ the generalized gradient approximation
with the PBE parametrization.?’ To overcome the problem of
band-gap underestimation in semilocal exchange-correlation
functionals, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functional and the GoW, method are used for calculating
the band structures.'*'%2! A cutoff energy of 400 eV for the
plane-wave basis set is used throughout all calculations and
ensures an accuracy of the energy of 1 meV/atom. The k-point
sampling uses the Monkhorst-Pack scheme?? and employs for
the 2D materialsa 120 x 120 x 1 mesh for the PBE functional,
a 12 x 12 x 1 mesh for the more expensive HSE06 functional,
and a 32x32x32 mesh for the bulk systems resulting in a
similar accuracy as the cutoff-energy convergence. For the
Gy W, calculations, we employ 64 bands, 96 frequency points,
and a 18 x 18 x 1 k-point mesh. For the 2D materials a
vacuum spacing of 18 A ensures that the interactions between
the layers are negligible.

We identify all materials that exhibit the same 3D crystal
structure types as occur in the systems with the known 2D
materials C, BN, ZnO, SiC,*’ using the Inorganic Crystal
Structure Database.?* For the group-III-V systems, the relevant
3D crystal structures are wurtzite and zinc blende. Initially,
we assume that all binary group-III-V 2D materials have the
same hexagonal structure as single-layer boron nitride and then
explore buckled hexagonal and other structures.”* We fully
optimize all structures until the forces and in-plane stresses
are converged to within 1 meV /A and 0.01 GPa, respectively.

The energetic stability of the proposed single-layer mate-
rials with respect to their bulk forms is determined by the
energy difference AE = E>p/Nop — E3p/Nsp, where Esp
and Esp denotes the energy of the 2D and 3D bulk (zinc
blende or wurtzite) system, respectively. Np and Nip refer to
the number of atoms in the respective unit cells.

To investigate the dynamical stability of all single-layer
materials we calculate their phonon spectra, using density-
functional perturbation theory.?>* Due to the heteropolar
characteristics of each material, it is important to include the
long-range Coulomb forces in the force-constant matrix.>>?’
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FIG. 1. (Color online) Energy differences AE between the 2D
and bulk structures as a function of lattice parameter for 2D group-
III-V materials with (a) hexagonal and (b) tetragonal structure. The
diamond and square symbols denote the energy differences with
respect to the hexagonal wurtzite and cubic zinc-blende structure,
respectively. Black indicates that the hexagonal structure is planar,
while red means that the hexagonal structure is buckled.

The force constants consist of both analytic and nonanalytic
contributions, the latter of which depends on the Born effective
charges Z* and the macroscopic dielectric constant €,,.>> We
calculate Z* and €, and include the nonanalytic contribution
in our force-constant matrix to determine the phonon spectra.

III. RESULTS

A. Single-layer hexagonal III-V materials

Figure 1(a) and Table I show the energy differences
AEwx and lattice parameters apex of the hexagonal 2D
group-III-V materials. The formation energies relative to the
respective bulk phases range from 0.38 eV /atom for InSb to
0.52 eV/atom for AIP. While these formation energies are
quite high, they are comparable to that of single-layer SiC
(A Epex = 0.50 eV/atom), which has indeed been fabricated
successfully.® This indicates that it might be feasible to grow
hexagonal single-layer III-V materials on suitable substrates
that reduce the formation energies and stabilize the structures.

Two types of hexagonal structures, a planar and a buckled
one, are obtained by relaxations.’ The buckling is illustrated in
Fig. 1(a) and the amount of buckling zycx is shown in Table 1.
We observe that the nitrides and AlIP prefer planar structures,
while all others exhibit buckled structures. This structure trend
can be understood from the energy balance between (i) the
electrostatic potential energy of the ions and (ii) the bonding
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FIG. 2. (Color online) (a) Energy difference between hexagonal
planar and hexagonal buckled geometries as a function of Q2/a?.
(b) Energy difference between the hexagonal and tetragonal geome-
tries as a function of Q?/a?.

energy of the sp? and sp* hybridization that is reflected in
the preference of each ion for a trigonal planar or pyramidal
configuration.

The alternating buckling of the layered hexagonal materials
results in a dipole moment across the layer whose electrostatic
energy is proportional to Q?/a?, where Q is the ionic charge
of the species and « is the lattice parameter. Figure 2(a) shows
that for each group in the III-V family, the energy difference
A Epycliing between the hexagonal planar and buckled geome-
tries decreases rapidly with increasing Q?/a?, illustrating the
importance of the electrostatic interaction in the stabilization of
the buckled and planar structures. The large electronegativity
difference for the nitrides and AIP results in large ionic charges
that is reflected in the Bader charges shown in Table II. The
large charges combined with their small lattice parameters

TABLE I. Structural parameters and energy differences A E of the 2D hexagonal and tetragonal group III-V materials relative to the known
3D crystal structures. The structural parameters include the lattice constants a and the buckling displacements z.

AIN AlP AlAs AlSb GaN GaP GaAs GaSb InN InP InAs InSb
2D hexagonal
AE}ex (€V/atom) 0.51 0.52 0.50 0.48 0.42 0.45 0.41 0.39 0.45 0.44 0.41 0.38
hex (A) 3.12 3.94 4.06 4.40 3.25 391 4.06 4.38 3.63 4.25 4.38 4.68
Zhex (A) 0 0 0.45 0.63 0 0.43 0.59 0.70 0 0.52 0.67 0.76
2D tetragonal
AE (eV/atom) 0.58 0.31 0.22 0.16 0.76 0.44 0.32 0.22 0.60 0.43 0.32 0.23
ierr (A) 3.61 3.95 4.03 4.22 3.78 3.97 4.06 4.28 4.28 4.43 4.48 4.66
Zier (A) 0.58 1.41 1.56 1.80 0.68 1.50 1.61 1.80 0.63 1.55 1.69 1.88

165415-2



COMPUTATIONAL DISCOVERY OF SINGLE-LAYER III-V ...

PHYSICAL REVIEW B 87, 165415 (2013)

TABLEII. Electronic and phonon properties of the 2D hexagonal group-III-V materials. Shown are the band gaps E?SE and the electron and
hole effective masses m;/m, and mj, /m,, respectively, obtained from HSEQ6 calculations, the quasiparticle band gaps from G, W, calculations,
the Bader charges Qg.qer transferred from the group-III to the group-V atoms, the Born effective charges Z*, the macroscopic dielectric constant
€, the phonon frequencies w; o and wr¢ at the I" point, and the frequency splitting Aw.

AIN AlP AlAs AlSb GaN GaP GaAs GaSb InN InP InAs InSb
Electronic structure
E;‘SE €eV) 4.85 3.24 2.49 2.07 3.23 2.51 1.83 1.43 1.52 1.80 1.41 1.25
EgUWU (eV) 5.03 3.93 3.08 2.17 4.00 3.21 2.39 1.88 1.57 2.32 1.81 1.62
m/m, 1.24 0.59 0.48 0.38 0.69 0.41 0.33 0.28 0.43 0.37 0.32 0.28
mj/m, 2.33 1.37 1.20 1.01 1.97 1.16 1.06 0.91 2.26 1.39 1.27 1.09
0 (e) 2.29 1.98 1.77 1.56 1.34 0.74 0.57 0.27 1.22 0.72 0.59 0.36
Z* (e) 2.71 3.02 2.92 2.79 3.23 3.12 3.06 2.85 3.83 3.44 3.39 3.20
€50 1.64 2.57 3.11 4.11 1.98 3.24 4.16 5.64 4.08 3.64 4.74 5.80
Phonon properties
wio (cm™) 903 569 434 355 809 442 302 237 647 369 332 190
wro (cm™) 812 524 403 335 722 409 282 226 592 335 306 179
Aw (cm™") 91 45 31 20 87 33 20 11 55 34 26 11

make the buckling energetically unfavorable in the nitrides
and AIP.

The ionic interactions alone, however, are not sufficient
to completely explain the observed structural trends and the
preference for each of the ions in the III-V compounds for sp?
or sp> hybridization needs to be considered. The group-III
elements B, Al, Ga, and In can all form planar trigonal
sp? bonded molecular structures with D3, symmetry, e.g.,
trihydrides and trihalides. For the group-V elements, the most
common configuration is pyramidal trigonal. For the case of
the nitrogen atom, a trigonal planar configuration can form if
the lone pair occupies a p orbital that can participate in an
aromatic bond by forming w bonds. An example for such a
system is indole, where the energetic stabilization from the
aromatic system leads to the formation of sp” orbitals and
a trigonal planar nitrogen configuration. The small energy
difference between sp? and sp® bonded configurations of
nitrogen is also reflected in the small activation energy for
pyramidal inversion of trivalent nitrogen compounds such as in
NHjs. In contrast, in phosphorous compounds and compounds
of the heavier group-V elements, Ga and In, this activation
energy is considerably greater owing to the stronger energetic
preference for sp> hybridization. In general, the heavier group-
V elements P, As, and Sb favor trigonal pyramidal sp? bonded
configurations with C3, symmetry, as seen in the trihydrides.?®

The combination of the trend to form sp3-bonded trigonal
pyramidal structures for the heavier group-V elements and the
lower electrostatic energy (Q?/a®) for the later group-III-V
compounds explains the observation that only the nitrides and
AIP exhibit planar hexagonal configurations.

The dynamical stability of the hexagonal 2D materials
is determined by the phonon spectra shown in Fig. 3. Out
of the 12 III-V materials only AIP, AlAs, and GaSb show
imaginary frequencies, demonstrating that the other nine are
dynamically stable. The phonon frequencies at high-symmetry
k points agree with previous studies.” However, one notable
difference is that our calculations capture an important phonon
feature of heteropolar materials, the splitting of longitudinal
and transverse optical modes (denoted as the LO and TO
branches in Fig. 3) at the T" point.

Table II shows the Born effective charges Z*, the macro-
scopic dielectric constants €., the phonon frequencies of the
LO and TO branches (wro and wtp), as well as the splitting
magnitude Aw = w o — wyo for the 2D hexagonal III-V
materials. As can be seen, the frequency splitting magnitude
follows the same trend as the ionicity trend in each cation
subgroup. For example, in the subgroup of In pnictides, Aw
decreases from 55 cm™! for InN to merely 11 cm~' for InSb.
AIN has the largest Aw due to its high ionicity.

Table II also lists the Bader charges Q that describe
how much charge is transferred from the group-III to the
group-V atoms in the 2D hexagonal structures. We find that
the charge transfer decreases in each subgroup following
electronegativity trends. As a consequence of the decreased
ionicity, the structures buckle and the orbital hybridization
changes from sp? to sp>. Noteworthy, while a static description
of the charge, the Bader charge follows the frequency splitting
trend in each subgroup, namely, a larger Bader charge transfer
corresponds to a larger LO-TO splitting magnitude.

B. Single-layer tetragonal III-V materials

The phonon spectra of hexagonal AIP, AlAs, and GaSb
shown in Fig. 3 indicate that they are dynamically unstable.
A possible reason for the instability is the dipole moment in
the direction perpendicular to the single-layer plane. Thus, a
reconstruction that reduces the dipole moment could stabilize
the structure. We start with a planar hexagonal configuration
and displace neighboring cation-anion pairs perpendicular to
the plane such that the net dipole moment is zero. Optimization
of this structure results in a tetragonal structure illustrated in
the insets of Fig. 1(b). This structure has space group 129
(P4/nmm), Schonflies symbol D, , and is characterized by
the lattice constant ay and the out-of-plane displacement
Zietr- Surprisingly, unlike the threefold coordinated planar or
buckled hexagonal structure, each cation and anion in the
tetragonal structure is bonded to four neighboring anions
and cations, respectively. The 2D tetragonal AIP, AlAs, and
GaSb structures are mechanically stable as illustrated by their
phonon spectra in Fig. 3.
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FIG. 3. (Color online) Phonon spectra of hexagonal (black labels)

and tetragonal (red labels) 2D group-III-V materials. The insets show

the sketches of the first Brillouin zones of the 2D hexagonal and tetragonal structures.

To further test the stability of the tetragonal 2D materials,
we perform ab-initio molecular dynamics simulations for the
tetragonal AIP system using a 5 x 5 x 1 supercell and the
PBE functional. A Nosé thermostat sets the temperature to
600 K.? The simulation is performed for a total time of 2 ps
using a time step of 1.5 fs. Geometry optimizations of several

1654

molecular dynamics snapshots for the tetragonal AIP system
result in the original tetragonal structure. This suggests that
2D tetragonal AlP is stable at a temperature of 600 K.
Although most of the ITI-V materials are dynamically stable
in the 2D hexagonal structure, we also calculate their energy
in the tetragonal structures. Table I and Fig. 1(b) show their
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FIG. 4. (Color online) Band structures of hexagonal (black labels) and tetragonal (red labels) 2D group-11I-V materials calculated with the
HSEO06 hybrid functional.

energy relative to the bulk phases and the structural parameters. one. Therefore, the hexagonal structure is not the only possible
Except for AIN, GaN, and InN, all other III-V materials have metastable 2D structure for the group-III-V materials. The
lower energies in the tetragonal structure than the hexagonal energy A FE decreases in each subgroup. Notably, some 2D
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tetragonal III-V materials have very low formation energies of
the order of 0.2 eV /atom. For example, the formation energy
of AISb is 0.16 eV /atom which is close to the energy of the
previously synthesized ZnO of 0.19 eV/atom. This indicates
that it is more likely to grow AlISb in the 2D tetragonal structure
than in the 2D hexagonal one.

To understand why tetragonal structures are favored over
hexagonal structures in most group-III-V materials, we plot
the energy difference A Epex—terr between the hexagonal and
tetragonal structures as a function of Q?/a? of the hexagonal
structures in Fig. 2(b). The energy difference A Epex—tetr
decreases with increasing importance of the electrostatic
interactions measured by Q?/a”. This trend is consistent with
the explanation that most 2D group-III-V materials tend to
form tetragonal structures in order to reduce their dipole
moment perpendicular to the layered materials.

C. Electronic structure of single-layer III-V materials

Figure 4 shows the band structures obtained using the
HSEOQ6 hybrid functional and Table II compares the band gaps
obtained with the HSEO06 functional and the GoW, method.
The HSEO6 and the Gy W, method predict similar band gaps
with the GoW, band gaps being slightly larger. Comparison
with experimental data for the single-layer materials BN,
fluorographene, and MoS, show that the GW method in these
related systems overestimates the band gap.”>? As expected,
all the band structures of the 2D hexagonal structures exhibit
similar shapes. One common feature of these band structures
is the occurrence of the valence-band maximum (VBM) at
the K point, whereas the conduction-band minimum (CBM)
positions appear at the I'" point. In other words, all these
hexagonal 2D materials have indirect band gaps, different
from the corresponding 3D group-III-V materials with mixed
band-gap types.’! For example, InP has a direct band gap in
three dimensions, and the band-gap type changes to indirect
due to dimension reduction.

Figure 5 shows the relationship between the size of the
band gap of the 2D materials and their lattice constants. As
illustrated by the color spectrum, most of the band gaps lie
within the range of visible light, indicating that these 2D
materials may be useful for optoelectronic or photocatalytic
applications. Of all 12 materials, AIN has the largest band gap
of 4.85 eV. However, this value is still small compared to its
wurtzite bulk phase, which has a wide band gap of 6.2 eV.3

An important parameter for semiconductor device materials
is the electron/hole effective mass, denoted as mj and m},
respectively. These parameters affect carrier mobility. From
the HSEO6 band structure we calculate the average m} for the
CBM at the I" point, and the m}; for the VBM at the K point.
Table II lists the effective masses m},, of the 2D hexagonal
materials. The relative m?,, are illustrated in Fig. 5. The m}
of most hexagonal 2D group-III-V materials are comparable
to silicon, which has an average m} = 0.26m,.>* In addition,
these m} are similar to or smaller than that of single-layer MoS,
with a theoretical value of m*/m, = 0.483.% Single-layer
MoS; has recently been shown to work in transistor devices.*
The similarity between the calculated electronic properties
illustrates the potential of the predicted 2D hexagonal III-V
materials for electronics applications.
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FIG. 5. (Color online) The relationship between fundamental
band gaps and lattice constants of the semiconducting 2D group-II1-V
materials. A sketch of the light spectrum is overlaid to aid visualiza-
tion of the band-gap size. The center of the two concentric circles
or squares determines the band-gap size of hexagonal and tetragonal
structures, respectively. Additionally, the inner and outer radii or side
lengths represent the electron and hole effective mass, respectively.
The data of single-layer MoS, are shown for comparison.??

With the HSEO6 functional, we also calculate the band
structures of the 2D tetragonal structures exhibiting lower en-
ergies than their hexagonal counterparts. Surprisingly, except
AIP and AlAs, the other seven materials become metallic. The
band structures of AlP, AlAs, and GaSb are shown in Fig. 4.
It can be seen that even the band-gap types of AIP and AlAs
are different. AIP has an indirect band gap of 1.89 eV, while
AlAs has a direct band gap of 0.79 eV. Moreover, the m} of
tetragonal AIP and AlAs at the I" point are 0.50 and 0.40 m,,
respectively.

To understand the origin of the metallic character of most
tetragonal 2D materials, we analyze the density of states
for 2D hexagonal and tetragonal GaSb shown in Fig. 6.
For the semiconducting hexagonal GaSb, Fig. 6(a) shows
that the valence-band maximum is dominated by the Sb p
states. The conduction-band minimum (CBM) on the other
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FIG. 6. (Color online) Total density of states (DOS) and projected
DOS of (a) hexagonal and (b) tetragonal GaSb.
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FIG. 7. Adsorption energy of 2D tetragonal III-V materials on
(100) surfaces of common metal substrates, Cu, Pd, and Pt with
lattice mismatches less than 1%. The filled and empty squares denote
adsorption energies with and without the inclusion of van der Waals
interactions, respectively. The substrates significantly enhance the
stability of the 2D materials.

hand is dominated by about equal contributions from the
Sb s and Ga sp3 states. In contrast, for metallic tetragonal
GaSb, Fig. 6(b) shows that the density of states near the
Fermi level is dominated by the p states of Sb with the sp?
states of Ga being absent. The metallic character of the 2D
tetragonal GaSb originates from the partly filled band that is
dominated by states of p character localized on the Sb sites.
Although the semiconductor-to-metal transition may be less
appealing for growing 2D semiconductors, stacking various
tetragonal structures may lead to useful metal-semiconductor
heterojunctions.

D. Substrate stabilization of single-layer III-V materials

High quality, uniform and large domains of graphene
have been grown on metal substrates.’*3’ The metal sur-
faces efficiently catalyze the chemical vapor deposition
process and stabilize graphene. Similarly, to synthesize the
2D HI-V materials predicted in this work, suitable substrates
are required that reduce the formation energies and stabilize
the structures. Since most of the 2D tetragonal III-V materials
have already quite low formation energies, we search the
Inorganic Crystal Structure Database?® for suitable lattice-
matched substrate materials and calculate the adsorption
energies.

We identify five combinations of (100) surfaces of com-
monly used metal substrates, namely Cu, Pt, and Pd, and 2D
tetragonal III-V materials that exhibit lattice mismatches of
less than 1%. We calculate the adsorption energies for these
five combinations by modeling the transition metal surfaces
as slabs consisting of eight layers. The atoms in the bottom
three layers are fixed to their bulk positions. The 2D materials
are strained appropriately to match the lattices of the sub-
strates. Our calculations reproduce the experimental interlayer
spacing contraction between the surface layers of (100) Cu of

PHYSICAL REVIEW B 87, 165415 (2013)

di> = 2.0 & 0.5%.%® The binding energy E}, is calculated as

E, Eoxpis — Es — Ezn’ 1
Nop
where Eppys is the energy of the strained 2D III-V material
adsorbed on the (100) surface of the substrate, E is the energy
of the substrate slab, E,p is the energy of the unstrained 2D
II1-V materials, and N,p is the number of atoms in the 2D
material’s cell, which is 4 in this case.

Figure 7 shows the adsorption energies of the 2D tetragonal
materials on these lattice-matched common metal substrates.
The III-V materials are chemisorbed on the metal surfaces,
unlike graphene which is weakly physisorbed on transition
metal substrates.***! This is due to the polar nature of the ITI-V
materials. The substrates significantly reduce the formation
energies of the 2D materials. For example for 2D tetragonal
AIP on Pd, the adsorption energy of 0.27 eV /atom reduces the
formation energy from 0.31 eV /atom to a mere 40 meV /atom,
comparable to the formation energy of free-standing films of
graphene or BN.!”

van der Waals interactions between the tetragonal 2D
materials and substrates, modeled using a vdW-DF functional
with the optB88 exchange functional,*?> further increase the
adsorption energy to 0.39 eV /atom, effectively reducing the
energy of 2D tetragonal AIP below that of the 3D bulk phase. A
similar enhancement of the adsorption energy is expected for
combinations of other metal substrates and 2D III-V materials.
This demonstrates that these hypothetical 2D materials could
be synthesized on lattice-matched substrates.

IV. CONCLUSIONS

In summary, we identified a large number of metastable
2D materials in the group-III-V family. We identified three
different 2D structures that are dynamically stable in this
family of materials: a planar honeycomb hexagonal structure,
a buckled hexagonal structure, and a surprising low-energy
tetragonal structure. Using the HSEO6 functional, we obtained
accurate energy band gaps and electron/hole effective masses.
Calculations for potential substrates show that these 2D
materials can be stabilized. Our results provide valuable
guidance to synthesis efforts and potential applications of 2D
group-III-V materials.
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