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ABSTRACT: A large gap two-dimensional (2D) topological
insulator (TI), also known as a quantum spin Hall (QSH)
insulator, is highly desirable for low-power-consuming
electronic devices owing to its spin-polarized backscattering-
free edge conducting channels. Although many freestanding
films have been predicted to harbor the QSH phase, band
topology of a film can be modified substantially when it is
placed or grown on a substrate, making the materials
realization of a 2D TI challenging. Here we report a first-
principles study of possible QSH phases in 75 binary
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combinations of group III (B, Al, Ga, In, and T1) and group V (N, P, As, Sb, and Bi) elements in the 2D buckled honeycomb
structure, including hydrogenation on one or both sides of the films to simulate substrate effects. A total of six compounds (GaBi,
InBi, T1Bi, TlAs, TISb, and TIN) are identified to be nontrivial in unhydrogenated case; whereas for hydrogenated case, only four
(GaBi, InBi, TIBi, and TISb) remains nontrivial. The band gap is found to be as large as 855 meV for the hydrogenated TIBi film,
making this class of III—V materials suitable for room temperature applications. TIBi remains topologically nontrivial with a large
band gap at various hydrogen coverages, indicating the robustness of its band topology against bonding effects of substrates.

KEYWORDS: 2D topological insulators, topological phase transition, quantum spin Hall effect, III-V semiconductor thin films,

electronic structures, first-principles calculations

T opological insulators (TIs) have become one of the most
widely studied materials in the past few years.”” These
novel materials are insulating in the bulk but support gapless
edge states for two-dimensional (2D) TIs and gapless surface
states for three-dimensional (3D) TIs, which are protected by
powerful constraints of time-reversal symmetry. Although a
number of 3D TIs have been synthesized experimentally, the
2D TIs, also known as quantum spin hall (QSH) insulators, are
better suited for applications in spintronics and quantum
computing in view of the remarkable robustness of their edge
states against backscattering. The currently available QSH
materials, however, are limited to quantum well systems’
with very small band gaps observable only at very low
temperatures (~10 K). The search for 2D-TIs with large
gaps thus presents an urgent challenge of great importance.
Inspired by the discovery of graphene,” a variety of atomically
thin “beyond” graphene materials in the buckled honeycomb
structure have been predicted to harbor the QSH phase. These
include single layer Si (silicene), Ge (germanene),g’10 Sn
(stanene),"” Bi,">”'* strained As,"” and Sb,"*"” among others.
However, a 2D thin film must eventually be grown or placed on
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a suitable substrate. But interactions with the substrate can
modify the electronic structure of the film, which adds to the
challenges of experimental realization of the QSH phase. A
viable 2D film must not only display a nontrivial band topology
but its electronic structure should also be insensitive to the
effects of bonding with the substrate. Hydrogenation and the
associated bonding may be viewed as a simplified model for
simulating effects of the environment on the electronic
structure of a film, including those of the substrate.”' ™ A
number of studies indeed show that band topologies and band
gaps in films are modified significantly upon hydrogena-
tion'®™*” and that the structural changes induced by different
functional groups can be modeled through effects of strain.”"**

A recent computational study”® showed the dynamic stability
of binary composition of group III-V in 2D buckled
honeycomb structure and suggested possible synthesis and
potential applications. We have previously predicted” un-
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strained TIBi, GaBi, and InBi films to harbor the 2D TI phase.
However, the key effects of the substrate have not yet been
explored in III-V films. Here, we address this important issue
by invoking a simplified electron-filling model for simulating
effects of substrates on III—V thin films.

In order to identify new and robust QSH phases with large
band gaps, we have carried out a first-principles study of 25
possible binary combinations of group III (B, Al, Ga, In, and
TI) and group V (N, P, As, Sb, and Bi) elements in the buckled
honeycomb structure. We also consider effects of hydro-
genation on one or both sides of each of these films, yielding a
total of 75 films that were investigated. We predict QSH phases
in both pristine and hydrogenated GaBi, InBi, TIBi, and TISb,
while TIAs and TIN exhibit a nontrivial phase only when the
film is not hydrogenated. These films support a single Dirac
cone edge state band for armchair edges with the Dirac point
located in the middle of the 2D bulk gap, which is highly
desirable for spin-transport applications.”’** This class of
materials and their derivatives would also grovide novel
platforms for other applications more generally.”**>**

Remarkably, we find an energy gap as large as 773 meV (or
855 meV) in TIBi films hydrogenated on one (or both) side.
Moreover, by using TIBi as an exemplar system, we
demonstrate that III-V films remain topologically nontrivial
with a large band gap for various hydrogenation levels. Our
analysis reveals why the electronic structure of TIBi is
insensitive to hydrogenation, giving insight into how TIBi
would provide an especially promising 2D TI, robust against
deterioration via bonding effects of substrates.

Our first-principles computations have been carried out using
the Vienna Ab-Initio Simulation Package (VASP).> Spin—orbit
coupling (SOC) is included in the self-consistency cycles and
band computations throughout this work unless indicated
otherwise. Side views of the films hydrogenated on one or both
sides, along with the associated Brillouin zones, are shown in
Figure 1. One monolayer (ML) coverage corresponds to the
number of hydrogens being equal to the number of III-V
atoms in the unit cell. For two-sided hydrogenation, hydrogen
atoms are adsorbed on opposite sides of the honeycomb with
respect to the neighboring H atom, while for one-sided
hydrogenation, all hydrogens are adsorbed on the same side of
the honeycomb. Atomic positions were optimized without SOC
for each lattice constant considered. Band structures and band
topologies including spin—orbit coupling effects were com-
puted for various equilibrium geometries. A total number of 75
films considered in this study are obtained from 25 III-V
binary combinations in three different configurations: pristine
buckled honeycombs, and buckled honeycombs hydrogenated
on one or both sides. In order to ascertain band topologies, we
used the method of ref 36 for computing the Z, invariant in
terms of the so-called n-field configuration of the system. We
have previously used this method to determine the Z, invariant
of silicene on Bi/Si(111) substrate.”” Since III—V films do not
possess a center of inversion symmetry, parity analysis cannot
be applied.”® All topological phases were further checked by
considering the evolution of band structures as a function of the
strength of the SOC by adding a weighting factor WSOC
(weighted SOC) to scale the SOC contribution in the
computations.16

In this way, we identify six films (GaBi, InBi, TIBi, TlAs,
TISb, and TIN) as being nontrivial in the unhydrogenated case.
TlAs and TIN are in the trivial phase when hydrogenated on
one or both sides, while the other four films remain nontrivial
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Figure 1. (a) Top and side views of the buckled honeycomb structure.
(b and c¢) Side views of the two-sided (b) and one-sided (c)
hydrogenated films. (d) 2D Brillouin-zones with specific symmetry
points labeled. (e and f) Total energy as a function of the lattice
constant for (e) pristine and (f) the two-side hydrogenated buckled
honeycombs.

after hydrogenation. Tables 1 and 2 give structural details and
values of various gaps for the six films with and without

Table 1. Calculated Equilibrium Lattice Parameters, Band
Gaps, and Topological Invariants (Z,) for Selected Buckled
Honeycombs without Hydrogenation

lat.
el () an ) o T v 2
GaBi 4.521 0.790 0.168 0.187 1.069 nontrivial
InBi 4.805 0.850 0.169 0.190 1.068 nontrivial
TIN 3.839 0.335 —0.061 0.083 2.842 nontrivial
TlAs 4.525 0.731 0.111 0.111 1.420 nontrivial
TISb 4.815 0.806 0.274 0.274 1.025 nontrivial
TIBi 4.928 0.850 0.560 0.704 0.726 nontrivial

Table 2. Calculated Equilibrium Lattice Parameters, Band
Gaps, and Topological Invariants (Z,) for Selected Buckled
Honeycombs with Hydrogenation on Both Sides

lat.
const. layer sys. gap gap at ' gap at K
material (A) dist. (A)  (eV) FeV) FeV) Z,
GaBi 4.544 0.820 0.169 0.169 5.084 nontrivial
InBi 4.828 0.886 0.190 0.190 4.594 nontrivial

TIN 3.768 0.842 1.007 1.007 5.635 trivial
TlAs 4.508 0.897 0.233 0.233 5.013 trivial
TISb 4.773 0.934 0.063 0.063 4.669
TIBi 4914 0913 0.855 1.050 3.964

nontrivial

nontrivial

hydrogenation. Similar details for all 75 films investigated are
given in the Supporting Information in the interest of brevity.
Notably, the present III-V buckled honeycombs remain
buckled when hydrogenated (one side), unlike bismuth/
antimony films which assume a planar structure upon
hydrogenation,” although two-sided hydrogenation of Bi and
Sb films also leads to a nearly planar structure.”*~>* For the
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Figure 2. Band inversion strength (BIS) as a function of strain for (a) pristine and (b) hydrogenated (both sides) buckled honeycombs. Buckled
honeycombs with positive and negative BIS values are in the topological insulator and normal insulator phase, respectively.
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Figure 3. Band structures and partial densities of states (DOSs) associated with various orbitals in TIBi and Sn films: (a) unhydrogenated bilayer of
TIBi; (b) hydrogenated (both sides) buckled honeycomb of TIBi; (c) unhydrogenated buckled honeycomb of Sn; and, (d) hydrogenated (both
sides) buckled honeycomb of Sn. Sizes of dots of various colors are proportional to the partial DOSs from different orbitals as follows: red dots for s-
orbital from Tl and Bi (Sn in ¢ and d); green dots for p,-orbital; and blue dots for the H s-orbital. For the partial DOSs, solid lines of various colors
give contributions from different orbitals as indicated in the legends in a—d.
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Figure 4. Band structures for (a) 0, (b) 0.25, (c) 0.50, (d) 0.75, and (e) 1 ML hydrogen coverages. The lowest energy structure used in the
computations is shown on the top of each panel. Sizes of red, green, and blue dots are proportional to the contributions of s- and p,-orbitals of TI

and Bi and the s-orbital of H, respectively.

remainder of our discussion, we will focus on the unhydro-
genated films and films hydrogenated on both sides.

Figure le gives the total energy per unit cell of the six
aforementioned nontrivial films as a function of lattice constant
a. The corresponding results for the hydrogenated (both sides)
films are given in Figure 1f. Except for TIN, all films display two
local minima in energy. We will refer to the corresponding
stable phases as high-buckled (HB) and low-buckled (LB)
states in order to highlight the size of buckling or interlayer
distance in these two distinct states. With reference to Tables 1
and 2, the calculated equilibrium lattice constants in LB phase
for GaBi, InBi, TIBi, TlAs, TISb, and TIN are 4.521, 4.805,
4928, 4.525, 4.815, and 3.839 A for the pristine buckled
honeycombs and 4.544, 4.828, 4.914, 4.50S, 4.773, and 3.768 A
for the hydrogenated (both sides) buckled honeycombs,
respectively. In general, the vertical interlayer distance in
pristine films varies over 0.335—0.850 A. The interlayer
separation in the hydrogenated films is larger and varies over
0.820—0.934 A. The band gaps are generally enhanced with
hydrogenation of films with the exception of TISb. The largest
band gap of 855 meV is seen in the hydrogenated TIBi film.

We have examined the topological nature of all investigated
films as a function of strain as shown in Figure 2. The QSH
phase survives in five films (GaBi, InBi, TIBi, TlAs, and TISb)
over a wide range of strains. The pristine TIN film is a
nontrivial semimetal, but a compressive strain of about —3%
induces the TI phase. As for TlAs, it can be driven into the
nontrivial topological phase through a strain larger than —2%
and 6.7% for pristine and hydrogenated films, respectively. The
band inversion strength (BIS), which we define as the direct
band gap at I', provides a measure of how far the material is
from a topological critical point. BIS is positive when the band
is inverted (nontrivial) and negative (trivial) otherwise. Figure
2 gives BIS values as a function of strain for selected pristine
and hydrogenated (both sides) buckled honeycombs.

We now discuss, with the representative examples of Sn, Bj,
and TIBi, how hydrogenation modifies band topologies of films
and how the effects of hydrogenation differ among group IV,
group V, and III-V films. Hydrogenation in Sn causes the
lattice constant to change by about 0.8%, from 4.68 to 4.72
A" and changes the band topology from being nontrivial to
trivial. On the other hand, hydrogenation in Bi and Sb not only
significantly changes the band structure but also results in
structural transformation from a buckled to a planar honey-

comb.”>* In sharp contrast, hydrogenation (two-sided) of TIBi
films only induces a small strain (~0.3%) without any
significant distortion in the structure. This is a desirable
characteristic of the III-V buckled honeycombs in that the
lattice constants are essentially maintained upon hydrogenation.

Figure 3 highlights changes in band structures and partial
densities of states (projected on various sites) when pristine
films of TIBi and Sn are hydrogenated, these being the two
exemplar cases in which hydrogenation causes a relatively small
change in the lattice constant. Since the Sn buckled honeycomb
possesses inversion symmetry, bands in Figure 3c and d are
degenerate. When this symmetry is broken in the TIBi buckled
honeycomb, the resulting bands in Figure 3a and b are different
in general and show Rashba type splittings. Figure 3b and d
show that the contribution of the H s-orbital, given by the size
of blue dots, is mainly located around 3 eV below the Fermi
energy. As for band inversion, we found that in TIBi it is a p—p
type band inversion which takes place at I'. Without the SOC,
p,-orbital of Bi lies above its p,-orbital, but when the SOC is
turned on, the order of these p, and p, orbitals is reversed. In
fact, the H s-orbital is strongly hybridized with the p_-orbital
(green dots) of Tl and Bi, while it is only weakly hybridized
with the s-orbital (red dots) of Tl and Bi. Hybridization with H
atoms thus shifts unsaturated p, orbitals from above to below
the Fermi energy, so that the low binding energy states near the
Fermi level now become dominated by other p- and s-orbitals.
As a result, the band topology in TIBi remains nontrivial upon
hydrogenation, while it becomes trivial in Sn. The band
topology of Sn can however be further controlled via strain.”’

Since hydrogenation does not alter the band topology of III—
V films, we tested the robustness of the nontrivial phase by
considering different levels of hydrogen coverage in TIBi films.
Here, we define one monolayer (ML) coverage to correspond
to two hydrogen atoms per TIBi pair. An augmented 2 X 2
supercell was used to simulate coverages of 1, 0.75, 0.5, 0.25,
and 0 ML by removing/adding up to two hydrogen atoms in
the supercell. Since there are several possible ways of removing
or adding two hydrogens which lead to different total energies
per supercell, we followed the scheme of a previous study” in
which having the two H atoms on opposite sides of the
neighboring C atoms in graphene yielded greater stability. As
already noted, the lattice constants of pristine and fully
hydrogenated films only differ by 0.3%. Therefore, we used
the lattice constant of fully hydrogenated film for partial
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Figure S. Crystal and band structures of hydrogenated (both sides) TIBi ribbons for (a) zigzag and (b) armchair edges. (c and d) Corresponding
results for the pristine TIBi ribbons. Contribution from the top (bottom) edge is marked with red crosses (blue circles). Sizes of red crosses and blue
circles are proportional to contributions from the respective edges. Region with orange filling denotes bulk bands. The zero energy is chosen to lie in

the middle of the 2D bulk band gap.

coverages, while allowing the atoms to relax. Figure 4 shows the
relaxed atomic structures with lowest energy at each coverage
and the associated band structures for 0—1 ML coverages.
Similar to Figure 3, the H contribution is seen to be mostly
concentrated at low energies, and H s-orbital is partially
hybridized with the p,-orbital of Tl and Bi. The Z, invariant for
all coverages remains nontrivial, and the unsaturated p_-orbitals
are pulled below the Fermi level. These results demonstrate
that the topology of TIBi films is highly robust against chemical
bonding effects of the environment, making these films
particularly flexible with regard to substrate choices for
potential device applications.

In order to assess the robustness of our calculations to the
underestimation of band gap within the GGA, we computed
the electronic and topological properties of all hydrogenated as
well as unhydrogenated films in Tables 1 and 2 using the hybrid
functional HSE06.** Under HSE06, among the unhydrogen-
ated films, GaBi and T1As assume the trivial phase, while for the
hydrogenated films, only TIBi remains in the nontrivial phase.
However, we find that (using HSE06), the unhydrogenated
films under 3% and the hydrogenated films under 5% strain,
essentially revert back to the GGA-based results in all cases.
Our GGA-based results in Figure 2 thus correctly capture
evolution of the topological phases with strain, some differences
in the exact values of the strain at which phase transitions occur
depending on the particular exchange-correlation functional
employed in the computations notwithstanding.

Figure S compares the edge state spectrum in pristine and
hydrogenated TIBi ribbons and gives insight into effects of
hydrogenation on edge states. Widths of the ribbons were taken

to be fairly large to reduce interaction between the two edges.
Both armchair and zigzag edges were considered. The odd
number of edge states crossing the Fermi level between 0 and
7/a (7/d for armchair edge) confirms the Z, nontrivial phase of
the system. The edge states in Figure S (red crosses and blue
circles) are seen to be gapless with Dirac nodes at 0 or /4, and
span the bulk energy gap connecting the valence and
conduction bands. The asymmetric termination of a zigzag
ribbon provides two different dispersions of edge band where
the bottom edge (blue circles) is Tl-terminated, while the top
edge is Bi-terminated (red crosses). In contrast, in the armchair
ribbon, both edges possess the same structure, and indeed the
band structures for the two edges are the same as seen in Figure
Sb and d. As the band gap increases with hydrogenation, the
edge states mainly lie within the gap. The edge state spectrum
in the pristine cases in panels ¢ and d contains a single Dirac
cone with its node lying in the middle of the 2D band gap for
both zigzag and armchair ribbons. In the hydrogenated case, on
the other hand, the nodes of the Dirac cones are seen to lie
below and above the Fermi level for zigzag and armchair
ribbons, respectively.

Finally, in order to gain insight into the viability of our
simplified hydrogenation model for simulating substrate effects,
we searched for a suitable substrate for supporting nontrivial
phase of III-V films. Among various substrates such as Ge, Si,
and SiC, we found that Si(111) would be a good candidate for
supporting III-V films. In particular, /3 X /3 hydrogenated
GaBi has a lattice constant of 7.87 A, which is close to the
lattice constant of 7.73 A of 2 X 2 Si(111), so that this substrate
could support a GaBi film (with small strain) and preserve its
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nontrivial phase (see Figure 2). With this in mind, we
considered a GaBi film on Si(111) by using three Si(111)
bilayers to simulate the substrate. The Si atoms in the bottom
layer were passivated with H atoms and kept fixed. The top
layer (either Ga or Bi) was also passivated with H, but all atoms
in this case (including H) were allowed to relax. We also
considered two possible types of bonding in which the top
Si(111) layer can either bond with Ga or Bi atoms. Figure 6

(a) GaBi-Si(111)-2x2 (b)
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Figure 6. The relaxed structures of (a) GaBi and (c) BiGa on top of
Si(111). The total s-orbital contribution (proportional to the size of
red circles) of (b) GaBi and (d) BiGa are shown to have an inverted
band at I, thus exhibiting nontrivial topological phase.

presents the crystal and band structures for these two different
cases where the Ga layer lies on the top or below the Bi layer.
The corresponding total s-orbital contributions to band
structures when Ga lies on the top [GaBi-Si(111)-2 X 2] or
below [BiGa-Si(111)-2 X 2] Bi with band gaps of 83.9 and 67.5
meV are also shown. The Z, parameter was calculated in both
cases and found to correspond to the nontrivial phase with a
gap that exceeds room-temperature thermal energy. Note that
the band gap of the GaBi film is reduced (from 169 to 83.9 or
67.5 meV) when it is placed on the Si(111) substrate. This
reduction, however, is driven by the smaller (theoretical) band
gap of Si in our computations and reflects band realignment
effects when the film is placed on the substrate. These results
indicate the importance of size of the gap of the substrate as an
important factor for maintaining the gap characteristics of a
freestanding film and point to large-gap insulators as being
generally more viable in this regard. Our study shows that
hydrogenation would provide an eflicient search tool for
screening films for their viability in the presence of substrate
effects, although actual computations will be needed for
delineating the complexity of substrate effects in promising
cases.

Through a study of 75 III-V buckled honeycombs without
and with hydrogenation on one or both sides, we predict that
unhydrogenated as well as hydrogenated GaBi, InBi, TIBi, TISb
films, in addition to the pristine and strained hydrogenated
TlAs and TIN films, harbor the QSH phase with band gaps
large enough for room-temperature applications. The hydro-
genated (both sides) TIBi film supports an especially large band
gap of 855 meV with a single Dirac cone edge state, providing a

viable candidate for reaching the long-sought topological
transport regime. The TIBi film also maintains its nontrivial
band topology for a range of hydrogen coverages, indicating
that the QSH phase in this film is likely to be particularly robust
against bonding effects of substrates. Our predicted QSH
buckled honeycombs could be grown or sandwiched between
appropriate nanostructures for potential device applications.
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