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From first-principles calculations, we found that oxygen functionalized InSe and TlTe two-dimensional

materials undergo the following changes with the increased concentrations of oxygen coverage,

transforming from indirect bandgap semiconductors to direct bandgap semiconductors with tunable

bandgap, and finally becoming quantum spin hall insulators. The maximal nontrivial bandgap are 0.121

and 0.169 eV, respectively, which occur at 100% oxygen coverage and are suitable for applications at

room temperature. In addition, the topological phases are derived from SOC induced p—-p bandgap
opening, which can be further determined by Z, topological invariants and topologically protected
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gapless edge states. Significantly, the topological phases can be maintained in excess of 75% oxygen

coverage and are robust against external strain, making the quantum spin hall effect easy to achieve
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1. Introduction

Group III sulfur compound layered materials have become
a research hotspot” due to their high carrier mobility, p-type
electronic behavior and wide-cap shaped band edges. Their
layered or monolayer materials (GaS, GaSe and InSe) have been
experimentally realized,>® forming a new class of two-
dimensional (2D) materials. These 2D materials can be used
as candidates for optoelectronic devices and electronic
devices,*® where field effect transistors made with monolayer
InSe have high carrier mobility and large switching ratio,*”
photodetectors made with Gas,* GaSe,®> GaTe,’ InSe'® and TITe"
show high photoresponsiveness and fast response time. In
addition, these 2D materials have potential applications in
thermoelectric,'” piezoelectric*® and electrocatalytic fields.**
Quantum spin hall (QSH) insulators, which is called 2D
topological insulators, was first proposed in graphene'>'® and
then experimentally achieved in HgTe/CdTe''* and InAs/
GasSb*?* quantum wells. Chemically functionalized 2D mate-
rials are an effective way to modulate structural and electronic
properties.”*** Halogenation, hydrogenation, methyl and
ethynyl functionalization, oxidation of 2D materials have been
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experimentally. Thus, the oxygen functionalized InSe and TlTe are fine candidate materials for the design
and fabrication of topological devices.

studied in theoretical detail, with tunable electronic and topo-
logical properties. With halogenation and hydrogenation, ger-
manene,>>¢ stanene, phosphene,* arsenene,
antimonene® and bismuthene® as well as binary compounds
with inversion asymmetry****° are 2D topological insulators
with large bandgap, with the largest bandgap reaching 1.08 eV.
In addition, methyl functionalized stanene,*** arsenene* and
bismuthene,* as well as ethynyl functionalized stanene® can
further improve the nontrivial topological bandgap. Finally,
with oxygen functionalization, arsenene,** antimonene* and
bismuthene*® can also achieve QSH insulators with large
bandgap. All of these topological insulators have the potential
for room-temperature applications.

Despite the considerable properties of group III sulfur
compounds, few studies have focused on their chemical
modification. Oxidized InSe monolayer by heat treatment,
Balakrishnan et al. obtained the InSe/In,O; heterojunction and
found that it could be used as a p—n junction with tunable
bandgap.* Researchers have also found that oxidized GaSe and
GaTe films could lead to a decrease in photoluminescence.*>**
Monolayer InSe has rich electronic and optical properties,
which can obtain nontrivial topological phases through full
oxygen coverage.”> Considering that partial oxygen coverage
may occur under experimental conditions, it is of great signif-
icance to study the electronic and topological properties of InSe
2D materials with different concentrations of oxygen coverage.
Among the group III elements, Tl and Te elements have stronger
spin-orbit coupling (SOC) than In and Se elements, respectively,
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and should be able to further induce and stabilize their topo-
logical phases.

In this paper, we have studied InSe and TITe 2D materials
with different concentrations of oxygen coverage through 2 x 2
supercell. The InSe changes from an indirect bandgap semi-
conductor to a direct bandgap semiconductor at 25% oxygen
coverage (InSeQg,s), and the bandgap is decreased from
1.392 eV to 0.636 eV. The InSe also keeps a direct bandgap
semiconductor at 50% oxygen coverage (InSeO,s) with the
bandgap further reduced to 0.123 eV, transforming into a QSH
insulator at 75% oxygen coverage (InSeQOy 5). The 2D material
InSe at 100% oxygen coverage, namely InSeO, has a nontrivial
bandgap of 0.121 eV, which is suitable for applications at room
temperature. The oxygen functionalized TITe shows the same
trend as the oxygen functionalized InSe. With the increased
concentrations of oxygen coverage, the TITe changes from an
indirect bandgap semiconductor to a direct bandgap semi-
conductor, and turns into a QSH insulator at 75% oxygen
coverage (TITeO,s). The TITe 2D material at 100% oxygen
coverage (TITeO) has a nontrivial bandgap increased to 0.169 eV
due to the strong SOC of Tl elements. Their topological phases
are derived from SOC-induced p-p bandgap opening and can be
further determined by Z, topological invariants and topologi-
cally protected gapless edge states.

2. Theoretical methods and
computational details

First-principles calculations were performed using the pro-
jected augmented wave (PAW) method® as implemented in the
Vienna ab initio simulation package (VASP).** The exchange-
correlation energy was treated using Perdew-Burke-Ernzerhof
(PBE)*® generalized gradient approximation. The energy cutoff
of the plane wave basis was selected as 500 eV with an energy
precision of 10~ eV. Meanwhile, 11 x 11 x 1 K point grid®® was

Fig. 1
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selected for Brillouin-zone sampling. All atoms are relaxed until
the force on each atom is lower than 0.01 eV A~*. The setting of
these parameters is sufficient to ensure the accuracy of struc-
ture optimization. For self-consistent and energy band calcu-
lations, the energy cutoff of plane wave basis was remained as
500 eV, with energy precision improved to 10™° eV, and the
Brillouin-zone sampling was increased to 15 x 15 x 1 K point
grid. The influence of SOC was taken into account in all the
processes starting from static self-consistent calculation. Pho-
nopy*”” based on density functional perturbation theory was
used to calculate the phonon spectra. The Wannier90 function®®
combined with WannierTools* was used to calculate the topo-
logical invariant Z, and topologically protected edge states.

3. Results and discussion

3.1 Crystal and electronic structures of oxygen
functionalized InSe

The crystal of InSe contains two layers of In atoms between two
layers of Se atoms, which can be regarded as two layers of InSe
with hexagonal honeycomb shape connected by In atoms, as
shown in Fig. 1(a). Therefore, an InSe primitive cell contains
two In and Se atoms. After structure optimization, the lattice
constant a, the bond length dj,,_s. formed by In and Se atoms,
and the bond length dy, 1, formed between In atoms are 4.085,
2.682 and 2.824 A, respectively. The calculated band structure of
InSe is shown in Fig. 1(b). It is obvious that the valence band top
is located between I' and K points, while the conduction band
bottom is located at I' point, forming an indirect bandgap of
1.392 eV, which has the characteristics of semiconductor. In
addition, the valence band top and the conduction band bottom
have a wide brimmed hat and a parabolic shape, respectively. By
constructing 2 x 2 supercells of InSe, and adsorbing O atoms
simultaneously on Se atoms at both ends, we can study the
effect of oxygen coverage at different concentrations.
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(a) Top view and side view of the structure of InSe 2D material. The blue and green spheres represent In and Se atoms, respectively. The

small square represents one of the primitive cells. (b) The band structure of InSe with the bandgap size.
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Fig. 2 Top view and calculated band structure of the oxygen functionalized InSe. (a) InSeQOq »s5, and (b) InSeOq 5. The blue, green and red balls

represent In, Se and O atoms respectively.

The structure and band structure of InSe at 25% oxygen
coverage (InSeO, ,5) are shown in Fig. 2(a). Compared with InSe,
we adsorb O atoms simultaneously on Se atoms at both ends of
a single cell. After structure optimization, the lattice constant
a and the bond length dg._o of InSeOy ,5 are 8.263 and 1.679 A,
respectively, as shown in Table 1. The band structure of
InSeOg,5 changes from indirect bandgap to direct bandgap
with the bandgap also decreasing from 1.392 eV to 0.636 eV. For
InSe 2D materials at 50% oxygen coverage (InSeQgs), we
adsorbed O atoms simultaneously on Se atoms at both ends of
two single cells. After structure optimization, the lattice
constant a of InSeO, s is 8.423 A and the bond length ds._o
formed by Se and O atoms is 1.688 A. The InSeO, 5 2D material
is still a direct bandgap semiconductor with the bandgap
further reduced to 0.123 eV, as shown in Fig. 2(b).

For InSe 2D material at 75% oxygen coverage (InSeOy y5), we
adsorbed O atoms simultaneously on Se atoms at both ends of
three single cells. After structure optimization, the lattice
constant a of InSeO, s is 8.67 A and the bond length dseo
formed by Se and O atoms is 1.683 A, as shown in Table 1. From
the band structure and the orbital projection band structure of
InSeO, 75, it can be seen that the two p,, orbitals are degen-
erated at the I" point of Fermi level and occupy the conduction

Table 1 After structure optimization, the lattice constant a and the
bond length ds._o of the oxygen functionalized InSe

InSeOy »5 InSeO, 50 InSeOy ;5 InSeO
a 8.263 8.423 8.67 4.478
dse-0 1.679 1.688 1.683 1.68

18818 | RSC Adv, 2023, 13, 18816-18824

band bottom and the valence band top, showing the gapless
semi-metallic characteristics in the absence of SOC. After
considering the SOC, the two degenerate p,,, orbitals are split
apart, with one degenerate p,, orbital moving up, the other
degenerate p,, orbital moving down, as shown in Fig. 3(a) and
4(a). Thus, the SOC induced p-p bandgap opening occurs in
InSeO, ;5. Both p,, orbitals exhibit parabolic quasi-quadratic
dispersion relations and there are still very few s and p,
orbitals above and below the two p,, orbitals.

For InSe 2D material at 100% oxygen coverage (InSeO), O
atoms are simultaneously adsorbed on Se atoms at both ends of
four single cells. However, a single cell is still used in the
calculation. The lattice constant a of the optimized InSeO, the
bond lengths dj,_se formed by In atoms and Se atoms, and the
bond lengths dy,1, formed between In atoms are increased to
4.478,2.826 and 2.931 A. The bond formed by Se and O atoms is
perpendicular to InSe to reduce the influence of Coulomb
repulsion. The bond length ds. o is 1.68 A, and the corre-
sponding bond overlap number is 0.58, indicating that Se and O
atoms are covalently bonded. Just like InSeOy 5, when SOC is
not considered, two degenerate p,, orbitals occupy the Fermi
level, showing the gapless semi-metallic characteristics. After
considering the SOC, the two degenerate p,, orbitals are split,
and p-p bandgap opening appears, as shown in Fig. 3(b) and
4(b). The parabolic shape of the two p,, orbitals is much more
pronounced, and there are also very few s and p, orbitals above
and below the two p,, orbitals.

Wang et al. used the three orbitals s, p, and p, as the
minimum basis to construct tight-binding model in triangular
lattice.®® They confirmed that QSH phase can originate from two

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure and band structure of (a) InSeOg 75 and (b) InSeO. Orange and dark gray curves represent the band structures without and with
SOC, respectively. The blue, green and red balls represent In, Se and O atoms respectively.

mechanisms, namely, SOC induced s-p band inversion or SOC
induced p-p bandgap opening. For the first mechanism, the s
orbital is above the p orbital, and after considering the SOC,
a degenerate p and s orbital are reversed, resulting in the
formation of the QSH phase. For the second mechanism, the p
orbitals are degenerated at the I" point, and when SOC is taken
into account, the p-p bandgap opens and the QSH phase is
generated. The second mechanism was also proposed by Liang
et al.** They used multiple p orbitals, mainly p, and p, orbitals,
to construct the k-p model, and proved that multiple p orbitals
would exhibit degenerate and quasi-quadratic band dispersion
at I' point, and when SOC is included, the p—p bandgap would
open and generate nontrivial topological phase. Thus, for
InSeOy ;5 and InSeO 2D materials, their QSH phases arise from
SOC induced p-p bandgap opening. The systems with the same

Energy (eV)

mechanism include Au on GaAs(1 1 1) surface,* Bi on Si(1 1 1)
surface, Bi-AU-H on SiC(1 1 1) surface® and Bi/Ag on Si(1 1 1)
surface.® The nontrivial bandgap of InSeO is 0.097 eV, which is
sufficient for room temperature applications. As the PBE func-
tional® usually underestimate the bandgap, the HSE06 func-
tional® is employed to correct the bandgap. In the absence of
SOC, the InSeO maintains semi-metallic characteristics with
HSEO06. After considering the SOC, the nontrivial band gap of
InSeO is increased to 0.121 eV, as shown in Fig. S1.T We also
employ GoW, method*™* to calculate the band gap of InSeO,
which further increased to 0.351 eV.

Oxygen functionalized InSe provide the opportunity to
modulate the band gap. To reveal the origin of these electronic
properties, we examine the partial charge densities of the
functionalized InSe, as illustrated in Fig. S2.T Pristine InSe have

7

X

\
X
S S
/

2

Fig.4 Structure and orbital projected band structure of (a) InSeOgq 75 and (b) InSeO. The left and right sides represent the band structures without
and with SOC, respectively. The blue circle represents the p,, orbitals, with the size of the circle corresponding to the weight of the projected

orbit.
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the top valence band (VB) originated from the p, orbitals of In
and Se atoms, and the bottom conduction band (CB) dominated
by the s orbitals of both atoms. Accordingly, the top VB charge
densities exhibit the p, orbital character, while the bottom CB
charge densities are accumulated in between the In and Se
atoms showing the in-plane ¢ bond character. In contrast,
InSeO monolayers have the top VB and bottom CB both domi-
nated by the p, and p, orbitals of In, Se, and O atoms. The
partial charge densities of the bands are localized individually
on the Se and O atoms, indicating the occupancy of antibonding
states between Se and O atoms that leads to the narrowing of
band gap.

We use the following formula to calculate the formation
energy of InSeO : E; = E(InSeO) — E(InSe) + E(O), where E(InSeO)
is the total energy of InSeO, E(InSe) is the total energy of InSe,
and E(O) is the chemical potential of O atom. The calculated
formation energy for InSeO is —2.774 eV. Therefore, O atoms are
strongly bound to InSe through chemical bonding, and InSeO
exhibit high thermodynamic stability. Correspondingly, the
InSeOy 5, InSeO, 5 and InSeO, ;5 are also thermodynamically
stable. In Fig. 5, the phonon spectra of InSe and InSeO are also
calculated. It can be seen that although the InSe has been
synthesized experimentally, there is still a little virtual
frequency at its I' point. However, InSeO has no virtual
frequency in the whole Brillouin area, which indicates that
InSeO is dynamically stable. Therefore, the stability of InSe 2D
material can be improved by oxygen functionalization. To
further inspect the thermal stability of InSeO, we carry out ab
initio molecular dynamics simulations (MD) with 4 x 4 x 1
supercell. The snapshot of atomic configuration at 300 K is
plotted for InSeO at 2 ps, as illustrated in Fig. S3.f Neither
structure reconstruction nor structure disruption appeared in
InSeO, indicating that InSeO possess good thermal stability and
maintains structural integrity at room-temperature. Like oxygen
functionalized graphene,** oxygen functionalized InSe 2D
materials also hold great promise for synthesis by oxygen
plasma technology.
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Fig. 5 Phonon spectrum of (a) InSe and (b) InSeO.
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3.2 Crystal and electronic structures of oxygen
functionalized TITe

After structure optimization, the lattice constant a of TITe 2D
material is 4.535 A, the bond length dr)_t. formed by Tl atoms
and neighboring Te atoms and the bond length d_1; formed
between the upper and lower layers of Tl atoms are 2.963 and
2.922 A, respectively. The calculated band structure is shown in
Fig. 6(a), same as InSe, the valence band top is located between
the I' and K points, and the conduction band bottom is located
at I' point, forming an indirect bandgap of 0.433 eV with
a semiconductor characteristic.

For TITe at 50% oxygen coverage (TITeO,s), the lattice
constant a and the bond length dy._o formed by Te and O atoms
are 9.4 and 1.854 A, respectively. The bandgap of TITeO, 5o
changes from the indirect bandgap to the direct bandgap, and
the bandgap also decreases from 0.433 eV to 0.152 eV, as shown
in Fig. 6(b). For TITe 2D material at 100% oxygen coverage
(TITeO), the lattice constant a, the bond length dr._o of Te and
O atoms, the bond length dry_t. of Tl atoms and neighboring Te
atoms, and the bond length dr_m between the upper and lower
layers of the Tl atoms are 5.032, 1.848, 3.135 and 3.104 A,
respectively. When the SOC is not considered, the two py,
orbitals are degenerated at the Fermi level I' point, exhibiting
the semi-metallic characteristics. After considering the SOC,
two degenerate p,, orbitals are split apart, accompanied by the
p-p bandgap opening, as shown in Fig. 6(c), indicating that
TITeO is the QSH insulator. Since the SOC intensity of Tl is
larger than that of In, the nontrivial bandgap of TITeO is
increased to 0.124 eV by PBE functional®® (or 0.169 eV by HSE06
functional®®), which has the more potential to be applied at
room temperature, as shown in Fig. S1.f In fact, TITe also
become QSH insulator at 75% oxygen coverage (TITeOy ).
However, the bandgap induced by the SOC is extremely small,
which is easily destroyed by the thermally excited charge
carriers. Thus, in terms of device application, it is better to
choose the TITeO. The calculated formation energy of TITeO is
—3.98 eV, which is larger than that of InSeO. It also shows great
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Fig. 6 Structure and band structure of (a) TlTe, (b) TITeOq 5 and (c) TITeO. Orange and dark gray curves represent the band structures without
and with SOC, respectively. The blue, green and red balls represent T, Te and O atoms, respectively.

thermodynamic stability, so TITeO has great hope of being
synthesized by oxygen plasma technology.** The snapshot of
atomic configuration at 300 K is also plotted for TITeO, as
illustrated in Fig. S3.f Neither structure reconstruction nor
structure disruption appeared in TITeO.

3.3 Z, topological invariants and topologically protected
edge states

The topological properties of 2D materials can be determined
by Z, topological invariants and topologically protected edge
states. In orbital projection, p, and p, orbitals have a great
influence on the energy bands close to the Fermi level and the
topological properties of the system, which are must be
considered. However, there are still a small number of s and p,
orbitals in the selected energy range, which will affect the
overall smoothness of the projected bands, and should also be
considered. After the projection orbitals are set, the Wannier90
function®® combined with VASP* is used to calculate and
generate Wannier function. By adjusting the freezing window,
resolving entanglement window and related parameters, a good
tight-binding model will be acquired. Finally, the obtained
tight-binding model is brought into the WannierTools* for
calculation.

(@ o4
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Fig. 7 Topologically protected edge states of (a) InSeO and (b) TITeO.
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Using WannierTools software to calculate the evolution of
Wannier Charge Center (WCC),* Z, topological invariants can
be obtained to identify the topological states. For InSeO and
TITeO 2D materials, the calculated Z, topological invariants are
1, which confirms that they are both QSH insulators. The
topologically protected edge states in bulk gap are also intuitive
representations of the topological properties. Using iterative
Green's function®® embedded in the WannierTools, we can
obtain topologically protected edge states of InSeO and TITeO,
as shown in Fig. 7(a) and (b). Their edge states connect the
valence and conduction bands and cross the Fermi level from X
point to G point odd number of times, further confirming that
InSeO and TITeO are QSH insulators. These edge states are
protected from backscattering by time-inversion symmetry and
can ensure non-dissipative electron transport.**

3.4 Bandgap variation and orbital evolution under strain

Strains can effectively regulate the electronic and topological
properties of 2D materials.®*”® The strains in InSeO and TITeO
can be defined as € = (a - ay)/ao, where a, and a denote lattice
constants at equilibrium and under strains, respectively. The
changes of the bandgap E-with and Eg-with under strains are
shown in Fig. 8(a) and (b), where E-with represents the direct
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Fig. 8 The bandgaps Er-with and E4-with of (a) InSeO and (b) TITeO change with strain. Er-with represents the direct bandgap at the I' point
under SOC and Eg4-with represents the global bandgap under SOC. (c) Orbital evolution of InSeO and TITeO under strain. (d) Band structure of
InSeO at 7% tensile strain considering the SOC. (e) Band structure of TITeO at 6% tensile strain considering the SOC.

bandgap at the I' point under SOC and E,-with represents the
global bandgap under SOC. For InSeO, E-with increases slowly
with strains and reaches a maximum value of 0.121 eV at 7%
strain. E,-with increases monotonically with strains at first,
reaches a maximum value of 0.102 eV at 3% strain, and then
decreases monotonically with strains. The E-with and Eg-with
are consistent at —9% to 2% strains, and the band of InSeO
shows a direct bandgap. Under other strains, the E~with and
Eg-with are separated from each other, and the band of InSeO
appears as an indirect bandgap. When the strains are greater
than 6%, the value of E,-with is less than 0, and InSeO exhibits
semi-metallic characteristics. For TITeO, Ep-with and Eg-with
show the same trend as InSeO. The maximum value of Er-with
is 0.172 eV at 9% strain, and the maximum value of Eg-with is
0.128 eV at 1% strain. The E-with and E,-with are consistent
under strains of —4% to 1%, and the band of TITeO shows
a direct bandgap. When the applied strains are greater than 5%,
the value of Eg-with is less than 0, and TITeO exhibits semi-
metallic characteristics.

Next, we will analyze the evolution of orbitals under strains.
Since O atoms hybridize with p, orbitals in the same energy
range, p, orbitals leave the Fermi level, so p,, orbitals are
mainly left around the Fermi level. Chemical bonding causes
Px orbitals to split into bonded and antibonded states |p,,*),
where =+ represents the bonded and antibonded states,
respectively. When SOC is not considered, the |p,,") state are
occupied at the Fermi level, exhibiting semi-metallic charac-
teristics. After considering the SOC, the |p.,") are further split

. + + + + . +
into |Pr+iy,t's Proiyy ) aNd [Pxiy, 1y Prsipl ), with [Pa+iy,1 s
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Pr—iy,1 ) moving up and |Pyx_iy 1, Pr+iy, ) Moving down, so that
a large energy gap opens and the QSH phase is generated, as
shown in Fig. 8(c). It is obvious that once the SOC is taken into
account, the p-p bandgap can be opened, with the generation of
QSH phase. However, when the applied strains are greater than
6% and 5%, respectively, the valence band top at point K rises
above the Fermi level, so that InSeO and TITeO become semi-
metallic again, as shown in Fig. 8(d) and (e).

4. Conclusions

By constructing InSe and TITe 2 x 2 supercells, the structure,
electronic and topological properties of oxygen functionalized
InSe and TITe are studied. With the increased concentrations of
oxygen coverage, the InSeOy ,5, InSeOy 5 and InSeO, ;5, experi-
ence the transformation from indirect bandgap semiconductor
to direct bandgap semiconductor and finally to QSH insulator.
The nontrivial bandgap of InSeO is 0.121 eV, which owns
potential applications at room temperature. The oxygen func-
tionalized TITe shows the same trend as the oxygen function-
alized InSe. Due to the stronger SOC, the nontrivial bandgap of
TITeO is increased to 0.169 eV. In addition, the QSH phases in
oxygen functionalized InSe and TITe are derived from SOC
induced p-p bandgap opening. Significantly, the QSH phases
can be maintained in excess of 75% oxygen coverage and are
robustly against the external strain, making the QSH effect easy
to be achieved experimentally. Thus, the oxygen functionalized
InSe and TITe are fine candidate materials for the design and
fabrication of the topological device.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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