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Strain engineering of lateral heterostructures based
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optoelectronic applications calculated by first
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In this work, the electronic structure, and optical properties of As/Sb and Sb/Bi lateral heterostructures (LHS)
along armchair and zigzag interfaces affected by strain were investigated by density functional theory. The
LHSs presented strain-dependent band transformation characteristics and sensitivity features. And
a reduction and transition of the bandgap was observed when the As/Sb and Sb/Bi LHS existed under
compressive strain. The density of states and the conduction band minimum-valence band maximum
characteristics exhibited corresponding changes under the strain. Then a spatial charge-separation
phenomenon and strong optical absorption properties in the mid-infrared range can also be observed
from calculated results. Theoretical research into As/Sb and Sb/Bi LHSs has laid a solid foundation for As/

rsc.li/rsc-advances

1. Introduction

The electronic and optical properties of semiconductors are
critical features that determine their performance in optoelec-
tronic applications. Strain engineering has been explored and
implemented as an efficient approach to improve the perfor-
mance of photonic and electronic devices.'* The electronic,
optical, mechanical, magnetic, superconducting, and thermal
properties are controlled effectively through strain. For
instance, band and electronic structures can be modulated
under a unique strain, by an increase or decrease or induction
of a direct-to-indirect (or the reverse) transition.>® Many strain
sources exist, including lattice mismatch between the hetero-
junction and epitaxy interfaces or deposition processes” and
thermal mismatch from the difference in thermal expansion
coefficient.”™ External strain, such as material bending or
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Sb and Sb/Bi LHS device manufacture.

compression, can also induce strain*>™* In addition, a reduction
in dimensions also results in an increased sensitivity of the
physicochemical characteristics of materials to strain.

As a novel semiconductor type, two-dimensional (2D) mate-
rials have superior electronic properties, an optical trans-
parency, a specific surface area, and controllability.’>°
Moreover, 2D materials have a lower bulk defect density and
stronger covalent bonding of atoms in the in-plane direc-
tion,?*** compared with bulk materials. Under compressive (or
tensile) strain, the lattice structure can be tuned easily and
without fracture.”** This strong deformation capacity indicates
great potential in strain engineering. For example, the phonon
structure of 2D materials changes because of lattice structure
distortion by uniaxial or biaxial strain, and tensile strain leads
to a softening of the phonon mode, and the opposite behavior
for compressive strain.”>?* Strain can change the electronic
structure of single materials and, thus, increase or decrease
carrier mobility. The optical properties of MoS, are determined
from the band gap, which can be adjusted by strain, and the
optical properties are reflected by changes in the PL spectrum
intensity and the shift in peak position.>*** Strain is a promising
approach to induce and modulate the magnetic properties of
monolayer MoS, through the competitive behavior of through-
bond and through-space interactions.**> The phase transition
of MoTe, from 2H to 1T involves overall movement of atomic
positions, which can be achieved by applying strain.**** In the
so-called strain state, 2D materials can exhibit extraordinary
optical, thermal, electronic, and other properties because of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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changes in the distance between atoms.'*” Therefore, an
investigation of the effect of strain on optoelectronic properties,
especially for 2D materials, is important, either from theoretical
or experimental aspects.®®

Among the numerous monolayer 2D materials, a lateral
monolayer heterostructure has been predicted and realized in
recent years.*®*> A lateral heterostructure (LHS) can have
different atom configuration at the interface, which induces
neoteric properties. In this work, we constructed Group-V enes
(As, Sb, Bi) monolayer LHSs of As/Sb and Sb/Bi. Two interface
atoms that were arranged in the armchair (AC) and zigzag (ZZ)
direction were considered. We used a large range of tensile and
compressive strains and investigated the characteristics of the
energy band and electronic structures under a strain effect for
the two LHSs using a first-principles method.

2. Computational details

Density functional theory calculations were carried out by using
the Vienna Ab initio Simulation Package (VASP).** The electronic
interaction was described by the projector-enhanced wave
(PAW) potential.** In the generalized gradient approximation
(GGA), the Perdew-Burke-Ernzerhof (PBE) functional®® was
selected to deal with the exchange-related interaction of elec-
trons. The long-range van der Waals interaction between the
atomic layers was handled by the semi-empirical dispersion
correction D3 scheme that was proposed by Grimme.** The
Brillouin zone used a k-point grid sampling with uniform
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intervals of 27t x 0.04 A~ The cutoff energy that was selected
for the plane wave foundation was 600 eV. To confirm its
identity as an energy minimum, vibrational analysis was per-
formed at each stationary point with no imaginary vibrational
frequency. The convergence criteria for energy (converged to 1.0
x 10~° eV per atom) and force (converged to 0.01 eV A~') were
set for the geometry optimization. To avoid the interaction
between adjacent layers, a vacuum spacing of 15 A was added
along the direction perpendicular to the 2D sheet. The Perdew—
Burke-Ernzerhof functional was used to calculate the electronic
energy band structure, density of state (DOS), light absorption
spectrum, valence band maximum (VBM), and conduction
band minimum (CBM) of each 2D LHS.

3. Results and discussion

The As, Sb, and Bi monolayer had a puckered honeycomb
structure like black phosphorus. Fig. 1(a) shows the top view of
the As, Sb or Bi monolayer structure model, in which the AC and
ZZ edges of the single layer structure are visible clearly.
Compressive or tensile strain application to a single-layer
structure results in a slight deformation of the structure. And
the related deformation features of the single-layer structure are
also presented as shown in Fig. 1(b). Later, we designed and
constructed the As2/Sb2 and Sb2/Bi2 LHSs along the ZZ and AC
interface, where “2” represents the number of atomic columns
on the two sides of the interface.”” The top view of the LHS
structure constructed along the ZZ and AC interface is shown in

(d)

Fig. 1

(a) Top view of As, Sb, Bi single-layer structure, (b) top view of single-layer structure under compressive and tensile strains, (c) top view of

lateral heterostructure structure constructed along the zigzag and armchair interface, (d) Brillouin area map of single-layer structure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1(c). To construct an LHS with a seamless interface, the
Brillouin zone was transformed from a hexagon to a rectangle,
as shown in Fig. 1(d). The I point represents the position of the
high symmetry point in the Brillouin zone.

The formation energy (E) can be used as an evaluation index
to ascertain the structural and energetic stability of the con-
structed LHSs. The E; is calculated from:

Ef: EAB_f6A_EB

where E, and Ey are the total energy of atom A and B, respec-
tively (A and B represent As/Sb or Sb/Bi, respectively) and E,p
represents the energy of the As/Sb or Sb/Bi LHS. We calculated
the formation energy of the As/Sb and Sb/Bi LHSs with and
without strain (strain range: —12%-+12%), and the results are
shown in Fig. 2. The formation energy of both LHSs was less
than zero, which indicated that the predicted As/Sb and Sb/Bi
LHSs were energetically favorable and expected to be synthe-
sized under controlled experimental conditions, even effected
by large level strain. The formation energy of As/Sb LHS is less
than that of Sb/Bi LHS, which indicates that As/Sb LHS is easier
to synthesize than Sb/Bi LHS. When strain is applied to the LHS,
the formation energy of LHS becomes larger, which shows that
the strained LHS is less advantageous in energy than the
unstrained.

To study the electronic properties of the LHS, we calculated
the energy bands of the As/Sb and Sb/Bi LHS. Fig. 3(a) shows the
trend of band gap variation with strain, and the band structures
of the As/Sb and Sb/Bi LHSs that were constructed along the AC
and ZZ at —4% and +4% strain are shown in Fig. 3(b-i) (the
band structures at —12%, —8%, 0%, 8%, and 12% strains are
shown in Fig. S1 ESIt{). The main results can be divided into
three parts: (I) the As/Sb LHS had a bandgap transition from
indirect to direct through the stitching of different interfaces, as
shown in Fig. 3(a). Under the condition of no strain, the As/Sb
LHS structure that was constructed along the AC interface had
an indirect bandgap of 1.1 eV, where the VBM was located at I’
point and CBM was between I" point and X point, as shown in
Fig. S1.t The As/Sb LHS structure that was constructed along
the ZZ interface had a direct bandgap of 0.57 eV, and the VBM
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and CBM was located at I' point, respectively. (II) The band
structure changed with the change in strain, as shown in
Fig. 3(a). For a tensile strain, the AC As/Sb LHS had an indirect-
to-direct bandgap transition. The ZZ As/Sb LHS had a direct-to-
indirect bandgap transition in the case of a compressive strain.
A similar transformation occurred for the Sb/Bi LHS. The
compressive strain caused a direct-to-indirect bandgap transi-
tion of the Sb/Bi LHS. Regardless of whether a tensile or
compressive strain was applied, VBM was located at I' point,
whereas CBM shifted from point I" point to between T point and
X point under a compressive strain. (III) The strain led to shifts
toward a Fermi energy of the conduction and valence bands,
and a reduction in the band gap of the As/Sb and Sb/Bi LHSs.
When a large strain was applied, the As/Sb and Sb/Bi LHSs had
a zero band gap state, and at this time, the LHS assumed
a metallic state.

We conducted PDOS and CBM/VBM studies on As/Sb and Sb/
Bi LHSs to understand the mechanism of energy band structure
change. The PDOS study illustrated the behavior of each atom
in the As/Sb and Sb/Bi LHSs under different strains, the position
of the conduction and valence bands relative to the Fermi level,
and the overall electronic properties in this type of hetero-
structure. The PDOS calculation results at —4%, 0%, and +4%
strains are shown in Fig. 4 (the PDOS for the —12%, —8%, 0%,
8%, and 12% strains are shown in Fig. S2 in the ESIT). For the
AC As/Sb LHS, the electrons in the 5p states of Sb were domi-
nant in the conduction and valence band, no matter which type
of strain applied (as shown in Fig. 4(a) and (b)), and the occu-
pied states of the ZZ As/Sb LHS conduction bands were mainly
contributed to by the 4p states of As, as shown in Fig. 4(c) and
(d). The indirect-to-direct band structure transition may be
caused by p-orbital hybridization of the As and Sb atoms when
the LHS interface changed from the AC to the ZZ. For the Sb/Bi
LHS, the electrons in the 6p states of Bi were dominant in the
conduction and valence band, no matter which type of strain
applied (as shown in Fig. 4(e)-(h)). After tensile strain applica-
tion, the contribution of the 4p state of As in the conduction
and valence bands of the As/Sb LHS increased, and the contri-
bution of the 5p state of Sb in the conduction and valence bands
of Sb/Bi LHS increased. When strain was applied to the As/Sb
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Fig. 2 Formation energy by atom for (a) As/Sb and (b) Sb/Bi lateral heterostructures with strain.
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Fig. 3 (a) The change of band energy with strain. Band structure of (b) armchair (AC) As/Sb lateral heterostructure (LHS) structure at —4% strain,

(c) AC As/Sb LHS structure at 4% strain, (d) zigzag (ZZ) As/Sb LHS structure at —4% strain, (e) ZZ As/Sb LHS structure at 4% strain, (f) AC Sb/Bi LHS
structure at —4% strain, (g) AC Sb/Bi LHS structure at 4% strain, (h) ZZ Sb/Bi LHS structure at —4% strain, (i) ZZ Sb/Bi LHS structure at 4% strain

(Fermi energy represented by a dash-dotted line and set to zero).

and Sb/Bi LHS, the state moved to the Fermi level, which
resulted in a gradual decrease in band gap and an increase in
local density of states at the Fermi level. At a strain of —12%,
—8%, or 12%, the atomic orbital passed through the Fermi
level, and the As/Sb and Sb/Bi LHS band gap was reduced to
zero, which shows the characteristics of the metal.

Atoms in the As/Sb and Sb/Bi LHSs showed a strong inter-
action because of the covalent bond connection; therefore, the
electronic state between the interfaces was the focus of
research. To illustrate the charge distribution on the LHS, we

© 2022 The Author(s). Published by the Royal Society of Chemistry

plotted the VBM and CBM 2D band-decomposed charge
densities of the As/Sb and Sb/Bi LHS under different levels of
strain, as shown in Fig. 5. For metallic state of LHS (applied with
large levels of strain), when compressive strain is applied, the
state of As/Sb LHS is distributed around Sb atoms, and the state
of Sb/Bi LHS is distributed around Bi atoms; on the contrary,
the state of LHS The states are distributed around two kinds of
atoms when tensile strain is applied. The VBM states for the As/
Sb and Sb/Bi LHSs were distributed at the bonds, whereas the
CBM states were distributed around the atoms of LHSs. After

RSC Adv, 2022, 12, 14578-14585 | 14581
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Fig.4 PDOS for (a) armchair (AC) As/Sb lateral heterostructure (LHS) at —4% strain, (b) AC As/Sb LHS at 4% strain, (c) zigzag (ZZ) As/Sb LHS at —4%
strain, (d) ZZ As/Sb LHS at 4% strain, (e) AC Sb/Bi LHS at —4% strain, (f) AC Sb/Bi LHS at 4% strain, (g) ZZ Sb/Bi LHS at —4% strain, (h) ZZ Sb/Bi LHS at

4% strain.

tensile strain application, the VBM state of the AC As/Sb LHS
changed to being localized around the As monolayers, whereas
the CBM state of the AC As/Sb LHS changed to being distributed
around the As and Sb atoms. At a +8% strain, the VBM state of
the ZZ As/Sb LHS changed to being located around the As
monolayers. A similar situation occurred for the Sb/Bi LHS.
Under a tensile strain, the VBM state of the Sb/Bi LHS changed
to being localized around the Sb monolayers.

Previous research showed that the optical absorption rate
can be used to characterize the optical properties of any system
that contains 2D sheets. Fig. 6 shows the relationship between
the absorption spectra of the As/Sb and Sb/Bi LHSs with

14582 | RSC Adv, 2022, 12, 14578-14585

wavelength. As shown in Fig. 6(a) and (b), the optical absorp-
tion, of As/Sb LHS, in the YY direction was weak compared with
that in the XX direction. The opposite happened for the Sb/Bi
LHS, where the optical absorption in the YY direction was
stronger compared with that in the XX direction, as shown in
Fig. 6(c) and (d). Compared with the optical absorption of the
LHS at no strain, the absorption spectra of LHS changed in
scope and intensity with the change in strain. When
a compressive strain was applied to the Sb/Bi and AC As/Sb
LHSs, the light absorption intensity increased, and the
absorption edge moved to a short-wave direction. However,
when a tensile strain was applied to the Sb/Bi and AC As/Sb

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) valence band maximum (VBM) of As/Sb lateral heterostructure (LHS), (b) VBM of Sb/Bi LHS, (c) conduction band minimum (CBM) of As/

Sb LHS, (d) CBM of Sb/Bi LHS.
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LHSs, the light absorption intensity decreased, and the
absorption edge moved to a long wave direction. These results
indicate that As/Sb and Sb/Bi LHSs have potential application in
optical elements.

4. Conclusion

The structural, formation energy, electronic, and optical prop-
erties of As/Sb and Sb/Bi LHSs were investigated through
density functional theory. We examined the As/Sb and Sb/Bi
LHS formation energy properties of two interface structures at
different strain levels. The predicted As/Sb and Sb/Bi LHSs were
energetically favorable and are expected to be synthesized under
controlled experimental conditions. An evaluation of the
external strain for As/Sb and Sb/Bi validates that the bandgap
can be engineered by the compressive or tensile strain. DOS,
PDOS, and CBM/VBM studies on the As/Sb and Sb/Bi LHSs
showed that the reason for the change in energy band structure
was the change in electronic state. The calculated optical
properties showed that the absorption rate of the spectrum
changed in range and intensity with the change in strain. Our
theoretical studies show that the constructed As/Sb and Sb/Bi
LHSs have potential applications in nanoelectronics and
optical devices.
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