Open Access Article. Published on 02 July 2020. Downloaded on 2/16/2026 2:35:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 25170

Received 18th May 2020
Accepted 23rd June 2020

DOI: 10.1039/d0ra04424e

Two-dimensional aluminum phosphide
semiconductor with tunable direct band gap for
nanoelectric applicationst

@*a

Xuxin Yang,1? Caixia Mao,}® Yonghong Hu, &
Dong Zhao,? Zhiyuan Chen® and Meigiu Xie*©

Hui Cao,*® Yuping Zhang,®

More and more attractive applications of two-dimensional (2D) materials in nanoelectronic devices are
being achieved successfully, which promotes the rapid and extensive development of new 2D materials.
In this work, the structural and electronic properties of the V structure aluminum phosphide (V-ALP)
monolayer are examined by density functional calculations, and its electronic properties under strain and
an electric field are also explored in detail. The computation results indicate that it has good stability.
Interestingly, it possesses a wide direct gap (2.6 eV), and its band gap exhibits a rich behavior depending
on the strain, E-field and layer stacking. Under biaxial strain, its band gap can be tuned from 1 eV to
2.6 eV. And a direct-indirect band gap transition is found when external tension is applied. The V-AIP
monolayer also exhibits anisotropic behavior as its band structure variation trends under strains along
different directions are obviously different. When the external E-field is changed from 0.5V A~* to 1V
AL, the band gap of the V-AIP monolayer can be tuned linearly from 0 eV to 2.6 eV. Layer stacking
narrows the band gap of the 2D V-AIP material. It is concluded that strain, E-field and layer stacking can
all be used effectively to modify the electronic property of the V-AIP monolayer. Thus, these results
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Introduction

The discovery of graphene opens up a great window for the
development of 2D materials, and furthermore the vast devel-
opment of 2D materials has attracted much attention because
of their excellent and abundant physical properties with
potential applications in a wide range of fields." Usually the
pristine 2D material has a limitation in application, for example
the zero band gap of graphene limited its application in nano-
electronic devices.*® Therefore, to make full use of these 2D
materials, many chemical and physical methods are used to
tune their properties, such as chemical modification, applying
strain and electric field, etc.”** For example, the band gap for
graphene can be opened by applying an external strain.”
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indicate that the V-AIP monolayer will have promising applications in nanoelectric devices.

AlP is a typical III-V compound below BN in the periodic
table, which is a wide band-gap semiconductor."** To date, the
research reports on AlP are by far less than those of BN. AIP in
bulk form has several important applications, such as photo-
detectors, light emitting diodes and spintronics owing to its
excellent electronic and magnetic properties.”®™® In previous
works, atom doping is used to change the physical properties of
AlP, and many novel electronic and magnetic properties are
found, which satisfying the requirement of new nanoelectric
devices.'*

AP exhibits zinc blende structure at normal conditions with
an experimental lattice constant of 5.463 A,%* which is very
approaching to that of silicon crystals. Meanwhile, the sheets of
silicene have been achieved recently in experiments with
epitaxial growth of silicon on Ag(111).>* This naturally motivates
us to ask whether exist any AIP monolayer or nanostructure as
isoelectronic counterpart of silicene and what new physical
properties they will exhibit. It's our pleasure to find that a few
researchers have tried to answer the above scientific problems
and have partly solved the problem.**” For example, Sun et al.
reported the stability and electronic structures of single-walled
AIP nanotubes by theoretically calculations.” They found that
AlP zigzag nanotubes are direct band gap semiconductor and
therefore have great potential in applications as solar photo-
voltaic devices. Through cleaving and optimizing from zinc
blende bulk lattice, Tong et al. theoretically obtained 27 2D
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single-layer structures of zinc-blende compounds, which
include two type of 2D AIP structures (Tetragonal structure
and V structure AlP) with versatile electronic and optical prop-
erties.>® Recently, Liu et al. researched the 2D tetragonal AIP (T-
AlP) monolayer based on density functional theory, and found
that the band gap feature of the T-AIP monolayer can be
modulated by the strain and layer stacking order.””

In this work, an in-depth study on the structural, electronic
properties of the V-AIP monolayer by density functional calcu-
lations are done. Based on the structure optimization and
phonon spectrum calculations, it was found that the V-AIP
monolayer is also stable. The electronic property of V-AlP
monolayer is studied and a wide direct band gap of 2.6 eV is
found. The absorption spectrum of V-AIP monolayer is also
studied and it shows a strong light harvesting ability in the
ultra-violet range of the solar spectrum. In the next step, the
influences of external strain and electric field on V-AIP mono-
layer are explored in detail. It's found that the V-AIP monolayer
have a wide and tunable direct band gap with the strain and E-
field. The electronic band structure of V-AIP monolayer can be
suddenly changed from a direct band gap to an indirect one,
and it also can be tuned between semiconductor and metal.
Interestingly, the anisotropic property of V-AIP monolayer
under strains is also observed. At last, the influences of layer
stacking on the electronic properties of V-AIP monolayer is
studied. Our calculation results indicate that it can become
a promising candidate in nanoelectric devices.

Computational method

All the structures were optimized before calculation. The elec-
tronic structures were employed in CASTEP package by using
density functional theory.>® The Perdew-Burke-Ernzerhof (PBE)
functional and the Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional are used.?**> For the HSE06 functional, the used
screening parameter is 0.21/A and the mixing parameter for the
short-range exchange is 0.25 respectively. A vacuum region
greater than 20 A perpendicular to the sheets (along the c-axis)
is applied to avoid interactions between the layers caused by the
periodic boundary condition. We perform van der Waals (vdW)
calculations based on the Tkatchenko and Scheffler
approaches, considering the dispersion interaction between
layers.® The basis set of valence electronic states is set to be 3 s
3p" for Al and 3s°p® for P respectively. For the geometry opti-
mization and electronic properties calculations, a kinetic-
energy cutoff for the plane-wave expansion is set to 500 eV.
The atomic structure is relaxed until all residual force on each
atom is smaller than 0.01 eV A~". The total energy tolerance is
below 10~° €V, and the maximum stress is 0.02 eV A~*. We also
use a 15 x 15 x 1 Monkhorst-Pack-points grid to sample the
2D Brillouin zone for the structural optimization and band
calculations.? The cohesive energy is defined as E.on = Etot/N —
v.E;, where Er,. and E; are the total energy of the system and the
energy of a single atom, respectively. N is the number of atoms
of the unit cell. v; is the ratio of the number of atoms of the ith
atom in the unit cell to the total number of atoms.
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Results and discussions
Geometric structure and stability

The crystal structures of the AIP monolayer unit cells (T-AlP and
V-AIP monolayer) after full relaxations are shown in Fig. 1. The
lattice parameters, bond lengths and thickness of the AIP
monolayers are listed in Table 1. The V-AIP monolayer in
Fig. 1(a) belongs to the space group Pmn2,,>® which has ineq-
uilateral hexagonal rings from the top view and a large buckle in
the vertical direction. The bond lengths of the Al (P) atom with
three adjacent P (Al) atoms are not the same, the bond length
along lattice (@) direction is shorter (2.29 A), while the other
bond length is longer (2.32 A). And as shown in Fig. 1(b), the
tetragonal structure of T-AlP belongs to the space group P4/
nmm. It is a layered structure with an Al atom layer sandwiched
between two P atom layers. Each Al (P) atom is surrounded by
other four P (Al) atoms. It's found that the mean bond length of
V-AIP (2.31 A) is 4.9% shorter than that of T-AIP (2.43 A)”
therefore the V-AIP monolayer is more strong. The thickness of
the two types AIP monolayers are different (the thickness values
are listed in Table 1), and the thickness of V-AIP monolayer is
23.4% thinner than that of the T-AIP monolayer. It's found from
Table 1 that our calculation results (the lattice parameters, bond
length and thickness of T-AlP monolayer) are in excellent
agreement with previous literatures,**’ therefore, our calcula-
tion methods are effective and the crystal models we obtained
are valid.

Stability is of vital importance for practical applications in
theoretically designed 2D materials. In order to examine the
kinetic stabilities of the two type AIP structures, the cohesive
energies are calculated. The common negative value of cohesive
energy of crystal indicates that such material has good kinetic
stability. From the results in Table 1, it can be found that both
the two type AIP monolayers have good stabilities (The cohesive
energies of T-AIP and V-AIP are —5.35 eV and —5.12 eV,
respectively). The stability of T-AlP are a little better than that of
V-AIP. The negative cohesive energy of the single-layer blue
phosphorene, which had been obtained by epitaxial growth, is
—5.18 eV and almost equals to that of V-AIP monolayer.**

® a or

Fig.1 Optimized structures of V-AlP (a) and T-AlP (b) monolayers with
the unit cells. The thicknesses are labeled by symbol 4 and the
primitive cells of the corresponding structure are marked by yellow
rectangular. The bright red and blue balls represent Al and P atoms
respectively.
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Table 1 The lattice parameter (a and b), bond lengths (l), thickness (4), cohesive energy (Econ) and (Eg) of the AIP monolayers. The thickness is
defined by tbe vertical distance between upper and lower layer atoms in the monolayer. The units of energy and length are electron volts (eV) and
angstroms (A) respectively. The values in the parentheses correspond to the energy calculated by the HSEO6 method. The data with a star symbol

behind as a superscript is adopted from ref. 27

Model a, b l 4 Econ Eg

T-AIP a=391 2.43 2.87 —5.35 0.97 (1.54)
a = 3.90* 2.42% 2.86* —4.10%* 0.98 (1.56)*

V-AIP a=5.68,b=3.81 L, =229,1,=2.32 2.19 —5.12 1.74 (2.60)

Therefore, V-AIP monolayer can be prepared in experimental
preparation.

The dynamic stability of V-AIP monolayers can be inferred
from the phonon dispersion calculation based on generalized
gradient approximation functional (as shown in Fig. 2), where
no apparent imaginary modes appear in the phonon spectrum
for all wave vectors. Particularly, the highest frequency reaches
up to 535 cm ™', which is higher than those of T-AIP (490 cm™")*’
and MoS, monolayer (473 cm™"),***" indicating robust bonding
between Al and P in the V-AIP monolayer. In the harmonic
approximation, the positive frequencies of phonon modes and
the elastic stability criteria are enough and necessary conditions
for unstressed crystalline structures to be stable.*® The calcu-
lated elastic constants of V-AIP are C,; = 65.5 GPa, C,, = 8.4 GPa
and Cgs = 12.2 GPa, apparently satisfying the mechanical
stability criteria (Cy; > C;, and Cee > 0) for 2D V-AIP lattices.*

We further take into account the effect of the external
temperature by performing ab initio molecular dynamics (MD)
simulations. A larger initial atomic supercell (64 atoms) was
used to increase the correlation length. The plane-wave basis set
with a kinetic energy cutoff of 500 eV and norm-conserving
pseudopotentials were used. This system was subjected to
a heated condition of T'= 973 K with a time step of 1 fs for the
period of 1 ps, and the energy as function of MD simulation
time is plotted in Fig. 3. And as shown in Fig. 3, the snapshot
taken at the end of simulation is generally well-kept, showing V-
AIP can be stable at the high temperature. Based on the above-
mentioned situations, T-AIP and V-AIP monolayers could be
experimentally synthesized in the near future. Next to the check
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Fig. 2 The phonon spectra calculated with the primitive cell of V-ALP
monolayer and corresponding density of states.
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of the stability of the V-AIP structure under high temperatures,
we have performed ab initio MD to further verify the chemical
stability of the structure in air at about room temperature. The
V-AIP monolayer has been exposed to very high pressure gases
(H,0, 0,, N, and H,) at temperatures T = 300 K. In our MD
simulations, the number density of gas molecules was 7.13 X
10 m™>. The V-AIP structure remains intact after 1 ps
(Fig. S17), indicating its chemical stability in air at the room
temperature.

Electronic structures and optical properties

For 2D semiconductors applied in nano photoelectronic
devices, the material with direct band gap is superior to that
with indirect band gap. The photon absorption by electrons
requires the participation of phonons in the indirect band gap
semiconductor, therefore the photoelectric conversion effifi-
ciency of the device is limited. We calculated the band disper-
sions to gain insight into the electronic structure of V-AIP. Fig. 4
shows the band structure of V-AIP monolayer. As shown in
Fig. 4(a), the direct band gaps of 1.74 eV and 2.60 eV are ob-
tained at the PBE and HSEO06 level, respectively. As shown in
Fig. 4(b), the projected density of states (PDOS) of V-AIP pres-
ents that the p orbitals of P atoms contribute mainly to the
valence band edge. In the energy range from —5 eV to —3 eV, the
p orbitals of P are hybridized with the p orbitals of Al, resulting
in the charge transfer from Al to P. The s and p orbitals of Al and
p orbitals of P atoms are hybridized above the Fermi level to
form conduction bands in the energy range from 2 eV to 4 eV.

-473.332 | —0973 K
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-473. -
S = eV a Ve Ve
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D) -473.340 [ MAAALNAAN MM SN
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=
W 473344 -

-473.348 |-
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0.0 0.2 0.4 06 0.8 10
Time (ps)

Fig. 3 The total energy of the supercell of V-AIP monolayer under 973
K as function of MD simulation time and the snapshot of the final frame
at the end of 1 ps for the MD simulation at 973 K.
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Fig. 4 (a) Band structures of monolayer V-AlP calculated at the PBE
and HSE level. M, T" and K are high-symmetry points in the first Brillouin
zone. The Fermi energy is set to zero. (b) s- and p-orbital projected and
total densities of states (electrons per eV). (c) Isosurfaces (0.05 e A~3)
of the conduction band minimum (CBM) and the valence band
maximum (VBM) at the I'-point.

Especially, the p orbitals of Al and P actively contribute to the
CBM. The nature of Al-P bonding can be illustrated based on
the Hirshfeld charge and overlap population analyses. A small
value of charge (0.21|e|) transfer from Al to P atoms together
with the overlap population (0.105) of Al-P bonds reveals that V-
AlP is combined by Al-P covalent bonds. The VBM and CBM at
I'-point are shown in Fig. 4(c), it can be found that the orbital
hybridization in the V structure is neither sp nor sp,® which is
in agreement with ref. 26.

The light-absorbing performance of 2D V-AIP under light is
investigated based on the adsorption coefficient. The light
absorption spectra of the V-AlP nanosheet are calculated from
the polarized light. As shown in Fig. 5, the prominent peaks of
absorption coefficient are mainly located at about 5.00 eV and
8.14 eV respectively. In the photon energy range from 3.28 eV to
9.20 eV, the absorption coefficient is above one third of the
magnitude of the first peak (4.0 x 10* em™"), which implies that

)

< 1.2x10°

8.0x10°

4.0x10°

Absorption coefficient (cm

0.0 A 1 A 1 A 1 A
2 4 6 8 10

Photon Energy (eV)

Fig. 5 Calculated absorption coefficient for V-AIP monolayer at the
HSEO6 level.
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polarized light shows a strong light harvesting ability in the
corresponding almost all ultra-violet range of the solar spec-
trum (378-134 nm). Therefore, V-AIP presents photoresponse of
ultra-violet light, showing the potential applications in photo-
electronic devices.

Strain and E-field effects

Applying external strain is known to be a promising mean to
tune the energy gap of materials.®™> Strain can be regarded as
elastic field applied to the 2D materials, which usually changes
the geometrical and electronic properties of materials. Under
certain strain, the geometrical structure of material changes
due to the interaction between the elastic field and 2D crystal-
line field, and then the electronic properties of materials change
with the redistribution of electron density in 2D materials.
However, the band structure of some typical 2D materials, such
as graphene, is not sensitive to stress fields.” Hence, we consider
whether the applied stress is effective to tune the electronic
property of V-AIP. In Fig. 6, under the axial strain applied along
the lattice direction from —20% to +8%, the direct band-gap
character of V-AIP is retained. The value of the direct band
gap decreases with the increasing tension and compression. As
the biaxial tension strain increases, the VBM moves from the T’
point to a near point, a direct-indirect band-gap transition
occurs when the tension increase from +8% up to +10%. As
shown in Fig. 7, the band-gap transition originates from the
competition of the near-band-edge energy states. And the
indirect band gap decrease monotonically up to +20% without
any indirect-direct band gap transition. The tunable range of
the direct band gap of V-AIP by means of biaxial strain at HSE
level is from 1.0 eV to 2.6 eV, which is wide covering most of the
visible sunlight energy range (from 1.6 eV to 3.1 eV). In the inset
in Fig. 6, the change trends of the band-gap of V-AIP under
mono-axial and biaxial strain from —10% to +10% are pre-
sented. It's obvious that these three variation curves of band gap
value are different. The band gaps of V-AIP under different
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Fig. 6 Changes in band gap with applied mono-axial and biaxial strain
for V-AIP calculated by HSEO6 functional.
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Fig. 7 Band structure change and the band edge shift under biaxial
strains for V-ALP based on HSE functional.

strains all increase monotonically at first and then decrease
monotonically with the increase of strain from —10% to +10%,
however, the inflection points (or extreme points) of the band-
gap curves are different. The anisotropy of the strain effects
on the V-AIP can be accounted for by the particular V structure,
which also has its anisotropy property. The ideal band gap of
solar cell materials is known to be 1.5 eV.** The direct band gap
of V-AIP monolayer may be tuned in a wide range (from 1.0 eV to
2.6 eV), therefore, it will have potential application in ultrathin
photovoltaic materials. Our results hint that the electronic
properties of the V-AIP monolayer are highly sensitive to the
applied axial and biaxial strain. Therefore, the crucial variation
in the band gap of V-AIP could lead to wide applications in
designing flexible electronics and optoelectronic tunable
photodetectors.

Applying external E-field is also a well-known effective
method to tune the electronic properties of 2D materials.""
Thus, it is necessary to find the influence of E-field on the
electronic properties of V-AIP, considering the direction
perpendicular the to the V-AIP monolayer. The band gap of the
V-AIP monolayer as a function of the external E-field is plotted
in Fig. 8. Our results indicate that the changing trend of band
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Fig. 8 The band gap as a function of E-field along the Z direction

perpendicular the plain of the V-AIP monolayer based on HSE
functional.
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Fig. 9 The band structures of V-AIP monolayer under certain E-field
along the Z direction.

gap highly relies on the intensity of external E-field. When the
external E-field along the Z direction is below 0.5 V A~', the
band gap first slightly and monotonically decreases, and when
the external E-field is beyond 0.5 V A™*, the band gap mono-
tonically decreases rapidly. Moreover, metallic properties can
also be observed when the intensity of E-field exceeds 0.90 V
A, As shown in Fig. 9, when the external E-field increases up to
0.95 V A~', the energy gap is closed, suggesting an essential
change from semiconducting to metallic due to the up-shift of
the VBM. Our study shows that the electric property of V-AlP
monolayer can be tuned between direct band gap semi-
conductor and metal. Here, all these results can be accounted
by the interaction between the built-in E-field and applied
external E-field.” That is to say, when the external E-field is
applied, the total E-field is increased and the band gap is slowly
decreased. Furthermore, when the total E-field reaches a certain
value, the effect of external E-field is greatly increased, and then
further increase of the external E-field strength can result in the
rapidly decrease of the band gap. The variation of Hirshfeld
charge transfer between the bonds in V-AIP monolayer under
external E-field is also considered. When the external E-field is
applied at the begin, the Hirshfeld charge transfer is unchanged
(0.48|e| per pair of Al-P bonds). And when the E-field is beyond
0.5V A™?, the Hirshfeld charge transfer is changed (0.50|e| per
pair of Al-P bonds), which means that the external E-field
significantly influences the distribution of electron density
resulting in rapidly decrease of the band gap. To further explore
the mechanism of the change of band gap under external E-
field, we studied the band edges under different external E-
fields. Fig. 9 exhibits the band edges under certain external E-
fields. It can be seen that the CBM of the V-AIP monolayer
drops linearly with the increasing external E-field applied.
Therefore, the decreasing band gap is mainly due to the down
shift of the CBM. Fortunately, it's found that the V-AIP mono-
layer under the external E-field along z direction retain direct
band gap, and the direct band gap can be tuned linearly by the
external E-field in a wide range (from 0 eV to 2.6 €V). This large-
scale band gap modulation indicates that applying E-field along
z direction can offer an effectively dynamical control on the
band structures and electronic properties in the V-AIP
monolayer-based electronic nano-devices.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Band structures (HSE) and geometries (inset) of V-AlP in (a) AA,

Layer stacking effects

Stacking orders is also a effective method to tune the electronic
properties of 2D materials.®* It is also interesting for us to
research the influence of layer stacking order on the electronic
properties of V-AlP. We optimized bilayer and trilayer V-AIP in
AA, AB, AAA and ABA stacking orders. Two V-AIP monolayers are
aligned without any rotation or displacement in the AA-stacking
pattern. For AB-stacking conformation, the two layers shift
along the lattice vector for a distance of half cell and P atom is
just on top of the P atom. The obtained structural parameters
including lattice constants and bond lengths differ slightly for
different stacking pattern. The AA stacked bilayer is energeti-
cally favorable for the lower total energy, which is 16.7 meV per
atom lower than that of AB one.

As shown in the Fig. 10, it is clear that the bilayer and trilayer
V-AIP in AA, AB, AAA and ABA stacking orders are indirect
semiconductors with narrower gaps of 2.38, 2.31, 2.33 and
1.59 eV, respectively. Therefore, stacking is obviously a effective
method to tune the electronic properties of 2D V-AlP.

Conclusion

In summary, based on the density functional theory calculation,
we have systematically studied the geometrical property,
stability and electronic band structure of the V-AIP monolayer.
The V-AIP monolayer is thicker than the T-AIP monolayer. The
good stability of V-AIP monolayer are proved by the calculation
results of the negative binding energy, molecular dynamics
simulation and phonon spectrum. Interestingly, it possesses
a direct band gap with the value of 2.6 eV, which be helpful to
nanoelectronic devices. The V-AIP monolayer shows a strong
light harvesting ability in the ultra-violet range of the solar
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spectrum, therefore, it has potential applications in photo-
electronic devices. And the band gap exhibits a fantastic
behavior depending on the strain, external E-field and layer
stacking. Under biaxial strain from —20% to 20%, the direct
band-gap of V-AIP can be tuned from 1.0 eV to 2.6 eV. The band
structure of the V-AIP monolayer exhibits anisotropic properties
with strain along different direction. Besides, under external E-
field along z direction from 0.5 VA~ to 1 VA", the direct band-
gap of V-AIP can also be tuned linearly in a wide range (from
0 eV to 2.6 eV). Therefore, it is concluded that the external E-
field can be used effectively to modify the electronic property
of the V-AIP monolayer. Through layer stacking, four bilayer and
trilayer V-AIP are obtained and they are found to be indirect
semiconductors with relatively narrower band gaps. The results
pave the way for designing nanoelectric devices based on 2D V-
AIP materials.
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