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Motivated by potential extensive applications in nanoelectronics devices of Ill-V materials, we calculate the
structural and optoelectronic properties of two-dimensional (2D) InN as well as its three-dimensional (3D)
counterparts by using density functional theory (DFT). Compared with the 3D form, the In—N bonding in the
2D InN layer is stronger in terms of the shorter bond length, and the formation of the 2D one is higher in

] terms of the lower cohesive energy. The bandgap of monolayer InN is 0.31 eV at PBE level and 2.02 eV
iii:;i% 121;&‘]:39[?2372017 at GWgq level. By many-body GWq and BSE within RPA calculations, monolayer InN presents an exciton
binding energy of 0.12 eV. The fundamental bandgap increases along with layer reduction and is

DOI: 10.1039/c7ra07640a converted from direct (0.7-0.9 eV) in bulk InN to indirect (2.02 eV) in monolayer InN. Under biaxial
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1. Introduction

Since the discovery of graphene,"” 2D materials have attracted
great interest due to their large surface area and unusual
mechanical, electronic and optical properties.>** These novel
properties make the 2D materials promising for applications in
photocatalysis, nanoelectronic devices, energy storage, thermal
conductors and even topological insulators. The III-V materials,
in their bulk form developed over a rather long time, have also
joined the 2D materials family. Boron-nitride (BN) sheets have
the same planar honeycomb structure as graphene, and their
ionic character causes an energy gap of 4.64 eV at the K point.”
Layered hexagonal AIN, which was experimentally realized by
Tsipas et al.** recently, displays transparent features in the
visible light range. Monolayer honeycomb structured GaN, even
if at high temperature, can remain stable, confirmed by high-
temperature ab initio molecular-dynamics simulations.'® The
experimental realization of 2D materials by chemical vapor
deposition and molecular beam epitaxy, etc, requires suitable
substrates. A. K. Singh et al.*® theoretically predicts that several
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compressive strain, the bandgap of 2D-InN can be further tuned from indirect to direct.

transition-metal and rare-earth-metal substrates can be used to
synthesize and stabilize 2D hexagonal III-V materials.

Among III-V materials, bulk InN has a less than 1.0 eV
direct bandgap which could be suitable for low-bandgap
device applications such as future-generation solar cells
because the nitride alloys can cover the whole solar spectrum
range."” Doping other III or V element into the host could
achieve an extent potential application prospect in optoelec-
tronic and high power/temperature electronic devices
including light emitting diodes (LEDs), laser diodes (LDs),
solar blind photodetectors and heterostructure field effect
transistors."®' 2D materials display different properties from
their 3D counterparts, and the knowledge of the 3D form
cannot be directly delivered to the 2D one. To the best of our
knowledge, the studies on the 2D-InN are rare and most of
them are focused on the geometry, growth dynamics, and
intrinsic electronic properties of monolayers. The optical
properties, and the modification of optoelectronic properties
of 2D-InN, which are of great importance for potential nano-
electronic and optical applications, remain open.

In this study, the mechanical, stability, electronic and
optical properties of bulk and 2D hexagonal planar InN based
on density functional theory (DFT) are investigated to eluci-
date the difference between bulk and 2D structure, to deter-
mine the effect of strain on bandgap of 2D-InN as well as the
bandgap variation of bilayer and multilayer structures
(include van der Waals). Besides, by many-body calculations,
exciton binding energy of 2D-InN is also obtained. The paper
is organized as follows. In Section 2, we describe details of
computational methods. The results and discussions are
provided in Section 3. Finally, a brief summary is summarized
in Section 4.
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2. Methods and computational details

All the theoretical calculations are carried out by using DFT** of
the projector augmented wave method (PAW)*?* as imple-
mented in the Vienna ab initio simulation package (VASP).> The
exchange-correlation potential is in the form of generalized
gradient approximation (GGA) of the Perdew-Burke-Ernzerhof
(PBE).>® The plane-wave basis set is defined by an energy cutoff
of 520 eV for all calculations. The structural optimization is
allowed to relax until the maximum force on each atom
becomes less than 0.001 eV A~ and maximum energy change
between two steps is smaller than 10~ ® eV. The TI'-centered 7 x
7 x 7 and 12 x 12 X 1 K-point meshes are used in the first
Brillouin zone for 3D and 2D InN respectively. The height of
each unit cell of 2D InN is maintained at 20 A to eliminate the
interaction between periodic images of slabs in z-direction. The
van der Waals interactions that have a significant role on
layered materials are taken into account for the multilayered
structures.””*®

In order to overcome the bandgap problem of GGA potential,
we employ HSE06 *° and quasiparticle (QP) GW, corrections,***
because of their accuracy in describing the electronic structures
of semiconductors and insulators. Regarding the optical
response calculations, the random phase approximation
(RPA)*** is undertaken on top of HSE06 and GW,, approaches.
The attraction between quasi-electron and hole (on top of GW,
approximation) by solving BSE***® is taken into account. A
unified K-point mesh 36 x 36 x 1 is adopted for the GW, and
BSE methods, which is enough for BSE calculation. The total
number of empty bands is 336 used for the GW,, calculations.
The six highest valence bands and the eight lowest conduction
bands are included as basis for the excitonic state. BSE is solved
using the Tamm-Dancoff approximation.

3. Results and discussions
3.1 3D InN crystals

We carry out structure optimization and electronic structures
calculations of wurtzite (wz) and zinc-blende (zb) InN crystals
with GGA-PBE and HSE06 potentials, respectively. The equilib-
rium lattice constants, In-N bond length d, cohesive energy per
In-N pair E., bulk modulus B and direct bandgap Er_; of wz and
zb-InN are presented in Table 1 and Table 2, together with other
theoretical and experimental data. The present calculations

View Article Online
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Table 2 Lattice constants a = b = ¢, bond length d, cohesive energy
per In—-N pair E., bulk modulus B, and direct bandgap E,_; of zb-InN
crystal calculated by using PBE and HSEO6 approaches. For the sake of
comparison, previous theoretical results and experiments are also
included

a (A) d(A) E.(ev/InN) B (GPa) Eg (eV)
PBE/HSE06 5.10 221 9.57 97.74 0/0.30
LDA?738 5.00, 4.94 8.67 140, 147.24 —0.40, 0
GGA*""8 5.11, 5.04 6.85 116.96, 122.10 —0.55, 0
EV-GGA®® 0.53
mBJ*® 0.73
Expt. ™ 4.98 137 0.70-0.90

predict a = 3.62 A, ¢ = 5.83 A for wz-InN, the c/a ratio is 1.61,
which are in good agreement with previous GGA calculations of
a = 3.61, 3.55 A and ¢ = 5.88, 5.73 A, while slightly larger than
those of LDA calculations, @ = 3.54, 3.53 A and ¢ = 5.76,
5.54 A.** With respect to experimental values of a = 3.53 A and
¢ =5.69 A,** the calculated results are large by 2.55% and 2.46%
respectively. And the measured bond length of In-N is 2.21 A.
Here, the cohesive energy per In-N pair (E.) can be given by,

E. = E(In) + E(N) — E(InN) (1)

where E(In) and E(N) represent the energies of free In and N
atoms and E(InN) is the optimized total energy of InN. The
higher the positive E., the stronger is the binding. The experi-
mentally measured E. is 7.97 eV,** our obtained value is
10.12 eV. Meanwhile there are some other theoretical results of
8.69 and 6.87 eV. In addition, the predicted bulk modulus is
82.04 GPa, which is lower than the experimental values of
125 GPa.

As for zb-InN, the lattice constant obtained from previous
theoretical result is between 4.94 and 5.11 A ¥#® and is pre-
dicted here as 5.10 A, which is 2.41% larger than experimental
value of 4.98 A.***” The equivalent In-N bond length is 2.21 A.
The cohesive energy per In-N pair calculated as E. = 9.57 eV is
slightly smaller than that of wz-InN because thermodynamically
stable phase of 3D InN crystal has a wurtzite structure, which
corresponds to a global minimum. Furthermore, the bulk
modulus of 97.74 GPa is smaller than experimental value of 137
GPa.

Fig. 1 shows the band structures of wz and zb-InN crystals
obtained by using PBE and HSE06 methods. The energy bands

Table 1 Lattice constants @ = b and c, c/a ratio, bond length d, cohesive energy per In—N pair E., bulk modulus B, and direct bandgap Er_ of
wz-InN crystal calculated by using PBE and HSEQO6 approaches. For the sake of comparison, values obtained from the previous theoretical

studies and experiments are also included

a(A) c () cla d (A) E. (eV/InN) B (GPa) Ey (eV)
PBE/HSE06 3.62 5.83 1.61 2.21 10.12 82.04 0/0.50
LDA%738 3.54, 3.53 5.76, 5, 54 1.62, 1.57 8.69 140, 146.2 0.27, 0.017
GGA*"?8 3.61, 3.55 5.88, 5.73 1.63, 1.61 6.87 116.1, 121.58 0.37, 0.029
mBJ*® 0.399
HSE?9*0 0.57, 0.68
Expt.*'™*? 3.53 5.69 1.61 7.97 125 0.78-0.90
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Fig. 1 The electronic band structures of (a) wz and (b) zb-InN are
obtained by using PBE (black solid curve) and HSEO6 (red dashed
curve) methods, respectively. The direct band gap Er_r by HSEO6 is
indicated.

of wz-InN calculated by PBE predict a near zero bandgap,
which is largely underestimated with respect to the reported
experimental values of 0.78-0.9 eV.*""** With corrections by
using HSE06, the direct bandgap increases to 0.50 eV, while it
maintains 0.28 eV below the experimental value. Similar to
wz structure, as shown in Fig. 1(b), zb-InN exhibits a near
zero bandgap with PBE. After HSE06 corrections, it has
a direct bandgap 0.30 eV, which is still 0.40 eV smaller than
experimentally measured value. Our prediction agrees
with the previous calculations within PBE and HSE
corrections.*”
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3.2 2D InN

3.2.1 Stability and geometry-based properties. To provide
a consistent comparison with 3D crystals to reveal the effect of
dimensionality, we first establish three possible structures of
2D-InN, which are hexagonal (H), tetragonal (T) and V-shaped
(V) structures, as shown in Fig. 2. The H structure (Fig. 2(a))
has the space group P6M2 and of which the orbital hybridiza-
tion is sp®. The T structure (Fig. 2(b)) has the space group
P4/NMM, unlike the threefold coordinated planar hexagonal
structure, each cation and anion in the T structure is bonded to
four neighboring anions and cations, respectively.** The V
structure (Fig. 2(c)) with the space group PMN21, which has
inequilateral hexagonal rings from the top view. The orbital
hybridization in the V structure is neither sp* nor sp®. In order
to determine the dynamical stability of each structure, the
phonon spectra are calculated in Fig. 3. For the T and V struc-
tures, there exist imaginary frequency in the calculated
frequencies of phonon modes, which reveal instability. The
phonon dispersions of H structure are positive and indicate
stability, which are similar to previous calculated results.**~°

For optimized H structure, hybrid orbitals of In-sp®> and
N-sp” form o-bonds along In-N bonds arranged as a hexagon.
Due to the planar sp> bonding, the bond angle between In-N
bonds is 120°. In addition to three sp> hybrid orbitals of each
constituent, In and N, their p, orbitals are perpendicular to the
plane of InN. While the o-bonds attain the strength of InN, the
m-bonds between nearest In-p, and N-p, orbitals maintain the

Hexagonal (H) Tetragonal (T) V-shaped (V)
Top View P - 0900900 ? g O
P O/ D\G | i o dq 04
a7 >4,,.p0 Yy € p< »
_ p@« b Q-w -0 o <) o—Q—0—0Q o< o4
. »>Q d 00909 4 o4 © o
o L o623 o4 9 In
NG -0—-0—0 d o4 © o N
Side View 000000000 gﬁpﬁvﬁg o "o © "o
(a) (b) ()

Fig.2 The schematic diagram of (a) hexagonal, (b) tetragonal and (c) V-shaped 2D-InN structures from the top and side views, respectively. The
hexagonal primitive unit cell is delineated by dashed lines. The lattice constants, bond angle between In-N bonds and In-N bond length are

indicated.
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Fig. 3 Calculated phonon-dispersion curves of hexagonal, tetragonal and V-shaped structures, I" versus K, along major symmetry directions of

the Brillouin zone.
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planar geometry of InN." The optimized atomic structure and
its lattice constant a, bond length d, cohesive energy E. and
minimum value of the energy gap, E, calculated by using PBE,
HSEO06 and GW, together with previous theoretical results are
shown in Fig. 2(a) and Table 3. Our calculations predict a =
3.63 A, which agrees well with previous values.”®* The In-N
bond of 2D-InN constructs from planar sp> hybrid orbitals and
p: orbitals, the value here we obtain is 2.10 A, which is 0.11 A
shorter than the In-N bond of 3D wz(zb)-InN constructed from
tetrahedrally coordinated sp® hybrid orbitals. This indicates
that In-N bonds in 2D-InN are stronger than those in wz(zb)-
InN. Despite the stronger bonding in planar InN, the cohesive
energy of 3D wz-InN crystal is 0.72 eV higher than that of 2D-InN
(E. = 9.40 eV).

3.2.2 Electronic properties. Fig. 4 shows the band struc-
tures from PBE, HSE06 hybrid functional and GW, method and
Table 3 compares the bandgaps with present theoretical values.
The valence band maximum (VBM) occurs at the K point,
whereas the conduction band minimum (CBM) appears at the I’
point. Accordingly, the energy bands calculated by PBE predict
an indirect bandgap Er_x = 0.31 eV. With corrections by using
HSE06 and GW,, methods, indirect bandgap increases by 1.17
and 1.71 eV respectively. This is different from corresponding
3D wz(zb)-InN crystals, which have a near zero bandgap by PBE
and a direct bandgap (0.50 eV) for wz and 0.30 eV for zb by
HSEO06. Obviously, the fundamental bandgap increases along
with dimensionality reduction and is converted from direct to
indirect, as the same of GaN." From the partial density of states
(PDOS) by HSE06, we can note that the VBM is mainly from the
N-p states together with certain contributions from the In-p
states, while the CBM is dominated by the In-s states hybrid-
ization with the N-s states.

3.2.3 Optical properties. We use HSE06 functional and
quasiparticle GW, corrections within RPA to obtain the optical
absorption energy. The electron-hole (e-h) interactions are
taken into account by solving the BSE. In Fig. 5(a), we show
imaginary part of the dielectric function for 2D, bulk wz and
zb-InN, all the -calculations using HSE06-RPA. The first
absorption peak of 2D-InN is at 1.49 eV within near-infrared
regime, which yields a blueshift compared to wz and zb-InN
with the first absorption peak at 0.51 and 0.28 eV respectively.
There is another single distinct peak at 2.23 eV. WZ-InN
displays similar features that three peaks around 1.10, 1.93
and 2.64 eV. ZB-InN shows a broadened absorption phenom-
enon, leading to multipeaks, occurring in the vicinity of 1.4 and
2.4 eV. The oscillator strengths of major peaks in 2D-InN are
evidently lower than those of wz(zb)-InN due to weaker linear

Table 3 Lattice constant a, bond length d, cohesive energy E,
minimum value of the energy gap, E4 calculated by using PBE, HSEO6
and GW,. Previous theoretical values are also included

a(A) d(A) Ec(eV) Eg(eV)

PBE/HSE06/GW, 3.63 2.10 9.40  0.31/1.48/2.02 (I'K)
PBE/HSE06/GoW, (ref. 48) 3.63 —/1.52 (I'K)/1.57 (IK)
LDA/GW, (ref. 49) 3.57 2.06 10.93 0.62 (I'K)/5.76 (I'T)
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Fig. 4 The electronic band structure of monolayer InN is obtained by
using PBE, HSEO6 hybrid functional and GWy method and indirect
bandgap Er_g is indicated. The corresponding partial density of states
(HSEQ®6) is given in right side.

optical response of a single-layer InN. Bulk wz(zb)-InN crystals
are periodically repeated multiples of buckled InN planes along
z direction. Hence, the optical spectra of monolayer and bulk
InN show significant differences, indicating that they could be
used for different optoelectronic applications.**

The absorption spectrum of 2D-InN given by GW,-BSE
calculation is displayed in Fig. 5(b), together with GWy-RPA
spectrum. We can obtain that the oscillator strengths of these
peaks are enhanced considerably with electron-hole interac-
tions taken into account. Under the quasiparticle direct
bandgap (2.02 eV), there is a very significant light absorption
peak (1.90 eV). This result is substantially dominated by the
excitonic effect, due to the e-h interactions stemming from
weak screening in low-dimensional InN. Comparing the lower
GW,-BSE peak with quasiparticle bandgap excitation indicates
the exciton binding energy is 0.12 eV, which is apparently
higher than that of its wurtzite bulk structure (25 meV).”> The
strongly bound excitons underline that for 2D-InN, e-h inter-
action can be significant to enhance the optical features in the
absorption spectrum. The exciton effect is slightly weaker than
that of other two-dimensional III-V materials, such as 1.7 eV in
AIN monolayer honeycomb.**

3.2.4 Strain effects. Strain has remarkable effect in
tailoring electronic, and tunable electronic properties of 2D
materials are crucial for their applications in optoelectronics.

(a) —2p () |90 2p.nN GWy+RPA|
---wz
12| 0% 78 -GWO+BSE

£, (o)

0.0 0.5 1.0 15 20 25 30 0 2
Energy (eV)

4 6 8 10
Energy(eV)

Fig. 5 Imaginary part of the dielectric function (a) for 2D-, bulk wz-
and zb-InN using HSEO06-RPA, (b) for 2D-InN using GW, corrections
with electron—hole interactions taken into account, together with
GWp-RPA spectrum.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) Variation of the energy bands of 2D-InN under applied

biaxial strain. (b) Computed electronic bandgaps versus the biaxial
strain ranging from —8% to 2%.

Here we examine the effect of strain on the fundamental
bandgap of 2D-InN within PBE. Fig. 6 shows the values of
bandgaps as a function of applied strain in the range of —8% to
2%. The positive and negative values of strain correspond to
lattice expansion and compression, respectively. The bandgap
of monolayer InN decreases under biaxial tensile strain, while it
still remains an indirect semiconductor. When a biaxial
compressive strain is exerted, monolayer InN converts from an
indirect to direct bandgap. The bandgap increases to 0.69 eV at
a —2% strain and continuously increases from 0.69 to 0.89 eV as
strain up to —6%. Nevertheless, the further increase of strain up
to —8% doesn't change the gap much. This variation is analo-
gous to BN.*® Our calculations demonstrate that the bandgap of
monolayer InN is sensitive to the biaxial strain, and exists an
indirect to direct transition point, which is promising for

Fig. 7 Optimized atomic configuration for monolayer, bilayer, trilayer
and four-layered InN.
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Table 4 Lattice constants a, bond length d, interlayer distance h and
fundamental bandgap E; of monolayer, bilayer, trilayer and four-
layered InN

Layer a(A) d (A) h (A) By (eV)
1 3.63 2.10 — 1.48
2 3.64 2.10 2.67 1.08
3 3.64 2.10 2.66/2.78 0.95
4 3.84 2.21 2.56/2.58/2.48 0.40

optoelectronic applications due to their tunable bandgaps.
Furthermore, those results would give a guild to find a suitable
substrate.

3.2.5 Layer dependence. Previous investigation shows
thickness of two-dimensional materials has a significant effect in
electronic properties. We explore this aspect of 2D-InN up to four
layers and reveal its properties within HSE06 potential. The
optimized structures for monolayer, bilayer, trilayer and four-
layered InN are shown in Fig. 7, where the stacking sequences
is hexagons on top of each other, with the In atom being above N.

The lattice constant and bond length have no significant
change with increasing layer up to three layers, an increase is
found in four-layered InN, as listed in Table 4. However, inter-
layer distance and minimum bandgap display the different
trend that they decrease with increasing layers, since interlayer
interaction increases. The fundamental bandgap which is
shown in Fig. 8 decreases from 1.48 eV to 1.08 eV in bilayer, to
0.95 eV in trilayer and to 0.40 eV in four-layered, these bandgaps
are direct. There exists a crossover from indirect to direct in
multilayered InN. Our calculations give a trend of band struc-
ture evolution with layers and the results shown here indicate
rapid bandgap reduction. It indicates that the optoelectronic
properties of layered 2D-InN can be controlled and tuned by
modifying their structures.

4. Conclusions

We perform mechanical, electronic and optical properties of
monolayer and few layers 2D-InN as well as 3D counterparts
based on density functional theory. The In-N bond of 2D-InN is
0.11 A shorter than that of 3D wz(zb)-InN indicating stronger
bonding, despite the stronger bonding in planar InN, 3D wz-InN
crystal has a higher cohesive energy. Going from 3D to 2D InN,

1486V "> 1.08 eV

Energy (eV)
o

3L | 4L

0.95 eV {0400V

M r K M M r K

M

M r K M M r K M

Fig. 8 Electronic band structures of monolayer, bilayer, trilayer and four-layered InN within HSEO6 potential. The fundamental bandgaps are

shown by arrows.
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the bandgap increases and is converted from direct to indirect.
In optical properties, the absorption spectrum yields a blueshift
compared to (wz)zb-InN. By many-body calculations, 2D-InN
presents an exciton binding energy of 0.12 eV. When a biaxial
compressive strain is exerted, monolayer InN changes from an
indirect to direct semiconductor, which is promising for opto-
electronic applications due to their tunable bandgaps. Finally,
we investigate the bandgap variation of bilayer and multilayer
structures (include van der Waals) that decreases from 1.48 eV
to 0.40 eV in four-layered InN, these bandgaps are direct. This
indicates that the optoelectronic properties of layered 2D-InN
can be controlled and tuned by modifying their structures.
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