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ABSTRACT: Recently, two-dimensional (2D) group-1II nitride semiconductors such as h-BN, h-AIN, h-GaN, and h-InN have
attracted attention because of their exceptional electronic, optical, and thermoelectric properties. It has also been demonstrated,
theoretically and experimentally, that properties of 2D materials can be controlled by alloying. In this study, we performed density
functional theory (DFT) calculations to investigate 2D B;_ ALN, Al,_ Ga,N, and Ga,_,InN alloyed structures. We also calculated
the thermoelectric properties of these structures using Boltzmann transport theory based on DFT and the optical properties using
the GW method and the Bethe—Salpeter equation. We find that by changing the alloying concentration, the band gap and exciton
binding energies of each structure can be tuned accordingly, and for certain concentrations, a high thermoelectric performance is
reported with strong dependence on the effective mass of the given alloyed monolayer. In addition, the contribution of each e—h pair
is explained by investigating the e—h coupling strength projected on the electronic band structure, and we find that the exciton
binding energy decreases with increase in sequential alloying concentration. With the ability to control such properties by alloying
2D group-III nitrides, we believe that this work will play a crucial role for experimentalists and manufacturers focusing on next-
generation electronic, optoelectronic, and thermoelectric devices.

KEYWORDS: 2D materials, alloys, group-III nitrides, density functional theory, GW approximation, optoelectronic, thermoelectric,
excitonic

B INTRODUCTION the electronic properties of these materials can be tuned for
specific applications such as photovoltaics by creating
heterostructures.'°™"’ Theoretical studies also indicate that
for h-BN, h-GaN, and h-AIN, applied biaxial strain can induce
indirect to direct band gap transitions and alter the band gap
value," and full or semihydrogenation causes h-GaN and h-
AN to retain their nonmagnetic semiconducting properties.”’

Alloying is a promising route to control the electronic
properties of a given material for specific applications. This

Group-III nitrides' represent a family of semiconducting
materials with a tunable band gap that spans from the infrared
to ultraviolet, making them ideal candidates for optoelectronic
devices.”” Since the synthesis and extensive study of
graphene,” research has been focused on the theoretical and
experimental investigation of other two-dimensional (2D)
materials. In addition to monolayer group-III nitrides such as
AIN, BN, GaN, and InN having previously been theoretically
predicted,”~” AIN and GaN nanosheets and BN monolayers
have been experimentally realized.""'' The graphene-like Received:  June 18, 2020
planar honeycomb structures such as h-BN, h-AIN, h-GaN, Accepted:  September 18, 2020
and h-InN have been rigorously studied, and exceptional Published: September 18, 2020
electronic, optical, and thermoelectric properties have been

revealed."””™" In addition to the intrinsic characteristics of

group-III nitride monolayers, it has been demonstrated that
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approach has been used for bulk materials including group-III
semiconductors, where the electronic properties of bulk
B.Al,_.N alloys have theoretically been controlled with
constituent composition.”’ With regard to 2D materials, it
has been shown through experiment and density functional
theory (DFT) that the electronic properties of these structures
can change significantly and geculiar effects can be induced in
their electronic structures.”>~>’ For example, DFT has revealed
that the structural and electronic properties of monolayer
TiX3(;_pX'5, alloys (where X and X' = Se and Te) are
dependent on chalcogen composition.”® More specifically, the
substitutional doping of Te atoms into TiS; or TiSe;
monolayers results in a semiconductor to metal transition.”®
DEFT studies also indicate that varying the concentration of
monolayer MoS,(;_,)Se,, alloys can affect the adsorption and
diffusion of lithium in the structure®” and that 2D pnictogen
alloys can be used as effective anode materials for batteries.”®
Experimentally, it has been reported that when GaSe
nanostructures are alloyed with Te (to create GaSe,_,Te,),
the structures undergo a hexagonal to monoclinic transition
and there exists an instability region where both phases
compete and two different band gap values can be found at the
same composition, leading to anomalous band bowing
effects.”* In addition, experimentally, the photoresponse of
2D Mo, _,Sn,S, can effectively be tuned by varying
composition”” and the polarization photodetection can be
enhanced by alloying Nb,_ Ti,S;.*°

More recently, it has been demonstrated through first-
principles calculations that the electronic properties of low-
dimensional group-III nitride alloys such as In,Ga,_,N** and
Ga,_,ALLN** can change by varying composition. Specifically, it
has been reported that increasing the Al concentration in
monolayer Ga, ALN increases the band gap and in plane
stiffness and blue-shifts the dielectric function at the DFT
level.” Also, it has been reported that increasing the Ga
concentration in bilayer and trilayer In,Ga,_ N results in an
increase in lattice constant and a decrease in band gap.””

Because of their reduced dimensionality, 2D materials
experience a reduced level of screening. Stemming from this
reduced screening are peculiar optical properties, including the
presence of bound electron—hole pairs (excitons) and
increased absorbance in the visible light and infrared ranges.*’
These optical properties and excitonic effects have been
extensively studied experimentally and theoretically [using
many-body perturbation theory (GW approximation) and
solving the Bethe—Salpeter equation (BSE)] in 2D structures
such as igraphene and transition metal dichalcogenides
(TMDs).*"** In addition to electronic properties, optical
properties (including excitonic effects) can be tuned by
alloying.”>*®*%3* For example, TMD alloys such as
Mo, W,_,S, structures with certain W concentrations can
have bright excitons, while other concentrations yield dark
excitons.””** Additionally, tunable excitonic effects have been
reported for monolayer BN-encapsulated WSszeZ(l—x)'35
Because of these interesting optical phenomena, these 2D
materials have potential applications such as photovoltaic solar
cells, photodetectors, and light-emitting diodes.>>*° Previously,
bulk group-III nitride structures such as h-BN have been
investigated experimentally and using the GW-BSE framework
where large exciton binding energies have been revealed.’’
First-principles calculations also revealed strong excitonic
effecgz in group-III monolayers such as AIN, GaN, BN, and
InN.

Another important property emerging in today’s material
research (in bulk and monolayer forms) is thermoelectricity.
Thermoelectric (TE) materials are important because of their
ability to convert heat into electricity in a clean manner.”” The
efficiency of a TE material is defined by its dimensionless figure
of merit ZT = S*6T/k where T is the absolute temperature, S is
the Seebeck coeflicient, o is the electrical conductivity, and « is
the thermal conductivity (which consists of the lattice thermal
conductivity and the electronic thermal conductivity).” In
order to obtain a high value for ZT, a high value of power
factor (PF), defined as 6S? is required. Candidate materials for
TE power must be chemically and thermally stable materials at
high temperature. It has been revealed, experimentally and
theoretically, that group-III nitride semiconductors and their
alloys are good candidates for TE devices in their bulk
form.*”*" Recently, the TE properties of 2D group-III nitride
materials such as AIN, GaN, and BN have been investigated
from first-principles.”>** Other theoretical” and experimen-
tal** studies have demonstrated that alloying TE materials can
change TE properties.“’44 Specifically, alloying CoAsS with Sb
can result in an 8—11% increase in the figure of merit value,
and alloying InSb with Ga can result in a 46% reduction in
thermal conductivity.*>**

In this study, we generated 2D B, ALN, Al,_.GaN, and
Ga;_In,N alloyed structures using the first-principles special
quasirandom structure (SQS) method,” which has been used
extensively to study alloy systems,**” to search for possible
energetically stable ground-state configurations. We observe
that Al,_,Ga,N can have thermodynamically stable ground-
state configurations at x = 0.2, 0.4, 0.6, 0.667, and 0.8 and
Ga;_ In, N can have configurations at x = 0.333 and 0.667
(where «x is the alloying concentration). For B;_ ALN, we do
not observe any possible energetically stable ground states for x
# 0 or 1. We further examine the geometric and electronic
properties of these ground-state configurations and compare
them to monolayer h-BN, h-AIN, h-GaN, and h-InN. It is
found that increasing the alloying concentration in Al,_,Ga, N
and Ga,_,In N results in a decrease in band gap value, proving
that alloying 2D group-III nitride materials is an effective way
to tune the band gap. We also calculated the optical properties,
including the frequency-dependent dielectric function and the
exciton binding energy, using the GW-BSE method. We find
that these materials exhibit strongly bound excitons and that
changing the alloying concentration can effectively change the
exciton binding energy in the 2D group-III nitride alloyed
material. Finally, we calculated the thermoelectric properties of
these structures using Boltzmann transport theory and found
that certain structures exhibit high thermoelectric performance
under certain conditions with a strong dependence on the
effective mass. To further quantify our thermoelectric results,
we calculated the effective charge carrier mass and relaxation
time for each structure. These desirable properties and the
ability to engineer these properties through alloying make
these materials ideal for device applications in the electronic,
thermoelectric, and optoelectronic industries. Specifically,
these materials can be used in UV polaritonic applications,
exhibit electrically driven excitonic light emission, and can be
used as photodetectors, photovoltaic solar cells, valley-
optoelectronic devices, and thermoelectric power conversion.

B COMPUTATIONAL DETAILS

Our results were obtained from first-principles based on DFT
within the generalized gradient approximation (GGA).

https://dx.doi.org/10.1021/acsami.0c11124
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Figure 1. Formation energy (in eV/formula unit) as a function of concentration for the (a) B,_ ALN, (b) Al,_,Ga,N, and (c) Ga,_JIn,N alloys
created with the SQS method. Each data point represents a different structure, and the color axis indicates the band gap value (calculated with the
PBE functional) for each structure. The blue line at the bottom of (b,c) represents the ground-state configurations of these alloys (convex hull).

Projected augmented-wave potentials were used, the ex-
change—correlation functional was approximated with the
Perdew—Burke—Ernzerhof (PBE) functional, and van der
Waals effects were included using the DFT-D2 method.**~*°
The kinetic energy cutoff of the plane-wave basis set was taken
to be 475 eV, and the Monkhorst-Pack scheme was used to
sample the Brillouin zone (BZ).”' A 20 X 20 X 1 mesh in k
space was used for 2D structures in the primitive cell and
scaled accordingly for larger supercells. The numerical
calculations were carried out using the Vienna Ab initio
Simulation Package code.”” The atomic positions of each
structure were optimized using the conjugate gradient method,
where the total energy and forces were minimized. For this
optimization, a maximum force of 0.002 eV/A was allowed on
each atom, and the energy convergence between two
consecutive steps was set to 107> eV. The Gaussian-type
Fermi level smearing method was used with a smearing width
of 0.01 eV and was increased to 0.05 eV for total and orbital
projected density of states calculations. The vacuum spacing
between periodic layers was set to 20 A to minimize any
interlayer coupling. Because fundamental band gaps are
underestimated using PBE functionals, we performed calcu-
lations with the hybrid functional HSE06, which is formed by
mixing 75% of the PBE exchange with 25% of the Fock
exchange and 100% of the correlation energy from PBE.>” We
also calculated band gaps with the recently developed
nonempirical strongly constrained and appropriately normed
(SCAN) meta-GGA™* functional (without vdW corrections),
which has been shown to yield more accurate results than
standard PBE and at a smaller computational cost than HSE06.

To generate B, ALN, Al,_,Ga,N, and Ga,_ InN alloyed
structures with varying concentrations, the SQS method was
used as implemented in the ATAT package.*”** The formation
energy Eg.. (in eV/fu.) of X;_ .Y, N (where X and Y = B, A,
Ga, and In) is defined as Eg,, = (Bx_yn — (1 — %)Exy —
xEyy), where Ey vy is the energy of an X, YN cell, Exy is
the energy of an XN cell, and Eyy is the energy of a YN cell, all
per formula unit. In the ATAT code, the energies of these
randomly created structures are used as a training set to
calculate fitted energies. When the calculated and fitted
energies match within a convergence criteria known as the
cross validation score (which is specifically designed to
estimate the error made in predicting the energy for structures
and analogous to the root mean square error), we know that
we have a large enough training set of randomly generated
structures and can verify our predictions. In our calculations,
we set the minimum cross validation score to 25 meV (which
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ATAT recommends*”>*) for the training set of each alloy
series. Once the cross validation score is beneath this
threshold, we can say with confidence that the structures
with the lowest formation energy can be energetically stable at
0 K. In contrast to previous studies involving monolayer
In,Ga;_,N** and Ga,_,ALN,” we considered very large
training sets (~200 structures per alloy series) in order to
screen the most probable ground-state alloyed structures.
Bader charge analysis™® was used to obtain the charge
distribution on the atoms in the cell.

To obtain accurate quasiparticle band gaps and the
frequency-dependent dielectric function, including electron—
electron and electron—hole interactions, we employed the GW
method””® and the BSE.”” We applied the GW method
perturbatively, using the G,W, (“single shot”) method, to
obtain first-order corrections to the Kohn—Sham eigenvalues
and wave functions obtained from DFT to use as a starting
point for the BSE. For all GW and BSE calculations, we used a
k-point grid of 9 X 9 X 1 and a number of empty bands that
were at least 10 times the number of electrons in the
simulation cell. For the BSE calculations, the Tamm—Dancoff
approximation® with 24 occupied and unoccupied bands was
used. We calculated the thermoelectric properties based on
DFT (PBE) and Boltzmann transport theory using the
BoltzTraP2 code, which uses the rigid band approach to
calculate the transport coefficients.”’ Because our band gaps
are also obtained with accurate GyW, simulations, we
performed a scissor operation in BoltzTraP2 to shift the PBE
band gap to our GyW, gap to calculate electronic transport
quantities. Because of the fact that results with BoltzTraP2 are
calculated with respect to constant relaxation time, a more
rigorous treatment of the relaxation time is needed to
adequately describe these transport quantities. To calculate
relaxation time, we used an analytical model based on
deformation potential theory (DPT)"* based on the effective
mass approximation. Expanded methodology of our thermo-
electric calculations is given in the Supporting Information.

B RESULTS AND DISCUSSION

Structure Optimization and Alloying. For comparison
sake, we optimized the structures of hexagonal BN, AIN, GaN,
and InN with the PBE functional. Our obtained lattice
parameters were a = b = 2.50 A for BN, 3.11 A for AN, 3.24 A
for GaN, and 3.64 A for InN which are comparable to the
literature and available experimental (for BN and AIN)
results.”'>">** To search for new stable group-IIl nitride
alloys, we created three types of alloys (B;_,ALN, Al,_,Ga,N,

https://dx.doi.org/10.1021/acsami.0c11124
ACS Appl. Mater. Interfaces 2020, 12, 46416—46428
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Figure 2. Geometric structures and lattice constants for the ground-state configurations of the Al;_,Ga,N and Ga,_,In N alloys. A schematic of the
Brillouin zone for distorted hexagonal (upper row) and hexagonal (lower row) unit cell shapes are also given. The small dark blue spheres represent
N atoms, and the large light blue, green, and magenta spheres represent Al, Ga, and In atoms, respectively.

and Ga;_,In,N) using the SQS method and calculated the
formation energy of each structure. In addition, the lattice
constant and atomic positions of each created alloy were
allowed to relax as the concentration was varied. The reason
we only considered sequential alloys (next row elements in the
periodic table) instead of all possible variations was to
minimize the lattice mismatch and local strain in each alloy
series. We know that as we go from BN to AIN to GaN to InN,
the lattice constant increases because of the heavier/larger
group-III atom, and it is logical to start from BN and introduce
impurities sequentially until we reach InN.

Figure 1 depicts the formation energy (in eV/fu.) as a
function of concentration for B,_,ALN, Al;_,GaN, and
Ga,_ JIn N alloys. Each data point represents a different
supercell created by SQS to preserve a specific alloying ratio.
We can see that for many structures, the formation energy is
negative, implying that these alloys are energetically stable and
homogeneous and can form spontaneously. Alloys that have a
formation energy that lie on the ground-state line [blue solid
line at the bottom of Figure 1b,c, otherwise known as the
convex hull] represent the ground-state configurations that are
energetically stable at 0 K. For B, _ ALN, there are no alloyed
structures with a negative formation energy, indicating that the
only stable B, _ Al N structures are for a concentration of x = 0
(BN) and x = 1 (AIN). This implies that alloys of B,_ AN
will most likely be inhomogeneous. There exists five stable
ground-state structures for Al;_,GaN at alloying concen-
trations of x = 0.2, x = 0.4, x = 0.6, x = 0.667, and x = 0.8
(different alloying concentrations), and there exists two stable
ground-state structures for Ga,_ JIn N at x = 0.333 and x =
0.667. Our formation energy results indicate that for
Al_,GaN structures, Al;,GaggN is the most energetically
favorable and for Ga,_InN structures, Gaggq;Ing 333N is the
most favorable. It is possible that there exist other alloys with
lower formation energy if we considered a larger training set of
randomly generated alloys. Because the cross validation score
of each alloy series lies below 25 meV (the recommended
value*”), we can say with confidence that the ground states
we predict are most likely the ground-state structures (or very
close to ground-state concentration) that may exist in nature.
To further confirm the stability of these alloys, we calculated
the vibrational free energy and phonon dispersion curves of
each structure with the finite-displacement method using the
phonopy code.”® We considered the vibrational free energy at
0 and 300 K and recalculated the formation energies, taking
these quantities into account. These alloy formation energies
(presented in Table S1) still remain negative below the convex
hull at 0 and 300 K when vibrational free energy is taken into

account. Additionally, none of the structures have negative
frequencies in their phonon dispersion and phonon density of
states, which gives further evidence that these structures are
energetically stable and can form spontaneously (see Figure
S1).

To further investigate the effect of alloying monolayer
group-III nitrides, we examined how the geometric structure of
the ground-state configurations changed with respect to
alloying concentration. To model alloys at specific concen-
trations, the SQS method creates supercells of varying atom
number and cell shape. Upon geometric optimization, some of
the alloyed ground-state structures preserve their original
hexagonal cell shape, while others are slightly distorted,
depending on alloying concentration. For the Al,_,Ga,N alloys
atx = 0.2, x = 0.4, x = 0.6, and x = 0.8, the angle between the a
and b vectors increased from 120° (regular hexagonal cell) to
140° (distorted hexagonal cell). For these distorted hexagonal
structures (at x = 0.2, 0.4, 0.6, and 0.8), the lattice constant
increases as Ga concentration increases, as seen in Figure 2. It
is important to note that although the angle between @ and b
increases to 140° for the distorted hexagonal structures, the
internal angles of each hexagon remain 120°, and therefore, the
symmetry of the honeycomb structure is preserved. The
ground-state structure Alj333Gagge,N retains its original
hexagonal shape and has a much smaller lattice constant of a
= b = 5.56 A when compared with the distorted hexagonal
structures. The Brillouin zone of the original hexagonal
structure and the distorted hexagonal structure for various
alloys is given in Figure 2. It is important to note that these
distorted hexagonal cells contain a total of ten atoms, while the
original hexagonal cells contain six atoms. For the Ga, ,In,.N
ground-state structures, the cells retain their hexagonal shape
upon geometric optimization, and the lattice constants increase
as In concentration increases. A full summary of bond lengths,
angles between atoms, and angles between lattice vectors is
given in Table S2.

Charge Transfer and Electronic Structure of Alloys.
To understand the charge transfer of the group-III nitride
alloys, we performed Bader charge analysis. We started by
calculating the charge transfer of the nonalloyed monolayers
and observed that B transfers 2.1e™ to N for BN, Al transfers
2.3e” to N for AIN, Ga transfers 1.35e™ to N for GaN, and In
transfers 1.2e” to N for InN. This transfer of charge occurs
because N has a much higher electronegativity of 3.04 than B
(2.04), Al (1.61), Ga (1.81), and In (1.78), according to the
Pauling scale for electronegativity. Disparities in the amount of
charge transferred can be explained by the increase in lattice
constant as we go down the periodic table from B to In. We
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Figure 3. Electronic band structure, electronic density of states, orbital-projected density of states, and band decomposed charge densities (BDCD)
of BN, AIN, GaN, and InN and the ground-state configurations of the Al,_,Ga,N and Ga,_In N alloys using the PBE functional. The red dashed
line denotes the Fermi level which is set to 0 eV, and the green arrow extends from the valence band maximum (VBM) to the conduction band
minimum (CBM) to illustrate the band gap of a given material, whether it is direct or indirect. The isosurface value for the BDCD was set to 1 X

10~° e/A3. The PBE band gaps are also included in Table 1.

also see that when Ga is introduced into AIN, N atoms gain
electrons from Ga atoms, and when In is introduced into GaN,
charge is transferred from In to N, in accordance with
electronegativity rules. For the distorted hexagonal Al,_ Ga N
alloys, we observe an asymmetric charge distribution on the N
atoms in the unit cell. For example, only the N atoms bonded
directly to Ga in AlygGagy,N gain 0.3e™ less electrons than the
remaining N atoms. A similar phenomenon is observed for
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Aly¢Gag 4N, Al ,Gay¢N, and Aly,GaygN where the addition of
Ga atoms to the unit cell causes more electrons to be
transferred from Ga only to specific N atoms, while the charge
on the remaining N atoms is constant. This transfer of charge
is due to the short-range interactions. For the alloys with a
hexagonal structure such as Aly333Gages,N (1.69e” transferred
to N), GaggerIngs3sN (1.33e” transferred to N), and
GagaalngeeyN (1.28e~ transferred to N), the charge trans-

https://dx.doi.org/10.1021/acsami.0c11124
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Table 1. Band Gap Values of BN, AIN, GaN, and InN and the Ground-State Configurations of the Al,_,Ga,N and Ga,_JInN
Alloys Calculated with PBE, HSE06, SCAN, and G,W, (I for the Indirect Gap and D for the “Minimum Direct” Gap)“

structure PBE (eV) SCAN (eV) HSE06 (eV)
BN 4.67 5.28 5.71
AIN 2.92 341 4.15
AlysGay,N 2.85 3.28 4.11
Aly(GagN 2.68 3.04 3.96
Aly,GageN 2.51 2.83 3.83
Al 333Gag 66N 2.45 2.78 3.80
Aly,GagsN 229 2.57 3.64
GaN 2.13 2.37 3.49
Gay 667109 333N 1.37 1.66 2.72
Gag 333100 667N 0.94 1.13 226
InN 0.37 0.64 1.68

BSE (eV) GW, (I/D, eV) E, (eV) Eing (V)
5.49 6.42/7.33 1.84 1.98
4.02 5.19/5.85 1.83 1.58
3.49 4.90/4.99 1.50 1.35
3.50 4.77/4.89 1.39 1.32
3.45 4.61/4.73 1.28 1.28
3.10 -/4.49 1.39 1.21
3.28 4.37/4.47 1.19 1.21
3.17 4.11/4.55 1.38 1.23
2.37 -/3.19 0.82 0.86
2.06 -/2.38 0.32 0.64
1.13 1.30/1.37 0.24 0.37

“The energies of the first absorption peak of alloys calculated with GW-BSE (optical gap) are tabulated under the BSE column. Values for exciton

binding energy (E,) calculated with GW-BSE and the model exciton binding energy (Ej

. 64 .
semiconductors” are also given.

scaling

%) obtained from the simple scaling relation for 2D

ferred to N atoms is symmetric because of their atomic
arrangements. A full summary of the Bader charge analysis for
each atom of each considered structure is given in Table S2.

To be consistent with previous results,'”">** we computed
the electronic properties of monolayer BN, AIN, GaN, and InN
and went on to compute the electronic properties of the
ground-state configurations of Al,_,Ga N and Ga,_JInN
alloys. Figure 3 depicts the electronic band structure, electronic
density of states, atom-projected density of states, and BDCD
at specific high symmetry points for the valence band and the
conduction band of the considered group-III nitride
monolayers and ground states of alloyed monolayers calculated
with the PBE functional. We see that for hexagonal BN, AIN,
GaN, and InN, an indirect band gap is observed with the VBM
located at the K high symmetry point, while the CBM is
located at the I' point. We observe that for all of these
materials except BN, the VBM is dominated by p, and p,
orbitals of N, while the CBM of AIN, GaN, and InN is
dominated by 2s orbitals of N and p, orbitals of Al, Ga, and In,
respectively. For BN, the VBM is dominated by p, orbitals of
N, and the CBM is dominated by 2s orbitals of N and p, of B.
All four of these structures have localized flat bands from the M
point to the K point in the conduction and valence bands, and
the characteristics (orbital contributions) of these localized
bands do not change between the two high symmetry points.
In addition, these structures have degenerate bands at the
highest occupied band at the I' point, and the orbitals
hybridize to form sp® sigma bonds.

As depicted in Figure 1, we calculated the band gap of each
structure generated by the SQS method using the PBE
functional for monolayer B,_ AL N, Al,_ GaN, and Ga,;_JIn N
alloys (as indicated in the color axis). As a general trend, the
band gap of the Al;_,Ga,N alloys decrease as Ga concentration
increases (from x = 0 to x = 1), and then, the band gap
continues to decrease as In concentration increases in
Ga;_,In,N (again from x = 0 to x = 1). For the Al,_,GaN
distorted hexagonal alloys (at x = 0.2, 0.4, 0.6, and 0.8), the
modified Brillouin zone (as depicted in Figure 2) extends from
the '-K—M—K'—M’'—T" high symmetry points. For these
structures, the band gap is indirect with the VBM at the K’
point and the CBM at the I" point. We also see flat bands
between the K’ and M’ points. Aly333Gaggs;N is a direct gap
material, where the CBM and VBM are located at the I" point,
and because the unit cell is smaller and contains fewer
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electrons, the density of bands around the CBM and VBM is
less than that of the distorted hexagonal Al,_,Ga,N structures.
The energy difference between the I' and M points of
Al333Gagee/N in the valence band is only 0.40 eV, which
means that it is a nearly indirect material. The bands around
the CBM and VBM for Al ;33Gag¢e,N are more parabolic in
nature when compared with the flat bands in the other
Al,_,Ga,N structures. This directly affects the effective masses
of holes and electrons and therefore thermoelectric properties
(as discussed in the foregoing subsections). For these
Al,_,Ga,N monolayers, the VBM is dominated by p, orbitals
of N and the CBM is dominated by 2s orbitals of N and Ga
and p, orbitals of Al. For the Ga, ¢4,In 333N and Gag 33310 6, N
structures, we observe a direct band gap with the CBM and
VBM located at the I" point with 2s orbitals of N contributing
to the VBM and 2s orbitals of N, In, and Ga contributing to
the CBM. It is important to note that the only structures which
possess a direct band gap are the ones at alloying
concentrations of x = 0.333 or x = 0.667. The distinct band
folding associated with these highly symmetric systems (6
atoms per unit cell) could be an explanation for why these
structures are direct gap materials. In order to correct the issue
of fundamental band gaps being underestimated with PBE, we
calculated the band gap of the group-III monolayers and the
ground-state configurations of the Al; ,GaN and Ga, InN
alloys using the hybrid functional HSE06 and the SCAN meta-
GGA functional, as reported in Table 1. We observe that the
band gap values calculated with SCAN are slightly higher and
follow the same trend as PBE. The band gaps calculated with
HSEO06 are higher than SCAN and follow the same trend as
SCAN and PBE.

Optical Properties. To gain an understanding of the
optical properties of these group-III nitride alloys, we
performed GyW, calculations on top of PBE functional
eigenvalues and wave functions to determine the quasiparticle
band gap. Table 1 displays the indirect gap (noted by I) and
the “minimum direct gap” for indirect materials (noted by D)
calculated with GoW,. We see that the GyW, gaps follow the
same trend as PBE, SCAN, and HSE06 with the gaps of
monolayer Al,_,Ga,N and Ga,_ In N decreasing as sequential
alloying concentration increases. To calculate the frequency-
dependent dielectric function including electron—electron and
electron—hole interactions, we used the GyW, results as a

https://dx.doi.org/10.1021/acsami.0c11124
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starting point for the BSE. Figure S2 depicts the imaginary part
of the dielectric function calculated with the BSE.

We observe strongly bound excitonic peaks below the
quasiparticle band gap for all considered structures from the
BSE dielectric function in either the visible or infrared range.
This intriguing and applicable property of these monolayer
group-III nitride alloys can be understood by the optical band
gap and the exciton binding energy. The optical band gap, E,,
is determined by the energy position of the lowest peak in the
imaginary part of the dielectric function (indicated by the solid
red line in Figure S2 and reported in Table 1), and the exciton
binding energy, Ey, is defined as E, = EEQP — E,, where EEQP
is defined as the “minimum direct” quasiparticle gap calculated
with GoW, (indicated by the dashed red line in Figure S2).
Values of E, for each structure are given in Figure S2 and
reported in Table 1. Our GyW, gap and exciton binding energy
results for the nonalloyed monolayers (BN, AIN, GaN, and
InN) are in good agreement with previous theoretical
results.’*®® The general trend for the Al,_,Ga N and
Ga,_In, N alloys, with the slight exception of Alj333Gag e/ N,
is as alloying concentration increases, the first exciton peak is
red-shifted (E,, decreases). This results in a decrease in
exciton binding energy as alloying concentration increases.
Figure 4, which is created from Table 1, depicts the SCAN,

7 | G,W, Band Gap
6 ‘ HSE06 Band Gap
i @ scaNBandGap
. Exciton Binding Energy

Energy (eV)
N
<
0
*
*
hd

0-_‘__. A
3 ~..".~~ ‘,\\
.~~o S Y
2p a pa
—-—_I_—".“I‘———-[L ‘\ D4
Lt n O
0 S S
%
R
GGG AR
A § &

Figure 4. Band gaps calculated with SCAN, HSE06, and G,W,
(starting from the PBE functional wave function) in addition to the
exciton binding energy as a function of sequential alloying
concentration (from Table 1). Linear fits for the Al,_ Ga N series
are given by the red dotted lines, and linear fits for the Ga,_ In N
series are given by the green dotted lines. The gray dotted line
represents a separation between the different alloy series.

HSE06, GyW,, and BSE (optical) band gaps in addition to the
exciton binding energies as a function of sequential alloying
concentration of all the structures. We observe that for each
separate alloy series (Al,_,Ga,N and Ga,_,JInN), the band
gaps and exciton binding energies scale linearly. We fitted each
series separately (as seen from the red dotted lines for
Al,_,Ga,N and green dotted lines for Ga,;_JIn,N), and the
equations for the fits (and corresponding R values) are given
in Table S3 (including the fit for the BSE-calculated optical
gap). This linear band gap behavior with changing

concentration has also been reported for bulk group-III nitride
alloys.”® These linear fits give us a more general idea of how
the alloying concentration changes the electronic properties
and can help predict the band gaps and exciton binding
energies of alloys with intermediate concentrations.

The exciton wave function can be expressed in an electron—
hole product basis, ®' = Y AL, P.;P, 7, where ® represents
an eigenstate in the electron—hole basis, A represents the
electron—hole coupling strength, and the summation indexes c,
v, and k represent the conduction band, valence band, and
specific point in reciprocal space (see ref 67). The first
eigenstate of the generalized BSE eigenvalue problem (the first
exciton peak) can be visualized by plotting IA, 'l as a fat band
structure (as previously demonstrated in ref 67). The first peak
corresponds to the first bright exciton in the material, which is
the result of a direct transition in reciprocal space.”® Similarly
to monolayer TMDs,* these group-III nitride alloys can
contain multiple bright excitons (depending on alloying
concentration). The fat bands (the color axis of Figure S) of
the first bright exciton are plotted on the GyW,, band structure
and represent the contribution (coupling strength) of the e—h
pair at this particular point in reciprocal space. From Figure 5,
we observe that all of the direct gap materials have the largest
contribution from the e—h pair from the band extrema (VBM
and CBM) at the I point (smallest direct transition). For the
distorted hexagonal phases of Al;_,Ga,N (x = 0.2, 0.4, 0.6, and
0.8), we see that the coupling strength between the electron
and hole is the strongest between the e—h pairs that are around
the K'—M’ region (the VBM). The energy difference at this
specific point (difference between valence and conduction
bands) represents the smallest “direct” transition in these
indirect semiconductors and arises from the p, orbitals of N in
the valence band in addition to p, orbitals of Al and Ga and 2s
orbitals of N in the conduction band between K’ and M’ (refer
to Figure 3 for more detail). For the indirect nonalloyed
monolayers (AIN, GaN, BN, and InN), we see the strongest
e—h interactions at the I" point transition for BN and InN,
while we see the strongest interaction at the K point transition
for AIN and GaN. In AIN and GaN, this arises from the
contribution of p, and p, orbitals of N in the valence band in
addition to p, and p, orbitals of N and p, orbitals of group-III
atoms (Al or Ga) in the conduction band. In contrast, InN and
BN have a strong e—h contribution at the I" point transition.
For InN, this stems from the p, and p, contribution of N in the
valence band and the p, contribution of In and 2s contribution
of N in the conduction band. For BN, the p, and p, states for
the valence band in addition to the 2s states of N and p, states
of B for the conduction band contribute to the e—h coupling at
this I' point transition.

Because some of these structures contain multiple excitonic
peaks (see Fig. S2), we also looked at the fat band structure for
the second bright exciton (IA,,7’l), depicted in Fig. S3. We
observe that the second peak for Alj333Gag4eN and
Gay ¢671n0.333N follows the same trend as the first peak. With
regard to the distorted hexagonal structures, we see that the e—
h contribution is stronger near the I" point for Al;3Ga,,N and
Aly,GaygN, while the trend remains the same as A, 7'l for x =
0.4 and x = 0.6. In addition, the second peak of BN has a
stronger coupling at the K point transition rather than the I"
point. Being able to exploit the properties of each bright
exciton could be a viable route to further engineer
optoelectronic devices and an alternative to the widely
proposed TMD nanostructures.
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Figure S. GoW, band structure of each material in the alloy series with the fat bands projected on it. The color represents the contribution of e~h
pairs at each point in the Brillouin zone (lAE/V’zll) to the first exciton wave function. GyW, and BSE band gaps are also included in Table 1.

It has been reported theoretically that materials with a high
quasiparticle gap and a high exciton binding energy (such as
2D h-BN) can be used in polaritonic applications in the
ultraviolet (UV) range, where the material can act as a perfect
mirror for UV electromagnetic radiation.”> Some of our
considered alloys with a lower quasiparticle gap and lower
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exciton binding (E, on the order of 0.5—1.0 eV) can be utilized
in the same way monolayer and few-layer TMDs and their
heterostructures are utilized. It has been demonstrated
theoretically and through experiments that these materials
can exhibit electrically driven excitonic light emission and can
be used as suitable photovoltaic solar cells, photodetectors, and
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Figure 6. Electrical conductivity (o), Seebeck coefficient (S), electronic thermal conductivity (k,), and power factor (6S*) as a function of hole
concentration (p-type doping) and electron concentration (n-type doping) with respect to a constant relaxation time for AIN and GaN and the

ground-state configurations of Al;_,Ga,N alloys.

valley-optoelectronic devices.*® Essentially, alloying these
group-III monolayers can tune the range at which a device
operates, whether it is in the visible light, infrared, or UV.
For excitons in 3D materials, analytic models are sometimes
used to describe excitonic behavior and to verify first-principles
and experimental results. These excitons can often be modeled
by a simple hydrogenic model (Wannier—Mott model). In
bulk semiconductors, the expression for exciton binding energy
can be given by Ey'™ = 13.6f,equcea/ moe?,”® where ¢ is the static
dielectric constant, my is the electron mass, and the reduced
exciton mass for parabolic bands is defined as p,eqyceq = MEmit/
(m¥* + mi*). However, the Wannier model does not hold for
2D materials because of the dramatic increase in screening that
takes place in 2D structures.”® Jiang et al.®* have recently
proposed an accurate universal scaling relation between the
quasiparticle band gap and exciton binding energy in 2D
semiconductors as an alternative to the Wannier—Mott model.
This zero intercept, linear scaling relation of Ej*"¢ = 0.27Eng
is derived from highly accurate GW-BSE calculations and
verified using the k p method where a universal expression for
EQQP in terms of 2D polarizability is established, resulting in

scaling _,

the same linear relationship of E, = ]?QP/4 being

analytically obtained.”* In contrast to the Wannier—Mott
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model (and other analytic models for excitons that have this
dependence®®), there is no relationship between the effective
mass and E{"¢.°* We used this method to calculate the model
exciton binding energy, Ei'"¢, from our quasiparticle band
gaps calculated with GoW,, and the values are reported in
Table 1. The values of E{®"¢ calculated with the scaling
relation and the values of Ey calculated with GW-BSE are in
good agreement, which adds another level of verification to our
exciton binding energy results. To be consistent, we also
calculated the exciton binding energy with the Wannier—Mott
model (see Table S4). As expected, we observe that using this
model results in values of exciton binding that are in worse
agreement to our GW-BSE results than the exciton binding
calculated with the 2D scaling relation.

Thermoelectric Properties. From the electronic structure
calculations based on DFT at the PBE level, we were able to
calculate the thermoelectric properties of these structures from
Boltzmann transport theory. We specifically calculated the
electrical conductivity with respect to the constant relaxation
time (6/7), the Seebeck coefficient (S), the electronic thermal
conductivity with respect to a constant relaxation time (x,/7),
and the power factor (6S?) at varying electron and hole doping
concentrations for Al,_ Ga,N (Figure 6) and Ga;_JInN
(Figure 7) structures. The effective mass values can give us

https://dx.doi.org/10.1021/acsami.0c11124
ACS Appl. Mater. Interfaces 2020, 12, 46416—46428


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c11124/suppl_file/am0c11124_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11124?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11124?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11124?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c11124?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c11124?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

p-type

n-type

10 10*
>
101‘) 1 19
GE 0
10" 10 x=0
® x =0.333
10" 107 X= (1).667
x=
101610]‘) 101" 102] 10l610]9 1020 1011
4.5x10* 4.5x10*
4.0 4.0
35 35
g 3.0 3.0
2.5 2.5
E« 2.0 2.0
AN 15 15
1.0 1.0
0.5 0.5
0 0
10]9 102‘] 1021 10]‘! 102‘] 1021
-~ 10 105
g 14] 14]
10 10
E 10" / 10%
E 10n 10"
<
10"]019 ]020 ]021 10"]019 ]020 ]021
~ 10 10310°
) 9
M 8 8
E 7 7
=~ 6 6
: :
= 4 4
© 1 i
10|9 1020 1021 1019 1020 1021

Hole concentration (cm)

Electron concentration (cm™)

Figure 7. Electrical conductivity (o), Seebeck coefficient (S), electronic thermal conductivity (k,), and power factor (6S*) as a function of hole
concentration (p-type doping) and electron concentration (n-type doping) with respect to a constant relaxation time for GaN and InN and the

ground-state configurations of Ga,_ In,N alloys.

Table 2. Effective Mass for Holes (m;*) and Electrons (m¥), 2D In-Plane Stiffness Coefficient (C?"), Relaxation Time for Holes

(74) and Electrons (7,), and Maximum Power Factor for Holes (PF,,,, ;) and Electrons (PF

) Obtained by Multiplying the

max,e

Peaks of the Bottom Graphs of Figures 6 and 7 (658%/7) by the Appropriate Relaxation Time

structure <keep-together>mjt/m</keep-together> C?® (N/m)
BN 0.61/1.04 312.9
AIN 1.30/0.65 186.8
AlyGag,N 1.67/0.48 135.7
AlyGag N 1.71/0.49 132.8
Aly,GageN 1.77/0.47 132.9
Aly13,GagerN 1.04/0.54 180.8
Aly,Gag N 1.72/0.42 132.8
GaN 0.95/0.37 185.9
Gag ge7Ing 33N 1.55/0.43 167.7
Gag s3I 6N 1.36/0.41 149.4
InN 1.29/0.13 130.2

7 (107%s) 7, (107'*s)  PF,., (107 W/mK*)  PF,,. (107 W/mK?)
131 0.78 1.19 3.03
2.0 0.84 191 0.37
0.93 0.66 0.82 0.29
0.77 0.48 0.53 021
0.66 0.39 0.44 0.17
1.51 0.43 1.37 0.19
0.60 0.35 0.43 0.15
1.39 0.46 1.35 0.20
0.94 0.40 0.82 0.17
1.17 0.43 1.02 0.17
1.35 1.38 128 0.42

an approximate explanation of why thermoelectric materials
perform a certain way. Because of this, we calculated the
effective mass of the electrons and holes from the DFT (PBE)-
computed band structure of each material by fitting a second-
order polynomial to the energy bands at the CBM and VBM
(given in Table 2). Expanded methodology is given in the
Supporting Information.

46425

For Al,_,Ga,N structures for p-type doping, the electrical
conductivity of x = 1 (GaN) is the highest, followed closely by
0 and x = 0.667. The electrical conductivity of the
subsequent structures at x = 0.2, 0.4, 0.6, and 0.8 is significantly
lower, which can be attributed to GaN, AIN, and
Aly333Gag 467N having a much lower effective hole mass than
the other Al,_,Ga,N alloys because of the presence of more

X
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parabolic bands at the VBM. It is also possible that this low
effective mass is associated with the higher symmetry of the
AlN, GaN, and Alj333Gay¢eN structures as opposed to the
other distorted hexagonal alloys. The electrical conductivity of
the n-type doped Al ,Ga N structures is higher mostly
because of the fact that the effective electron mass is much
smaller than the effective hole mass. In turn, this also results in
Seebeck coefficient values for n-type Al_,GaN that are
around 50% less than p-type Al,_ .GaN. Consequentially, the
power factor of n-type Al,_,Ga,N structures is much lower
than that of the p-type. The highest value for the power factor
occurs around a hole concentration of 10?° cm™ for GaN,
tollowed closely by Alj333Gage6,N and AIN. We also see from
Figure 7 that InN, Ga3lngesN, and GaggeIng ;3N have
comparable thermoelectric performance to GaN, AIN, and
Al 33,Gag 46N for a hole concentration of 10*° cm™. InN has a
significantly low effective electron mass of 0.13m,, which can
be the reason for the high conductivity, low Seebeck
coeflicient, and weaker thermoelectric performance for n-type
doping. Although the thermal conductivity (which is
composed of the electronic thermal conductivity and the
lattice thermal conductivity) is not used to calculate the power
factor, it is the denominator of the dimensionless figure of
merit (ZT). Because of this fact, we calculated the electronic
thermal conductivity with respect to the constant relaxation
time (k./7). As expected, k./7 follows almost exactly the same
trend as 6/7 (as observed in Figures 6 and 7). Although a more
rigorous treatment for the lattice thermal conductivity is
required to obtain a full picture of the ZT value of a material,
the calculation of the power factor can give us an idea of
thermoelectric performance and can approximately be related
to the effective electron and hole mass calculated from the
DFT band structure.

In order to more rigorously treat the relaxation time and
quantify our predictions for Jpower factor, we determined the
relaxation time from DPT®” based on the effective mass
approximation. This method has been used successfully to
estimate the relaxation time of other 2D materials such as
monolayer InSe,*” and a full description of this methodology
can be found in the Supporting Information. Table 2 contains
our results for 2D in-plane stiffness coefficients (C*”), DPT-
computed hole and electron relaxation times (7, and 7,), and
the maximum hole and electron power factors (PF,,,,, and
PFue)- PFoyn and PF . are calculated by multiplying the
relaxation time by the peak position of the power factor graph
(bottom graph of Figures 6 and 7). Our results indicate that
when the relaxation time is taken into account, our initial
predictions from BoltzTraP2 are still valid, with the same
dependence on the effective mass. These relaxation times
computed from DPT provide further verification of our
transport quantities and observed trends. Our results indicate
that changing the alloying concentration in monolayer
Al;_.GaN and Ga,_JInN can effectively tune the thermo-
electric power factor for specific p- and n-type doping
concentrations. From the considered alloys, we observe that
p-doped Alj333Gages;N has the most potential for device
applications because of its high power factor for a large range
of hole concentrations, followed closely by p-doped
Gag 6719 333N and Gag 333100 667N.

B CONCLUSIONS

We have given an in-depth look at the geometric, electronic,
optical, and thermoelectric properties of 2D group-III nitrides

and their corresponding alloyed structures. First-principles
calculations based on the SQS method have revealed
energetically stable ground-state structures for Al,_,GaN at
x=0.2,0.4, 0.6, 0.667, and 0.8 and Ga;_,In, N at x = 0.333 and
0.667. We see that by increasing the alloying concentration of
Al,_,Ga,N and Ga,_,InN, the band gap decreases at the PBE,
SCAN, HSEO06, BSE, and GyW, levels, proving that alloying is
an effective way to finely tune the band gap of monolayer
group-III nitride materials. Optical properties such as exciton
binding energies can be effectively engineered by changing the
alloying concentration. We also observe high thermoelectric
performance in certain alloys such as p-doped Al ;33Gag¢6,N
and propose that the thermoelectric performance of these
materials is highly dependent on the effective mass obtained
from the DFT band structure. We also computed the
relaxation time using DPT to further quantify our prediction
of thermoelectric properties. The ability to control these
properties by varying alloying concentration along with a
suitable band gap, high thermoelectric power factor, and
strongly bound excitons in the UV, visible, and infrared range
make these materials suitable candidates for future electronic,
optoelectronic, and thermoelectric devices.
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