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We conduct a comprehensive theoretical analysis of wurtzite Gayln;_«N ternary alloys, focusing on their
structural, electronic, elastic, piezoelectric, and dielectric properties through rigorous first-principles
calculations. Our investigation systematically explores the influence of varying Ga composition (x = 0%,
25%, 50%, 75%, 100%) on the alloy properties. Remarkably, we observe a distinctive non-linear
correlation between the band gap and Ga concentration, attributable to unique slopes in the absolute
positions of the valence band maximum and conduction band minimum with respect to Ga
concentration. Our effective band structure analysis reveals the meticulous preservation of Bloch
characters near band extrema, minimizing charge carrier scattering. Furthermore, we scrutinize
deviations from linear Vegard-like dependence in elastic, piezoelectric, and dielectric constants.
Additionally, our calculations encompass various optical properties, including absorption coefficient,
reflectivity, refractive index, energy loss function, and extinction coefficient. We analyze their trends with
photon energy, providing valuable insights into the optical behavior of Gayln; N alloys. Our results, in
excellent agreement with available experimental data, significantly contribute to a deeper understanding
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. Introduction

Recognized as third-generation semiconductors, III-nitride
semiconductors, including GaN, AIN, and InN, along with
their alloys, stand out for their wide band gap. These materials
are celebrated for their array of advantageous properties:
a direct band gap, resilience at high temperatures, exceptional
electron mobility, compositional adaptability, and efficient
light emission. These attributes render them highly adaptable
for a variety of electronic and optoelectronic applications.
Moreover, their value in both military and commercial sectors is
undeniable, meeting the stringent requirements of high-power,
high-frequency, and radiation-resistant semiconductor
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applications of Gayln; 4N alloys in diverse technological fields.

devices."” Diverging from the cubic, nonpolar zinc blende
ground phase typical of conventional III-V semiconductors,
GaN and InN-based III-nitride semiconductors favor a wurtzite
structure. This polar hexagonal symmetry group in their ground
state endows these materials with notable piezoelectric and
dielectric responses under macroscopic stress or strain,
broadening their application scope in piezotronic and piezo-
phototronic devices.**

Over recent decades, GaInN alloys have garnered attention as
semiconductor materials for their tunable band gap ranging
from approximately 0.8 eV (InN) to 3.4 eV (GaN), characterized
by a direct band gap and robust optical absorption (~10*-
10° cm ™) at the band edge.® This band gap versatility enables
Ga,In; ,N to span the emission spectrum from ultraviolet to
near-infrared, positioning it as a prime candidate for light-
emitting diodes, laser diodes, and high-efficiency multi-
junction solar cells. The use of GaInN alloys in developing
ultraviolet, blue, and green light-emitting diodes and lasers has
been successful,®® and their combination in multijunction
photovoltaic devices and as photoelectrodes for water splitting
has recently piqued interest."*** Thus, a thorough under-
standing of GaInN alloys' electronic structure is crucial for
designing materials with desired properties for diverse
applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Alongside comprehensive experimental studies on the basic
properties, synthesis, and applications of GaInN alloys,***° their
electronic and optical properties have been theoretically exam-
ined, predominantly via density functional theory (DFT) calcu-
lations employing local or semilocal exchange-correlation
functionals.”~** These include the still widely used local density
approximation (LDA) and generalized gradient approximation
(GGA). While LDA and GGA functionals reliably compute atomic
relaxation and formation energies in semiconductors, their
tendency to underestimate band gaps is well-recognized,
stemming from the lack of a derivative discontinuity in the
functional concerning electron numbers and the obscure
physical interpretation of unoccupied orbitals in standard DFT
functionals. Conversely, the electronic and optical properties of
Ga,In; ,N in zinc blende structure have been systematically
explored using advanced functionals, such as the hybrid func-
tional, which significantly improve band gap accuracy, aligning
better with experimental data. Studies by Zhang et al. and Moses
et al. using hybrid density functional calculations have provided
insights into the optical properties of zinc blende GaN and
InGaN alloys.>”?*

Although the wurtzite crystal structure is thermodynamically
favored over the zinc blende structure in both GaN and InN,
a comprehensive first-principles study into the optical proper-
ties of wurtzite Ga,In, ,N alloys remains a gap in current
research. Our study aims to bridge this gap using an advanced
functional theory for enhanced band-gap accuracy. We employ
a first-principles band-structure method and linear-response
theory to calculate various physical properties of Ga,In; ,N
ternary alloys in the hexagonal structure. This encompasses the
calculation of bowing coefficients for lattice constants, elastic
constants, bulk modulus, Young's modulus, band-gap, and
piezoelectric coefficients, complemented by an in-depth anal-
ysis of the optical properties. This comprehensive theoretical
approach offers invaluable guidance for experimental efforts in
developing full-spectrum solar cells and high electron mobility
transistor devices optimized for higher frequencies and power
capabilities. The subsequent sections of this paper are orga-
nized as follows: Section II provides a detailed description of the
methodology and computational details. Section III presents
numerical results on the structural, electronic, elastic, and
piezoelectric properties of Ga,In, ,N alloys, followed by an
analysis of optical properties. Finally, a concise summary is
provided in Section IV.

lI. Methodology

Our total energy and electronic structure calculations were carried
out using the Vienna Ab initio Simulation Package (VASP).>>** The
electron-ion interaction was modeled using the projector
augmented wave (PAW) method,***> and the exchange-correlation
(XC) effects were treated using the generalized gradient approxi-
mation (GGA) in the Perdew-Burke-Ernzerhof (PBE) formula-
tion.* We set a cutoff energy of 400 eV for the plane wave basis set,
ensuring total energy convergence to better than 1 meV per atom.
We employed I'-centered k-meshes, achieving precise reciprocal
space resolutions of 27t x 0.03 A and 27 x 0.008 A~*. These

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resolutions correspond to 12 x 12 x 6 and 42 x 42 x 22 k-point
meshes for the primitive unit cell of GaN, as an example. Such
a refined configuration was essential for performing detailed self-
consistent calculations of total energy and for accurately investi-
gating the dielectric properties of the alloyed systems. During the
geometry optimization process, both the shapes and internal
structural parameters of the modeled cells were fully relaxed until
the residual forces on each atom were reduced to less than 0.01 eV
A™'. We treated the semicore d electrons of both Ga and In atoms
as core electrons. Our test calculations indicated that treating
d electrons as valence electrons leads to less than a 1.5% variation
in the lattice constant and band gap of GaN monolayers,
compared to when they are considered as core electrons. The
optimized lattice parameters are discussed in detail in the
following sections. To overcome the common underestimation of
band gaps in semiconductors by standard DFT calculations, we
also employed the modified Becke Johnson potential by Tran and
Blaha (TB-mB]J) to achieve closer agreement with experimental
band gap values.** The TB-mB]J calculated electronic properties are
as accurate as those obtained using hybrid functionals and the
GW approximation, but at a computational cost almost equivalent
to LDA or GGA.***

Both GaN and InN crystallize in a hexagonal wurtzite struc-
ture within the P6z;mc space group, known as w-GaN and w-
InN.* The experimental lattice constants for GaN (InN) are a =
b = 3.19 (3.54) A, and ¢ = 5.25 (5.72) A.* The bond length
differences between the c-axis direction and other axes are less
than 0.01 A. In these structures, the hexagonal close-packing of
Ga and N atoms alternates along the c-axis. Our PBE calcula-
tions predict that the a and ¢ lattice constants for GaN (InN) are
3.23(3.51) Aand 5.25 (5.72) A, respectively, aligning closely with
experimentally measured values.*® To explore the structural and
electronic properties of Ga,In,_,N alloys, we employed 3 x 3 X
2 supercells containing 72 atoms to represent In concentrations
of 25%, 50%, and 75%. These supercells were generated using
the special quasi-random structure (SQS) technique proposed
by Zunger et al.*>*"* Fig. 1 illustrates the Ga, sIn, sN alloy struc-
ture modeled using SQS.

Fig.1 (Color online) the SQS model of a Gag slng sN alloy, with green,
blue, and silver spheres representing In, Ga, and N atoms, respectively.
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In random substitutional alloys, the lack of translational
symmetry renders the conventional band structure model
inapplicable. The effective band structure (EBS) method,
introduced by Zunger, addresses this by mapping eigenvalues
from supercell calculations to an effective band structure in the
primitive cell using the spectral function.**** This method
allows for a direct comparison between band structures ob-
tained from supercell and primitive unit cell calculations. We
used the VASPKIT code* to perform the unfolding procedure of
the band structures of Ga,In, ,N alloys to the primitive cell
representation, facilitating analysis and interpretation.

The physical properties of semiconductor alloys, like lattice
constants and band gaps, exhibit nonlinear composition
dependence. This relationship is typically modeled by a second-
order polynomial:

1)

aGa In, N = Xagan T (1 — X)an — bx(1 — Xx),

where b represents the bowing coefficient, quantifying devia-
tions from linear interpolation between pure phases. In iso-
valent alloys with minimal chemical and size mismatch, these
coefficients are typically small and constant. However, in alloys
with significant mismatches, the coefficients can be substantial
and vary with composition. While the lattice constants often
adhere to Vegard's law, showing negligible bowing parame-
ters,” the bowing of band gaps and band edge positions is
usually more significant.

[1l. Results and discussion

We commence our analysis by delving into the electronic
structures of bulk GaN and InN. For a more nuanced under-
standing of GaN's band characteristics, we present the orbital-
projected band structures and density of states (DOS) for Ga
and N atoms in w-GaN in Fig. 2. Notably, both the valence band
maximum (VBM) and the conduction band minimum (CBM)
are located at the I' point, leading to a direct bandgap of 3.10 eV

(a)
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as determined by the TB-mBJ method. The CBM chiefly arises
from the hybridization of Ga-s and N-s orbitals, while the VBM
consists predominantly of the N-p orbital with a minor Ga-p
orbital contribution, as inferred from the DOS plots. A similar
scenario is observed in w-InN, albeit with a narrower band gap
of 0.90 eV. The TB-mB]J calculated band gap values align with
previous theoretical findings.>® However, it is crucial to note
that recent measurements indicate a smaller band gap for InN,
approximately 0.7-0.8 eV, in contrast to the previously
accepted 1.9 eV value.** In comparison, the PBE method
significantly underestimates the band gaps for both GaN and
InN, with a discrepancy exceeding 50%.

In our investigation of the local environment's influence on
the lattice constant and band gap bowing parameters in disor-
dered Ga,In; ,N alloys, we computed five inequivalent disor-
dered and one ordered alloy configurations. Fig. 3(a) and (b)
plot the PBE-calculated lattice constants a(x) and c(x) of Ga,
In,_,N as functions of Ga content. We observe a linear decrease
in a(x) with increasing Ga content, exhibiting a negligible
bowing parameter b of approximately 0.005 A for random alloys
and 0.04 A for ordered alloys. However, a slight deviation of
about 0.02 A is noticed in the lattice constant c(x). Conversely,
the TB-mBJ] calculated band gap energy shows a distinctly
nonlinear variation with alloy composition, featuring an
average bowing parameter b as high as 2.66 eV. Significant
discrepancies have been noted in the experimental values of b,
ranging from 1.4 eV to 2.8 eV,"'*" especially following the
reassessment of the InN band gap.'®?° Despite the nonlinearity,
the band gap energy changes continuously with varying alloy
composition and can be fine-tuned to desired intermediate
values by adjusting the In to Ga ratio. Additionally, the bowing
parameters for both lattice constant and band gap remain
largely unaffected by the distribution of alloy constituents. We
present the PBE-calculated mixing enthalpy versus Ga
concentration for random and ordered alloys in Fig. 3(d). It is
found that the mixing enthalpies show a parabolic-like
concentration dependence increase monotonically when

(b)
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(Color online) TB-mBJ calculated orbital-projected band structures and density of states for (a) Ga and (b) N atoms in w-GaN. The Fermi
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(Color online) calculated (a) lattice constant a, (b) lattice constant b, (c) band gap Eg, and (d) mixing-enthalpy as functions of Ga

concentration in Gayln;_«N alloys, examining both disordered and ordered alloy configurations.

changing the concentration of Ga from 0% to 50%. At an In
concentration of 50%, the mixing enthalpy of the disordered
configuration is energetically more favorable than the corre-
sponding the ordered one by 0.15 eV per cell, suggesting that
the phase separation phenomenon could be observed as
pointed by the previous experimental studies.>*** Further-
more, the mixing enthalpy difference between five unequiv-
alently disordered is less than 0.02 eV per cell, implying that the
random disordered effect has little influence on spatial
separation.

For further insight into the band gap bowing characteristics,
we evaluated the band-edge positions in Ga,In; ,N relative to the
core-level state.***” This entailed assuming a constant energy
difference between the VBM and CBM and using the N-2s core-
level states as reference in the band offset calculations. As
depicted in Fig. 4, the valence-band edges exhibit minimal vari-
ation with Ga concentration, while most changes are observed in
the CBM. The bowing parameters for the absolute positions of
VBM and CBM are 0.1 and 1.0 eV, respectively. The nonlinear
variation of the band gap as a function of Ga concentration can
be attributed to the distinct slopes seen in the absolute positions
of VBM and CBM relative to Ga concentration.

To juxtapose the electronic structures of alloyed systems with
their unalloyed counterparts, we focus on Ga, sIn sN alloys as
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Fig. 4 (Color online) TB-mBJ calculated (a) band offsets and (b)

positions of CBM and VBM as functions of Ga concentration in Gay-
In1_xN alloys, employing core-level alignment.
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a representative example. The unfolded band structures for
both ordered and disordered Ga, 5In, sN alloys, as derived using
the TB-mBJ method, are depicted in Fig. 5(a) and (b). Among
these, the ordered Ga, sIny sN alloy preserves Bloch characters
effectively over a broad energy range [—8, 8] eV near the Fermi
level. In contrast, the band dispersions in the disordered
configurations are notably disrupted. Two factors contribute to
this mild effect on the band structure of disordered alloys. First,
the differing atomic radii of Ga and In lead to local lattice
distortions upon interchange, affecting the overall structure.
Second, the varying energy levels of their valence electrons, due
to distinct electronegativities, further influence the electronic
properties. Nevertheless, despite these local distortions, Bloch
characters near the VBM and CBM are meticulously main-
tained, resulting in minimal scattering of charge carriers.

Both GaN and InN, belonging to the 6mm point group,
exhibit five independent elastic-stiffness coefficients. The 6 x 6
matrix of elastic constants C; for crystals with a wurtzite
structure is given by

Ch Cp Cz3 0 0 0
Ch, Cyh C3 0 0 0
Cs Ciz Gy 0 0 0
G=l0 0 0 Cu 0 0 (2)
0 0 0 0 Cu 0
0 0 0 0 0 %(C11 — )

We derived the elastic stiffness constants using the energy-
strain method with the PBE functional, extracting the elastic
stiffness tensor from the second-order derivative of the total
energy plotted against strain curves, in line with methodologies
from our previous studies.*® The strain varied between —1.5%
and 1.5% in increments of 0.5%. The bulk modulus By, Young's
modulus E, and Poisson's ratio v of a wurtzite material are
calculated using®

(en + cn)ess — 2¢13

By = .
0 e+ e+ 2e33 —4dens

(3)
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Fig. 6 (Color online) calculated (a) elastic constants C; (GPa) and (b)
piezoelectric coefficients e (C m~2) of disordered Ga,In;_,N alloys as

functions of Ga molar fraction. The values of the bulk modulus,
Young's modulus, and Poisson’s ratio are also presented.

2 2
E = C33 — L (4)

C13

V=
Ci+Cn

(5)

The elastic constants and modulus calculated for Ga,In,_,N
are presented in Fig. 6(a) and summarized in Table 1. We
observe a monotonic decrease in all elastic properties with
increasing Ga composition (x), attributable to the stronger
bonding in Ga-N compared to In-N, resulting in greater cova-
lence in Ga-N. Notably, the composition dependencies of C;,
Cs3, and E display pronounced sub-linear behavior, character-
ized by bowing parameters of 78.2 GPa, 124.5 GPa, and
120.7 GPa, respectively. Similarly, Cy3, C33, and B, also exhibit
sub-linear trends, with bowing parameters of 12.1 GPa,
21.0 GPa, and 36.1 GPa, respectively. In contrast, C;, and v
demonstrate a Vegard-like dependence. It is notable that the
calculated values of Cy;, C33, and E under uniaxial strain show
sensitivity to compositional changes, highlighting the impact of
varying compositions on these elastic properties. However, the
elastic constants calculated using the PBE method for Ga,-
In, ,N are slightly underestimated compared to experimental
values, primarily due to the under-binding effect.>

The piezoelectric polarization for hexagonal materials within
the Cs, crystallographic point group includes three independent
piezoelectric coefficients, represented by

Table 1 Calculated lattice constants a and ¢ (A), band gap E4 (eV), elastic constants C; (GPa), bulk modulus Bo (GPa), Young's modulus E (GPa),
Poisson’s ratio v, piezoelectric coefficients ey (C m~2) as a function Ga of molar fraction in Ga,ln, N alloys. Comparative experimental data

provided where available

X a c Eq C11 Ci Ci3 Cs3 Cus B, E v €15 €31 €33

0 3.60 5.79 0.90 210.67 112.64 94.80 212.50 45.34 137.44 156.91 0.29 —0.49 —0.55 1.12
0 (eXpt.Sl) 3.54 5.72 0.7 190 104 121 182 10 140 — — — —0.57 0.97
25 3.50 5.65 1.08 236.26 112.53 99.31 232.21 53.40 147.29 175.66 0.28 —0.34 —0.54 0.96
50 3.42 5.51 1.58 255.56 131.15 104.26 264.78 61.83 161.56 208.56 0.27 —0.44 —0.65 1.05
75 3.32 5.39 2.15 291.66 134.70 105.78 313.14 73.33 176.54 260.65 0.23 —0.29 —0.46 0.88
100 3.23 5.25 3.50 343.08 141.02 117.30 379.46 89.04 201.83 322.62 0.24 —0.14 —0.42 0.78
100 (expt.sz) 3.16 5.12 3.50 390 145 106 398 105 210 — — —0.30 —0.33 0.65
b 0.01 0.02 2.66 78.23 —2.54 12.09 124.59 21.01 36.10 120.71 0.00 —-0.29 —0.01 —-0.19
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In this study, the piezoelectric stress coefficients ey are
calculated using the density functional perturbation theory
(DFPT) method.”® The symmetrized piezoelectric tensor
components ey, in units of C m~?, for Ga,In,_,N are illustrated
in Fig. 6(b) and summarized in Table 1. Notably, both e;; and
e;s demonstrate a significant reduction in magnitude,
decreasing from 1.12 and 0.49 to 0.78 and 0.14, respectively.
This trend indicates a substantial deviation from linear
dependence on composition. Conversely, e;; shows a weak
compositional dependence due to its closeness in value to both
GaN and InN. However, it is observed that the PBE method
tends to slightly overestimate piezoelectric coefficients when
compared to experimental values, a discrepancy attributed to
PBE's limitations in accurately describing the electronic
contributions to the piezoelectric response.

The optical properties of solids are crucial in the analysis
and design of optoelectronic devices, including light sources
and detectors. These properties emerge from electronic excita-
tions within crystals exposed to electromagnetic radiation. In
the linear response regime, we often characterize optical prop-
erties comprehensively through the complex dielectric function,
expressed as &(w) = &1(w) + ie,(w). Here, w signifies the frequency
of incident photons, with & (w) and &,(w) representing the
dielectric function's real and imaginary parts, respectively.
Typically, the dielectric function encompasses two main
contributions: intraband and interband transitions. Intraband
transitions are especially relevant for metals, while interband
transitions can be categorized as either direct or indirect.
Indirect interband transitions involve phonon scattering and
generally have a lesser impact on ¢(w) in comparison to direct
transitions. Therefore, in our calculations, we focus exclusively
on direct transitions. The imaginary part of the dielectric
function, &,(w), indicative of absorption behavior, is derived
from the momentum matrix elements between the valence and
conduction wave functions:****

e 1
= lim—
)= "g 4=0g (7)
2
X E 2wid(E, — E, — w)l|{cle-q|v)|",

vk

where (c|e-q|v) accounts for the integrated optical transitions
from valence (v) to conduction (c) states, e denotes the photon's
polarization direction, and q is the electron momentum oper-
ator. Integration over k is achieved by summing over special k-
points, each with its corresponding weighting factor w;. The
real part of the dielectric function, ¢ (w), representing the
dispersion of incident photons within a material, is ascertained
from the Kramers-Kroning relation:>*

2 © / /
a=1+2p el 8
™ 0 W' — w?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where P is the principal value of the integral. Typically, the
dielectric function is a tensor of second-order symmetry. For w-
Ga,In; ,N alloys with hexagonal symmetry, we calculate two
independent principal components, ¢*(w) and ¢*(w), corre-
sponding to components parallel and perpendicular to the c-
axis, respectively. Hence, a comparative analysis of all optical
characteristic functions, both horizontally and vertically, is
essential. To further our understanding of the optical properties
of wurtzite Ga,In,_,N alloys and to guide the design of optical
devices employing these nitrides, additional optical properties,
such as the refractive index n(w), extinction coefficient x(w),
absorption coefficient «(w), energy-loss function L(w), and
reflectivity R(w), are derived from both the real ¢(w) and
imaginary &,(w) parts:*’

o = [T ©
k(o) — “TZ ‘ (10)
ato) = Y22 Ve —elf, (1)
L(w) = Im (%) = SIQSTZ# (12)
R() = m (13)

In this context, n is the refractive index, and k represents the
extinction coefficient. As the most comprehensive property of
a material, the dielectric function elucidates how a material
reacts to incident electromagnetic waves. The frequency-
dependent ¢(w) for Ga,In; ,N alloys, calculated at the TB-mBJ

9 9
36 6
v
3 3 3
E
) 0
-3 -3
o 8 8@
c 6 6
o \.
> 4 4 i
[}
£
o 2 2
(]
£ 0

0 4 8 12 16 20 0 4 8 12 16 20

Fig. 7 (Color online) TB-mBJ calculated (a) &(w), (b) &f*(w), (c)
&5 (w) and (d) e5%(w) of the dielectric function.
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level for photon energies up to 20 eV and with compositions
ranging from 0% to 100%, reveals valuable insights. To analyze
the dielectric function, we divide it into two components, ()
and ¢%(w), corresponding to polarization vectors perpendicular
and parallel to the crystallographic c-axis. By comparing these
curves, a slight anisotropy is observed across the crystal struc-
ture for all compositions, as illustrated in Fig. 7.

For example, in Fig. 7(c), the threshold energy for pure GaN (x
= 100%) is shown to occur at 3.0 €V in the & (w) curve, closely
mirroring the calculated band gap and marking the fundamental
absorption edge of GaN. This finding confirms direct optical
transitions between the valence band maxima and conduction
band minima at the I point. The dielectric function's real part, ¢,
remains positive up to 9.1 eV, facilitating photon propagation
through the alloy. In contrast, when ¢, falls below zero, it indicates
attenuation of the electromagnetic wave, and at & = 0, only
longitudinally polarized waves can exist. With increasing energy,
GaN's imaginary part of the dielectric function exhibits four major
peaks at approximately 7.0 €V, 7.7 eV, 8.9 eV, and 10.4 eV, aligning
well with available experimental values.”

The Partial Joint Density of States (JDOS) of GaN, as depicted in
Fig. 8(a), indicates that the first peak of optical absorption, span-
ning 2 to 7 eV, is predominantly dictated by transitions from the
highest valence band to the lowest conduction band (VB; — CB;).
The second peak in the 5.5-9.5 eV range mainly results from the
VB; — CB, transition, while the fourth peak in the 9.5-12.5 eV
range is primarily due to the VB; — CB, transition. Additionally,
the third peak in the 5-12 eV range largely stems from the VB; —
CB, transition. Fig. 8(b) highlights the probability of transitions
between states, with a higher Transition Dipole Moment (TDM)
indicating a greater likelihood of transition between two states. A
zero TDM value suggests forbidden transitions. Notably, the peak
TDM value between the VB, and CB, states is situated at the I’
point, and the main contribution to the VB, and CB, transition is
near the M point. Furthermore, both the VB; — CB, and VB, —
CB, transitions are allowed along most of the k-path, except at the
I', M, and K points.

The static dielectric constant, ¢, crucially represents the
electronic contribution to the dielectric response of a material.

View Article Online
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This constant is estimated by extrapolating ¢;(w) to the limit as
the frequency, w, approaches zero. It's pertinent to note that
this estimation omits the ionic contributions to the dielectric
screening, which stem from the response of ions or atoms in the
polar material to the applied electric field. Examination of
Fig. 7(a) and (b) reveals a decrease in the calculated values of
&% and % from 5.08 (5.12) to 3.57 (3.58), corresponding to the
increase in Ga composition from 0% (InN) to 100% (GaN) at
zero photon energy. This trend is indicative of a slight sublinear
behavior, as shown in Fig. 10(a), with bowing parameters of 0.57
for €5 and 0.63 for ¢%. Interestingly, these values are somewhat
lower than the experimental values of 5.2 for GaN and 8.4 for
InN, as cited in Ref. 39. The dependence of the dielectric
function on the energy gap is in line with the Penn model,*
suggesting that the dielectric function increases as the band gap
narrows. In the ultraviolet spectrum above 16 eV, the real part
of ¢;(w) nears unity, while the imaginary part, ,(w) becomes
almost negligible, indicating that Ga,In, , N alloys are essen-
tially transparent with minimal absorption in this range.

The absorption coefficient, «(w), delineates the proportion of
energy absorbed per unit length as light traverses through
a medium. It is evident from Fig. 9(a) that Ga,In; ,N alloys
absorb photons in the 1-15 eV energy spectrum, exhibiting
heightened absorptivity particularly in the 8-12 eV range. The
light absorptivity, while displaying limited anisotropy across
different crystallographic axes, reveals that o, (w) is marginally
greater than a,,(w). Proximate to the band edge, the absorption
coefficient is approximately 1.2 x 10°> cm™?, aligning well with
experimental results.> The absorption spectrum experiences
a notable shift toward higher photon energies with an increase
in Ga content, paralleling the trends observed in band gap,
valence, and conduction bands as Ga concentration varies.

The refractive index, n(w), is an essential optical property of
materials, with its real part representing the phase velocity of light
within the material. This phase change is quantified as light
traverses the material. Conversely, the imaginary part, x, known as
the extinction coefficient, signifies the extent of absorption loss
during electromagnetic wave propagation. Their interrelation is
expressed by n* — k* = &;. Fig. 9(b) showcases the calculated
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Fig. 8

(Color online) (a) TB-mBJ calculated partial joint density of states, (b) transition dipole moment, and (c) band structure of GaN. The

allowed and forbidden transitions are shown by solid and dashed arrows, respectively.
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behavior of n(w) across different Ga compositions, revealing
a consistent pattern of initially decreasing, then increasing to
a prominent peak within the 5-7 eV range, followed by a sharp
decrease. The static refractive index, n(0), evaluated at zero
frequency, exhibits a quasi-linear decrease from 2.25 for InN to
1.89 for GaN, demonstrating the material's varying ability to bend
or refract light. However, it is noteworthy that these values are
slightly below the experimental measurements of 2.56 for InN and
2.29 for GaN as reported by Madelung et al.*

The extinction coefficient, x(w), characterizes a material's
aptitude for light absorption and scattering. There exists
a conversion relation between the extinction coefficient and the

. . ATtk
absorption coefficient, a = 0 where A denotes the wave-

length of light in a vacuum. In Ga,In, ,N alloys, «(w) exhibits

© 2024 The Author(s). Published by the Royal Society of Chemistry
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non-monotonic changes with photon energy, peaking in the
8.5-11.0 eV range, influenced by Ga concentration. This indi-
cates that the alloys maximize light absorption in this energy
range.

The reflection coefficient, R(w), measures the ratio of reflected
photon energy to the incident photon energy on a surface. As
illustrated in Fig. 9(c), R(w) for Ga,In, ,N alloys initially starts at
about 0.1 and gradually peaks to approximately 0.9 at 16 €V in the
ultraviolet spectrum. It then sharply declines, indicating
enhanced transparency at shorter wavelengths. The low R(w)
values in the lower energy range (=4 eV) suggest potential appli-
cations in transparent coatings in the visible and ultraviolet
spectra. The static reflectivity nearly linearly decreases from 0.15
to 0.01 with an increase in Ga content.
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The energy loss function, L(w), is a vital descriptor of the ratio of
electron energy loss in materials to the incident electron energy.
Peaks in L(w), shifting from 14 to 17 eV, correspond to energy loss
coefficients transitioning from 40 to 50 as Ga content changes from
0% (InN) to 100% (GaN). These shifts align with the abrupt
reductions in R(w), as seen in Fig. 9(c) and (h). Peaks in L(w) spectra
are indicative of plasma resonance, with corresponding frequencies
above which the material behaves dielectrically (¢4(w) > 0) and below
which it exhibits metallic properties (&;(w) < 0).

Overall, the linear optical properties of Ga,In; ,N alloys
remain consistent across all compositions (x = 0%, 25%, 50%,
75%, 100%). A notable trend is observed: the primary maxima
in the optical spectra undergo a distinctive blue shift when
transitioning from InN to GaN. Furthermore, the optical spectra
for light polarized parallel and perpendicular to the crystallo-
graphic c-axis exhibit remarkable similarity, with only subtle
anisotropy. These findings are in reasonable agreement with
other reported experimental and theoretical results.

IV. Summary

In summary, our comprehensive investigation of wurtzite Ga,-
In, ,N ternary compounds, conducted using density functional
theory, has provided substantial insights into their structural,
electronic, elastic, piezoelectric, and dielectric properties. We
have observed nuanced deviations from Vegard's law, particu-
larly in the band gap, elastic, piezoelectric, and dielectric
constants. A notable aspect of our findings is the non-linear
relationship between the electronic properties and Ga concen-
tration, especially evident in the varying positions of the valence
band maximum and the conduction band minimum as Ga
concentration changes. Moreover, our study of the optical
characteristics of Ga,In; ,N alloys has revealed a consistent
pattern in their linear optical properties across all composi-
tional ranges, characterized by a significant blueshift in the
optical spectra. Additionally, we detected a slight anisotropy
between the components of the polarization vector, attributable
to the differing symmetries in the in-plane and out-of-plane
orientations within the wurtzite crystal structure. Overall,
these findings enhance our understanding of the structural,
electronic, and optical attributes of wurtzite Ga,In; _,N alloys.
This advancement is crucial for the further development of
doped alloys and their implementation in electronic and opto-
electronic technologies. The potential to precisely modify the
properties of these alloys paves the way for improved perfor-
mance and functionality in a variety of applications.
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