DOI 10.31489/2022PH1/107-116

UDC 539.893

T.M. Inerbaev'?", T. Matsuoka®, Y. Kawazoe>*®

v.S. Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk, Russian Federation;
2| .N. Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan;
®New Industry Creation Hatchery Center, Tohoku University, Japan;
“Physics and Nanotechnology, SRM Institute of Science and Technology, Tamil Nadu, India;
5School of Physics, Institute of Science, Suranaree University of Technology, Thailand;
“E-mail: inerbaevtm@igm.nsc.ru; inerbaev@yahoo.com

Optical band gap energy values in wurtzite In,Ga; 4N

The narrow bandgap in InN has been known as a notorious example of local density approximation or gener-
alized gradient approximation (LDA or GGA) calculations to give a metallic state. Various density functional
methods are applied to optimize the atomic structures of the systems. These numerical results are used as the
input values for the subsequent GW calculations, which can be applied to estimate the band-gap value without
phenomenological parameters. It is found that LDA with GW, or the hybrid functional with self-consistent
GW, approximation provides sufficient theoretical results for both of the investigated.compounds of GaN and
InN. Although they are still time-consuming, due to less computational cost the former method is selected as
a trial to compute the electronic structure in the entire range in ternary In,Ga; N alloys without any arbitrary
parameters. The present theoretical studies in ternary In,Ga;.N alloy were carried-out by LDA with GW,. As
a result, a good agreement between theoretical and experimental results is‘obtained, and it is also shown that
zone bending could be well-approximated using a quadratic function with'a constant, independent of x, pa-
rameter equal to 1.85 eV, which is close to the recent experimental results:

Keywords: In,Ga; 4N alloys, density functional theory, GW, modeling, band structure, bowing parameter,
band gap tuning, ternary alloy.

Introduction

The application of optical and electronic properties in nitride semiconductors with wurtzite structure
has been focused on optical devices such as blue and white light-emitting-diodes [1-3], and electronic devic-
es such as high electron mobility transistors used in the base station of cellular phones. Transistors with high
power and high breakdown-voltage are expected in automobile industries for highly efficient inverters in
vehicles. In these industrial applications to be realized in short time, the precise theoretical study is required
for nitride semiconductors. The fundamental band gap value in InN has been uncertain up to 1980s. In early
experiments in 1972 and 1986, the band gap values of about 1.9 eV and 2.1 eV were reported by measuring
polycrystalline InN which was epitaxially grown with the sputtering technique and non-leak tight molecular
beam epitaxy system (MBE) [4, 5]. Matsuoka predicted that this value is too large from his experiments on
InGaN and single crystalline InN showed much smaller band gap energy value [6]. These values are much
larger than the value of 0.7 eV reported later, which was measured from single crystalline InN [7-10]. These
single crystalline InN. samples were prepared by using the Molecular Beam Epitaxy (MBE) and the
metalorganic vapor phase epitaxy (MOVPE) methods. A possible explanation of the results is that
polyerystal is oxidized and mixed crystals of InN and In,O3; which band gap is 2.7 eV. The purity in single
crystalline InN mentioned above is also poor. Its residual carrier concentration of 10'" to 10" cm™ is too high
to accurately determine the band gap energy value because there is the Burstein-Moss effect due to the pres-
ence of residual charge carriers. It is difficult to epitaxially grow InN with high quality because the equilibri-
um vapor pressure of nitrogen between solid and gas phases is exceptionally high, compared with AIN and
GaN [6]. Therefore, it is essential to theoretically determine the absolute band gap energy value in InN. In
the present paper, the values of the band gap energy for the entire range of In,Ga; 4N ternary alloys are calcu-
lated using ab initio calculations without any empirical fitting parameters.

Experimental

The density-functional theory (DFT) within the local density approximation (LDA) or the generalized
gradient approximation (GGA) has been extensively employed to investigate various electronic properties in
post-transition metal (TM) compounds including both oxides and nitrides. DFT is a complete many-body the-
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ory, but it is basically applicable only to the non-degenerated ground state. When DFT is used to estimate the
band gap, the main drawback of DFT is that the band gap value is seriously underestimated in the ranges
over 50 %-70 % for most of the post-TM compounds and reaches the value of 80 % reduction in the case of
ZnO [11].In the case of InN, DFT gives even the negative band gap, i.e., predicts InN to be metallic [12,13,
14]. For gallium nitride, the DFT calculation yields a strongly underestimated band gap value [13, 15]. Basi-
cally this extensional usage of DFT for the band gap estimation is theoretically incorrect since it is a ground
state theory, and higher level of theoretical methods such as GW approximation is requested.

The band gap underestimation in post-TM compounds could be addressed in part by considering the on-
site electron correlation energy U. Such an empirical treatment tries to include the effect of correlations of d-
electrons which increases in the band gap value. However,we note that the DFT+U method violates the neces-
sary condition of the virial theorem (2T+V=0), and tends to give the effect on other physical parameters to
be non-physical. For example, the lattice-constants are reduced and also contribute widening the band gap.
Alternatively, the hybrid functional scheme incorporating the exact exchange term from. Hartree-Fock ap-
proximation is used to improve the band gap. However, the fraction of the exact exchange energy again should
be varied among post-TM compounds to fit the band gap and itis only a phenomenological. treatment
[11, 12].

Modern methods of the theoretical modeling allow predicting the fundamental band gap value with high
accuracy without any parameter by combining DFT and the quasiparticle (QP) theory with the exchange-
correlation self-energy in GW approximation [16]. Taking into account QP _corrections, this band gap prob-
lem can be solved with an accuracy of about 0.1 eV [17]. The first attempt to calculate the electronic proper-
ties of In,Ga;.«N ternary alloys with parameter-free theoretical technique was made in Ref. [18] using the
LDA-1/2 method [19]. This method approximately includes the self-energy of excitations in semiconductors
and gives results close to calculations by the GW method.

The many-body perturbation theory in the GW approach presents a QP theory that overcomes the defi-
ciencies of LDA and GGA and provides a suitable description of the band structure for weakly correlated sol-
ids such as GaN and InN. The GW approximation is formallythe first term in an expansion of the nonlocal and
energy-dependent self-energy in the screened Coulomb interaction [20]. The self-energy operator is de-
scribed as follows:

B € = = [ e OG0T € +o W (r, ) @

where G is Green’s function, W is screened'Coulomb interaction, and § is infinitesimal. The evaluation of
self-energy requires the wave functions and. corresponding eigenvalues. If these quantities are fixed to DFT
results, it is usually called as single-shot GoW, calculations. GW, and GW approximations correspond to the
case of iterative updates of the eigenvalues<in the computation of G and W, respectively. A full update of the
orbitals can be performed by specifying self-consistent GW calculations. If the orbitals and eigenvalues are
updated in G and W, it is scGW approximation whereas scGW, corresponds to orbitals and eigenvalues up-
date only in G calculations. In addition to the level of self-consistency of calculations, the results also depend
on the initial conditions, i.e., from which method the eigenvalues and orbitals are derived in GW calculations.

Numerous studies using GW method have shown that the numerical results strongly dependon the initial
geometry of the structure as well as on the choice of the starting wave functions [12, 13, 21-30]. Thus, the
use of source structures optimized with the help of various functionals leads to a variation of the resulting
numerical values of the band gap, for example from 3.366 eV (GGA-PBE) to 3.847 eV (LDA) optimized
GaN wurtzite structure [30].

The choice of starting wave function for GW calculations is also crucial. Kang et al. [11] tested various
levels of self-consistency and starting conditions to establish the most proper GW calculation scheme for the
best exact description of the band gap value for post-TM oxides. It was found that the GW, scheme with
GGA+U as the DFT functional turned out to give the best results in every aspect of the band structures. In one
specific case of ZnO, it was proposed a modified scheme where on-site term U on Zn-d orbital was used within
GW, scheme. Higher level of self-consistent scGW and employment of hybrid Heyd-Scuseria-Ernzerhof
(HSEO06) functional [31] to calculate wave functions and eigenvalues as starting conditions for GoW, calcula-
tions were found to overestimate the band gap value. Pure DFT calculations with LDA or GGA functionals pre-
dict metallic state for InN [12, 21]. Kumar et al. [27] used the DFT+U to calculate the starting wave function,
which made it possible to open the optical gap in the electron structure of indium nitride.

108 BecTHuk KaparaHguHckoro yHnsepcuteTta



Optical band gap energy values in wurtzite InxGa1.xN

In the present paper, we tested various GW approaches on GaN and InN to compare their validity and
accuracy. One important point is to minimize the computational time required forelectronic structure calcula-
tions, since we should use an extra-ordinally high demand computing resources for the ternary systems of
InxGal-xNas. With all of these careful theoretical considerations, the optimal computational method was em-
ployed to calculate the accurate valueof the band gap energy for the InxGa1-xN ternary alloy. To investigate
the electronic structure in InGaN alloys, we used 2x2x2 supercells containing 32 atoms. Supercells with
25 %, 50 %, and 75 % concentration of In atoms were considered and should provide a good approximation
for the random alloy [12].

To obtain the initial calculations, all numerical calculations were performed using HSEOQG6, Perdew-
Burke-Ernzerhof (PBE) [32] and local density approximation (LDA) functionals by employing the projector
augmented wave (PAW) method [33] as implemented in the Vienna Abinitio Simulation Package, VASP [34,
35]. The atomic structures of both InN and GaN were modeled by a fully relaxed wurtzite structure of 4 atoms
(C*6v-P63mc: space group number 186) [36, 37]. The In-4d and Ga-3d electrons were treated-as valence elec-
trons. The electronic wavefunctions are described using a plane wave basis set with an energy cut-off of 600
eV. I'-point centered k-point meshes of 6x6x6 are used throughout the calculations to obtain well-converged
results for GaN and InN. Since the DFT calculations predict a metallic state for InN,to open the optical gap,
the additional on-site correlation DFT+U in the Dudarev parameterization [37] was taken into account with
the value of U =3.5¢eV.

In Ref. [21], the dependencies of theoretical band gap values were calculated depending on the choice of
cutoff energies and k-space partitions. It was shown that the convergence of-the calculated band gap occurs
at the cut-off energy of 600 eV. By selecting a 4x4x4 k-point mesh, the calculated fundamental band gap
values differ from thoseobtained on a 6x6x6 by 1.5 %. For this.reason, the present numerical calculations are
performed using the 2x2x2 k-point mesh.

From the theoretical point of view, state-of-the-art caleulations within many-body perturbation theory
allow to rigorously obtain band gap energy values. The GW approximation method used to compute self-
energy corrections is a quite well-established and standard technique, giving energy levels generally in good
agreement with experiments, even for complicated systems like reconstructed surfaces and clusters [39]. Due
to high complexity and large computational require  ments of ab initio calculations of the self-energy, this
approach has rare been used to study systems with a large number of atoms in a unit cell. In the present study,
were performed the investigation of the In,Ga,.«N alloy to estimate the band gap value in the entire composi-
tion range with GW approximation, predicting.its properties without any experimental/fitting parameters.

Previous studies of In,Ga; N compounds showed poor agreement of the DFT band gap values with ex-
perimental data [12, 22, 40—44]. To improve consistency between theory and experiment, hybrid functionals
in DFT have been used as an empirical simulation method. In the case of zinc blende In,Ga;N alloys, the
overestimation of the band gap in the In-rich regionwas found [45]. For AIN, GaN, and InN with wurtzite
structure, the resulting band gap values depend on the mixing ratio of the exact exchange energy functional,
Mixing ratio is required to match.the experimental band gaps increases with experimental band gaps [12].

Result and Discussion

To solve the problem of describing the band gap in the ternary alloy system, it is necessary to choose a
suitable theoretical method that would equally accurately describe both compounds of GaN and InN. The
available results.in published literatures on InN and GaN GW band gap calculations are summarized in Table
1. It is astonishing to recognize that to date, only one study has been published in the literature which shows
that the optimized effective potential (OEP) calculations predict well both the lattice geometry and the
band gap for both nitrides.

[13] Unfortunately, this method requires enormous computational effort and cannot be appliedto the
study of large model cells as required by the present research on ternary alloys. Base onthis reason, we tested
different approaches as initial stages to GW calculations in the framework of GGA, LDA, and hybrid
functionals.

Besides choosing the initial wave function for calculating GW, which means selecting the appropriate
density functional, the geometric structure of the model cells also largely determines the theoretical values of
the band gap. The lattice constants of In,Ga;xN ternary alloys can be obtained both as a result of theoretical
calculations for lattice optimization and using interpolation formulae if we assume that the lattice parameters
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of the alloys are governedby Vegard’s laws. Another potential source of calculation errors is the inability to
perform structural optimization in a real calculation process using the GW method.

In the present study, in contrast to Ref. [13], where experimental values of lattice constants were used,
we explore various functionals concerning their accuracy in predicting the geometry of the unit cells. The
lattice geometry found in this way is then used for GW calculations with the initial wave functions obtained
with various functionals. The functional that provides the best agreement between the calculated bandgap
values and the experimental ones were used for calculations using a model supercell of In,Ga;.xN (x=0.5)
compound with lattice constants calculated according to Vegard’s law for comparison.

The results of the present numerical results on the lattice parameters in GaN and InN in comparison
with the experimental data are given in Table 2. The data obtained are typical for calculations carried out by
DFT. In the case of InN, the hybrid functional predicts almost exactlattice-constant values, whereas the PBE
functional overestimates, while the LDA functional overestimates the value of the parameter a and underes-
timates c. In the case of GaN, the best values of the lattice-constants are given by the calculation using the
PBE functional, while the HSEO06 and LDA functionals underestimate these parameters. Thus, none of the
selected methods for the optimization of the crystal lattice is preferable in comparison with experimental data
for both considered compounds.

Table 1
Summary of the literature available high-accuracy calculations of
fundamental band gap value for InN and GaN of wurzite structure
Method (based onthe WF
Compound Band gap, eV obtaine d(with thismethod) Reference
0.71 GWOQ+RPA (HSE3) [24]
0.99 SCGW (LDA) [25]
0.74 Hybrid approach?
0.66 HSE06 [12]
0.58 LDA with SIC” [22, 23]
0.74 Simplified Gc®
1.50 GW SIC (LDA)
0.82 GW SIC (LDA) [26]
0.8 scGW0 [27]
InN 0.7 (0.8 correction factorwas applied) GW+RPA (LDA) [28]
0.638, 0.765; 0.494% GOW0+SOC? (HSE) [30]
0.711 HSE06 [21]
0.694 GOWo (HSEO06)
0.805 scGW0
0.7 OEPx*+GQWOQ(LDA) [13]
0.0 PBE [14]
0.5 HSE06 [14]
0.95 LDA-1/2 [19]
35 GW [29]
3.23 HSE06 [12]
3.81 scGW (LDA) 25
3.42 Hybrid approach? [25]
GaN 3.6 (0.8 correction factor was applied) GW+RPA (LDA) [28]
3.659; 3.847; 3.366" GOoW0+SOC? (HSE) [30]
3.24 OEPX"+GOWO(LDA) [13]
3.52 LDA-1/2 [19]

a) Combines 80 % of the GW self-energy with 20 % of the LDA self-energy as it is described in

Ref. [53];  Self-interaction corrections; 9Quasi-particle corrections to DFT within a simplified GW approximation; ¢ Data ob-
tained for geometries optimized using different methods (AMO05, LDA, PBE); © Spin-orbit coupling; Yexact-exchange optimized ef-
fectivepotential

Further, all obtained equilibrium lattice geometries were used to calculate the band gap values. For each
structure, three possible wave functions were used as the starting values for the numerical calculations within
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GW approximation. The results are shown in Table 3. From the presented data it can be seen that only two
approaches provide sufficiently good values was an error less than 0.1 eV for both indium and gallium ni-
trides; namely, (case 1) scGW, approach with optimized geometry by HSE06 and starting wave functions by

LDA, and (case 2) GW, calculations with LDA for both geometry optimization and starting wave functions.

Table 2

The equilibrium values of the lattice-constants for InN and GaN at atmospheric pressure calculated by various
methods in comparison with experimental data. Parentheses indicate the relative error of calculations

Compound (er?(’)ré% ) (er?(’)r{&% ) ng:;g,eg\g cla u Method
3.533 5.693 61.50 1.611 0.375 Exp. [36]
3.530 (-0.08) 5.700 (0.1) 61.52 1.614 0.379 HSEO06
InN 3.578 (1.3) 5.777 (1.5) 64.06 1.614 0.379 PBE
3.503 (0.8) 5.655 (-0.7) 60.09 1.614 0.379 LDA
3.62 5.83 161 PBE[/L'SE%
3.19 5.28 46.53 1.655 0.375 Exp. [54]
GaN 3.176 (-0.4) 5.173 (-2.0) 45.20 1.628 0.377 HSEO06
3.214 (0.8) 5.235 (0.9) 46.84 1.628 0.377 PBE
3.156 (-1.1) 5.140 (-2.7) 44.34 1.628 0.377 LDA

Thus, two theoretical approaches provide approximately-the same values of the perception of both the
lattice geometry and the band gap in both nitrides under study. Moreover, for the calculated values of the cell
parameters, the use of the hybrid functional is somewhat closer to experimental values. On the other hand,
the inclusion of the Hartree-Fock exchange in the hybrid functional raises the computation cost very signifi-
cantly, especially when one uses the plane-wave basis sets [46, 47]. Besides, for the exact prediction of the
width of the band gap, in this case, the scGW,.method is‘used, which includes an additional self-consistency
procedure in comparison with GW,, which also significantly increases computational costs. Thus, based on
consideration of the balance of the ability of prediction and the required computational costs, in the present
study, we employed the LDA for structure optimization and wave functions calculation for GW,. In the latter
case, the LDA+U method was used on indium atoms, as indicated in “Computational method” section.

Table 3

The values of the band /gapfor.nitrides, calculated using various methods. The valuesthat most closely
coincide with the experimental values for both considered compounds are highlighted in bold

Bang gap calculation method
Compound Input geometry | Input wavefunction DFT Gowo GWo scGW0
Band gap, eV
1 2 3 4
HSEO06 0.76 0.71 0.71 0.89
HSEO06 PBE+U 0.09 0.21 0.27 0.50
LDA+U 0.11 0.43 0.51 0.73
HSEO06 0.60 0.49 0.48 0.66
InN PBE PBE+U 0.04 0.07 0.30 0.30
LDA+U 0.03 0.14 0.14 0.40
HSEO06 0.85 2.65 2.59 2.63
LDA PBE+U 0.16 0.29 0.36 0.25
LDA+U 0.26 0.67 0.76 0.94
GaN HSEOS HSEO06 3.30 3.77 3.85 3.97
PBE 1.97 3.13 3.33 3.50
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1 2 3 4

LDA 1.99 3.16 3.38 3.44

HSEO06 3.02 3.47 3.67 3.67

PBE PBE 1.73 4.66 5.00 5.26

LDA 3.03 3.47 3.57 3.63

HSEO06 3.46 3.93 4.01 4.14

LDA PBE 2.10 3.29 3.51 3.74

LDA 212 3.33 3.55 3.69

The estimated lattice-constant values for the In,Ga;.«N ternary alloy as a function of x are.shown in
Figure 1. The present numerical calculations were carried out for a 2x2x2 supercelland the data presented
was reduced to a single cell. When creating model structures, the atomsin the cases x = 0.25and = x = 0.5,
the substitution of gallium atoms was carried out in such a way as to distribute the indium atoms uniformly
throughout the cell, while avoiding both the clustering of indium atoms and their ordering. The latter could
lead to the appearance of periodic superstructures. Earlier results show that the clustering of indium InGaN
alloy leads to a greater curvature of the curve of the band gap dependence on x value [51]. The case x = 0.75
is identical to x = 0.25 up to the mutual permutation of indium and gallium atoms. Test calculations on three
different supercells with x = 0.5 showed a weak (< 2 %) dependence of the.band.gap on the choice of the
atomic configuration. The geometries of all supercells have been optimized. The optimization concerned both
the positions of the ions inside the supercells and the volume of the supercells. In this case, the lattice con-
stants changed so that the volume of the optimized cell corresponded to the system at zero external pressure.
The lattice symmetry was maintained constant.

It can be seen that the cell parameters are linearly dependent onthe In content accordingto Vegard’s law.
The resulting atomic structures were used to calculate the band gap using thestart wave functions obtained
using the LDA functional. The obtained data are presented in Figure 2 in comparison with the available exper-
imental data and earlier calculations using hybrid HSEQ6 functional [12]. The present theoretical results,
without any parameters are in excellent agreement with the experimental results.

5.6 -
5.4
oL 5.2 )%
« 5.07 —o—a,,&
(<)
B ——c A
g 441 ¢ Experiment
o 4.2 1
@ 40]
‘s 381
S 36
3.4
3.2
3.0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0
In fraction, x

Figure 1. Calculated lattice parameters of In,Ga;N within LDA in comparison with experimental values [35, 53]

We also investigated the dependence of the theoretical band gap on the starting geometry of the model
cell, implying that the lattice constants depend on the concentration of In and Ga according to Vegard's law.
The obtained band gap for the ternary alloy of the composition InysGagsN, obtained using GW calculations
based on the LDA functional, is 1.36eV. This value is 0.29 eV less than the corresponding value calculated
for a structure whose lattice constants are theoretically obtained.
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Figure 2. Theoretical and experimental values of the fundamental band gap values inGal=xInxNternary alloy

as a function of the indium molar fraction. Theoretical results are obtained using‘GWO0 method (this work),
HSEQ6 hybrid functional [12] and LDA-1/2 method [18]. The band gap GW(VL) value was obtained for a model cell
with lattice constants calculated using the Vegard’s law. Experimental values are adopted from Refs. [6, 8-10, 55, 56]

The band gap in In,Ga; 4N as a function of the In content is of key importance for the analysis and de-
sign of efficient electronic devices. Qualitatively, there is an agreement that the band gap in In,Ga; 4N is a
nonlinear function of the alloy composition. Conventionally, alloy band gap values are expressed as

Eg(nxGai—xN) = (1 —x) Eg(GaN) + xEgdnN) - bx(1—x), (2)

where b is the so-called bowing parameter. Since the most important parameter in the semiconductor alloy
system is the band gap and its deviation from linear. dependence characterized by the band gap bowing pa-
rameter b, which generally is a function of concentration. The various studies [22, 40, 43, 48-51] have disa-
greed on the magnitude and In concentration dependence of the bowing parameter. Some investigations show
that the bowing cannot accurately be described by a composition-independent bowing parameter [12, 22, 40,
48, 52]. Wu et al. by optical absorption.and photoluminescence measurements showed that bandgap versus
composition is well-described by a constant bowing parameter of 1.4 eV [10]. However, McCluskey et al.,
obtained the bowing parameter value of 2.6 eV by carrying out optical absorption spectroscopy measure-
ments [51]. Kazazis et al. measured. that the intrinsic band gap value dependency on the In content is ade-
quately expressed, for the entire range, by a bowing parameter value of 1.66+0.08 eV [8]. Fitting of our nu-
merical results gives b=1.85 eV with a maximal absolute error less than 0.04 eV that is a good agreement
with the most recent experiment.of Kazazis et al..

The above analysis corresponds to the use of a single parameter bowing calculating would be fitting (2).
Moses et al. demonstrated. that the bowing parameter varies with indium concentration. Namely, with an in-
crease in_the indium content, its value decreases [12]. Our results confirm this trend, although to a much
lesser extent, and give b equal to 1.92, 1.85, and 1.79 eV for 25, 50, and 75 % of the indium content.

Conclusions

To solve the problem of band gap values in ternary InxGa1-xN alloys theoretically without phenomeno-
logical parameters, various functionals have been preliminarily tested both concerning using them to opti-
mize the geometry of model cells and to calculate the initial wave functions for GW calculations applied to
binary nitrides. For both InN and GaN, the acceptable accuracy is achieved either by GWQ approximation
with LDA or by scGW0 method with hybrid HSEO6 functional, especially the narrow band gap of InN was
successfully reproduced without using the phenomenological parameters. With LDA the optical band gap in
InN is estimated to be negative (metallic). To open it, it is necessary to use the LDA+U method. Since the
former approach requires less computational costs, the present theoretical studies in ternary InxGa1-xN alloy
were carried out by LDA with GWQ. As a result, a good agreement between theoretical and experimental re-
sults was obtained, and it is also shown that zone bending could be well-approximated using a quadratic
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function with a constant, independent of x, parameter equal to 1.85 eV, which is close to the recent experi-
mental results.
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In,Ga; «N BypTUMTTEri ONTHKAJBIK K0J1aK CAHBLIAYbBIHBIH YHEPTUsSI MIH/IEPi

INN Tap THIABIM canblHFaH aiiMakK >KepPTUTIKTI THIFBI3JBIKKA XKAKbIHAAFaHJa HeMece JKabUIaHFaH IpaJieHT
skakpiHparanga (LDA nemece GGA) ecenreynep »KapThulai ©TKI3TIIUTIH OpHBIHA 3aTTHIH METAIIBIK KYHIH
OomKalThIH Oenrimi Mbican Oonbln TaObUIafgbl. Bynm KyMBICTa 3epTTENETIH JKYHeNepIiH TeOMEeTpHUsCHIH
OHTAMIAHIBIPY YLIH THIFBI3ABIK (YHKIMOHAJIBIHBIH OPTYPJi OficTepi KOJAAHBULABI XOHE OYJI CaHIBIK
HOTIDKeIep (EHOMEHOJIOTHSUIBIK MapaMeTpIiepci3 THIMbIM CalbIHFAH aliMaK CHiHiH MOHIH Oaraiay Ke3iHmie
6omysl Mymkin GW omiciMeH KeiiHri ecemreynep yImiH Kipic MoHAepi perinae maimamaHeuigsk. LDA
komOuHanmsicein GW, ecenrteyiepiMmern Hemece rubpuari ¢ynkiponanasl GW, e3ine coifkec KeneTiH
JKyBIKTaybIMeH Naiianany 3eprrenreH GaN sxoHe INN KochUIbICTaphl YHIH JKETKUTIKTL TN TEOPHSUIBIK
HOTHXeNep OepeTiHi aHBIKTaNIbl. MyH/all ecenteysep i e KOMIBIOTEP/IiH KoM YaKbITHIH KaKET CTeTiHIHEe
KapaMacTaH, €CCNTey KYHBIHBIH TeMeH OojyblHa OaitmaHeicThl, Oipinmm omic InyGa; N ymTik
KOPHITIIAJIAPBIHAAFEl  OapiblK  JWANa30HJaFbl  OJIEKTPOHIBIK  KYPBUIBIMIBI ‘Ke3 KeNFeH peTrTey
mapaMeTpiepiHCi3 ecenTey/iH ChlHaK ofici perinme tanmamabl. IN,Ga; N YIITiK KOPBITIACHIHBIH HAKTHI
teopusutblK 3eprreyiaepi LDA GW, xybikTay KOMOMHALMSICBIHAA OpPBIHAAABL. HOTHKECIHIE TEOPHSUIIBIK
JKOHE IKCIICPHMEHTTIK HOTHIKEJIEp apachlHIa OTe )KaKChl KEeIiCiM allbIH/Ibl, COHBIMEH KaTap THIHBIM CaJbIHFaH
aliMaKTBIH €HiH X (YHKUHUACHI PEeTiHAE My KBAAPAaTTHIK (GYHKUIUSIHBI KOJAaHA OTBIPHII, X-T€ TOyelai eMec,
1,85 3B mapamerpiMeH KaKChl JKaKbIHIACTHIPYFa OOJIATHIHABIEBL KOPCETIINEH, OYJI COHFBI YKCIICPUMEHTTIK
HOTIDKETIepre )KaKbIH.

Kinm ce3z0ep: InyGa; N KopbITIanapsl, THIFBI3IBIKTHH (HYHKUHOHAIIBIK TeopHsichl, GWy Monenbaey, Koak
KYPBUIBIMBI, HLTy TapaMeTpi, )KOJIaK CaHBUIAYBIH OPHATY, YIITIK KOPBITIIA.

T. Unepbaes, T. Matcuoka, 1. KaBazoe

3HayeHNs JHEPIrUHU ONTUYECKOIi 3anpenieHHoii 30HbI B Blopuute In,Ga; (N

V3kast 3anpenienHas 30Ha INN npencraBisieT co00i H3BECTHBIIH MPUMEpP, KOTa PacueThl B IPHOIMKEHHH JIO-
KaJIbHOW TUIOTHOCTH WM TpUOImkeHud 00061eHHoro rpaauenta (LDA wiun GGA) mpeackas3bIBaloT MeTall-
JIMYECKOE COCTOSIHHE BELIECTBAa BMECTO IOJIYIPOBOIHUKOBOrO. B HacTosmieil paboTe Juisi ONTUMH3AIMU Te0-
METPUH MCCIIEIYEMBIX CUCTEM PUMEHEHB! Pa3InyHble METO (bl (DYHKIIMOHANA IUIOTHOCTH, ¥ 9TH YHCIICHHBIC
pe3yJbTaThl HCIOIb30BAaHbL B KAYECTBE BXOAHBIX 3HAYCHHMIT M MOCHEAYIOINX BblYncCIeHHiT MeTonom GW,
KOTOpBIE MOT'YT OBITh AP OLICHKE 3HAYCHHs LIMPUHBI 3alPEIIeHHON 30HbI 0e3 HEeHOMEHOIOrHYEeCKHX mapa-
METPOB. Y CTaHOBIIEHO, UT0 npuMeHeHns: komOuHam LDA ¢ GW, pacueramu wnu rubpugHoro GpyHKInOHa-
Ja ¢ camocoryiacoBaHHBIM. GWy TpHOIMKeHHEM JAl0T T0CTATOYHBIE TOYHBIC TEOPETHYECKHE PE3yIbTAThI IS
o6oux nccienoBaHubix coennneHnii GaN u INN. Xots Takue pacdeTsl HO-IPeXKHEMY 3aHUMAIOT OYEHb MHOTO
KOMIBIOTEPHOTO BPEMEHH, M3-32 MEHBIIIEH BEIYHCIUTEIILHOM CTOMMOCTH TIEPBBI METOJ BHIOpAH B KauecTBE
HNpOOHOTO VIS pacyera dJIEKTPOHHON CTPYKTYpHI BO BCEM JHara3oHe B TpoiHBIX cruiaBax InyGay N 6e3 ka-
KNX-TTH0O TOJIrOHOYHEIX MapaMeTpoB. HacTosmue TeopeTndeckue McciaeqoBanus TpoiHoro cruiasa InGa;
«N 0putH BeImosHeHH B komOuHanuu LDA ¢ GW, npubmmkennem. B pesynpraTe moydeHo 04eHb Xopoliee
COIJIaCHe MEXIy TEOPETHYCCKHMH M IKCHEPUMEHTAJbHBIMH pe3yJbTaTaMM, a TaKKe MOKa3aHO, YTO M3rHb
LIMPHHBI 3aMPEIICHHON 30HBI KaK QYHKIHUHM X MOYKHO XOPOLIO arlipoOKCHMHPOBATh C MOMOIIBIO KBaJApaTHy-
HOU (YHKINH C TIOCTOSHHBIM, HE 3aBHCSIIIM OT X, TapaMeTpoM, paBHEIM 1,85 3B, uTo O1m3Kko K mocie HIM
OKCIIEPpUMEHTAJIBHBIM pE3yJibTaTaM.

Kmouegvie cnoea: cmnasbl In,Gay N, Teopus ¢dyHkuMoHana rmioTHOCTH, MojenupoBaHue GW,, 30HHas
CTPYKTYypa, mapameTp u3ruba, HacTpolKa 3anpenieHHO’ 30HbI, TPOHHOM CIUIaB.
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