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Abstract. Chemical bonding and electronic properties of IIl-nitrides solid solutions are stud-
ied using a model empirical pseudopotential method in modified virtual crystal approxima-
tion taking into account positional and compositional disorder. The changes in chemical
bonding are analyzed in different ionicity models. The bowing is mainly caused by
compositional disorder, volume deformation effects and valence charge redistribution in the
alloys. The connection between the value of the bowing and basic parameters of the materials

is found.
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1. Introduction

The group-III wurtzite nitrides GaN, AIN, InN and their
solid solutions have direct energy gaps, high ionicity,
short bond lengths and high stability which makes them
useful materials for high power and high frequency tran-
sistors [1] and also for optoelectronic devices operating
in a wide spectrum of wavelengths [2].

Solid solutions are used in III-nitrides heterostructure
devices to avoid the formation of misfit dislocations in
the layers due to large lattice constant differences that
arise between pure compounds [1, 2]. Solid solutions al-
low obtaining the needed band gap for a given lattice
constant; particularly one can find some ternary alloy
compositions with the same band gap. It is well known
that physical properties of the alloys exhibit nonlinear
dependencies on composition. That is why a theoretical
model predicting the properties of the alloys is needed.

Chemical bonding determines the majority of materi-
als physical properties. In this paper we study the influ-
ence of chemical bonding rebuilding on electronic prop-
erties of III-nitrides. The analysis of chemical bonding is
made in different models, which were successfully used
to describe mechanical and elastic properties of different

materials. The investigation of III-nitrides alloys was held
out taking into account positional and compositional
disorder.

2. Calculation method

To describe the chemical bonding Philips proposed an
ionicity model based on empirical data for optical and
homopolar gaps [3]. One of the most remarkable features
of Philips’s ionicity scale is the existence of a critical
value of f; that separates fourfold-coordinated from six-
fold-coordinated compounds.

The other parameter that describes chemical bonding
is polarity a, [4], which reflects the asymmetry of the
pseudopotential:

a, =——c, (1)

where V34 and V3% —antisymmetric and symmetric pseudo-
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potential form-factors at G = arn.
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Garcia and Cohen [5] offered a first-principles ionicity
scale based on charge distribution asymmetry. They de-
compose charge density into symmetric and antisymmet-
ric components and construct their Fourier components:

ps(G) :%[p(G)+p*(G)]
PaG)= %[p(G)—p*(G)] )

To describe quantitatively the chemical bonding the
charge asymmetry coefficient is used:

_ 54

where Sgand S, —the integrated quantities which meas-
ure the strength of the symmetric and antisymmetric com-
ponents of over the charge density over the whole unit
cell:

1
Ss = X lps©@|" =5 [piryar
G Q

We use three mentioned parameters to analyze chemi-
cal bonding of III-nitrides solid solutions.

The calculations of the electronic structures and va-
lence charge densities were made using the model em-
pirical pseudopotential method [6, 7]. We used functional
form of the pseudopotential, which is continuous in re-
ciprocal space and depends on local strain to describe
the charge density redistribution and pseudopotential
screening due to changes of the local atomic environ-
ment [8]:

k-
#[l+a4aTr(£)], )

ok _
arpe 1

Vo (K, &) = agy,

The fitting parameters a; were taken from the approxi-
mation of the ab initio norm-conserving Hamman pseudo-
potentials [9], screened by Levine and Louie dielectric
function [10]. Then the parameters were adjusted to re-
produce the experimental values of the interband transi-
tions energies at high-symmetric points of Brillouin zone
(Table 1). To take the deformations into account cor-
rectly, the values of the deformation potentials were in-
cluded in the fitting procedure:

Sa=lpa@l == [p3ar @ ©
G Q %
Table 1. Energies of the interband transitions in high-symmetry points.
Transition Energy, eV This work Energy, eV Other calculations and experiments
GaN Cev-Tic(Ey) 3.5 3.5072, 3.5b, 3.51¢
I'3y- Tgy (top valence band width) 7.5 6.8, 7.4 (8)4
Iv-Tev (Aer) 0.01 0.0192, 0.02°, 0.038¢
L, av-Li 3¢ 7.26 7.57°, 6.4 (8.2)d
Myy-M;c 7.6 7.7°, 7.64
Hsy-Hjsc 7.9 9b 8.1 (9.9)d
AIN Cev-Tic(Ey) 6.23 6.23%, 6.24°¢
I'3y- Tgy (top valence band width) 6.57 6.1 (6.9)4
Iv-Tev (Ag) -0.22 -0.164%, —0.17°¢
Loav-Lisc 9.9 8.64
Myy-Msc 10.34 8.5d
Hsy-Hjsc 10.56 10.54
InN Tev-Tic(Ey) 0.69 0.7¢, 2.04°
I'3y- [gy (top valence band width) 6 5.77°
Iv-Tev (Aer) 0.04 0.0412, 0.017°, 0.06°
L, av-Li3c 5.2 5.83b
Myuy-Mic 5.2 5.8b
Hy-Hse 5.97 6.5

2 recommended values [11]
b empirical pseudopotentail method [12]

¢ first-principles and empirical pseudopotential method calculations [20]

4 first-principles calculations with and without GW corrections [21]

¢ GalnN experiment [25]
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We used the recommended values of the deformation
potentials from [11]: a,(GaN) = -8.2 €V, a,(AIN) =
= -9 eV, a,(InN) = 4 eV. The final values of a; are
presented in Table 2. Obtained pseudopotentials are in
good agreement with the form-factors from other works
[12] (Fig. 1).

The basis of 263 plane waves was used in calcula-
tions, which corresponds to 14Ry energy cut-off. The
integration over the Brillouin zone was held using the
Chadi-Cohen special points set [13].

In the alloys the atoms of different species are ran-
domly distributed breaking in such a way the transla-
tional symmetry of the crystal. Moreover the atomic po-
sitions in the alloy shift from the ideal positions given by
Vegard’s rule due to difference of the bond lengths of the
alloy components.

Such features can be taken into account by using the
density functional theory considering supercells contain-
ing thousands of atoms and though such calculations are
very time consuming. The typical approaches to the study
of alloys are based on approximations in which all possi-
ble, inequivalent, microscopic configurations are aver-
aged into an effective medium having the same crystal

Table 2. Parameters of the screened atomic pseudopotentials in
GaN, AIN, InN (in atomic units).

Atom dg aj a; as ay
Ga 7.247 1.66 1.403 0.178 1.67
Nin GaN 25.2 4.68 2.61 0.346 -
Al 7 2 1.5 0.18 2.2
Nin AIN 53 4.72 4.13 0.35 -
In 11.1 1.176  1.35 0.266 1.32
Nin InN 45.9 5.14 4.87 0.425 -
201
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Fig. 1. The screened atomic pseudopotentials for Ga and N in
GaN (solid line), Al and N in AIN (dashed line), In and N in InN
(dotted line) plotted in reciprocal space. Form-factors from [12]:
circles — Ga in GaN, triangles — In and N in InN.
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structure as the underlying lattice, in order to recover the
translational symmetry.

We used the virtual crystal approximation (VCA) to
study the alloys. The compositional disorder was consid-
ered in a second order of perturbation theory [10, 14].
For each energy eigenvalue the corrections due to the
presence of a nonperiodic potential due to chemical dis-
order were calculated:

E,(k,x)=EQ &, x)+x(1-x)x
I nk, x| AV 10/, K/, x >I? %)
0 ’
e E,(lo) k,x)— Er(;’)(k ,X)

where E,(O(k,x)—n-th band energy at k point in the recip-
rocal space at x composition of the alloy, calculated in
VCA, AV —cation pseudopotential difference (Fig .2).

Experiments indicated that the bond lengths of the
alloy components differ and stay almost the same as in
pure compounds (Fig. 3). Dependence of the bond length
R 4n(x) and Rpy(x)in A{_.BN can be characterized by
dimensionless relaxation parameter [15]:

24

Fig. 2. Pseudopotential differences between Ga and Al atoms
(solid line), Ga and In (dashed line), Al and In (dotted line).
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Fig. 3. Schematic variation of the bond length Ry (x) and Rpn(x)
in an A;_BN alloy with composition.
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e=(Rpn[NBI R \O(Rpn—Ryn), (®)

where Rpy/4™N8/ — BN bond length around the B impu-
rity in AN crystal, Rgp°, R4z° — bondlengths of pure
compounds.

On the basis of valence force field method calcula-
tions the dependence of the relaxation parameter e on the
alloy compounds properties was obtained [15]:

ROy oo
e=1/|1+ — (g—zflJ )

where f; — Philips’s ionicity. It was also shown that the
value of the bond relaxation can differ for alloy compo-
nents leading to lattice constant bowing which is con-
firmed by first-principles calculations [16].

In this work the positional disorder was considered
using the deformation dependent pseudopotentials [7] and
by taking into account the deviations of the lattice con-
stant from Vegard’s rule. The value of the local deforma-
tion in an alloy was calculated relatively to the atomic
position in pure compounds.

3. Results and discussion

Alloying effects cause the bowing in the band gap
compositional dependence:

Eg(x) =Eg1 +(Eg27Eg1)X7bX(1 -X) (10)

To analyze the physical origins of bowing in III-ni-
trides solid solutions we decompose b into four compo-
nents:

b :bCD+bSR+bVD+bCE

)

where bcp is a bowing due to compositional disorder,
bgr connected with structure relaxation effect, byp —bow-
ing due to volume deformation effect and g — bowing
due to charge exchange effect.

Table 3. Bowing and it’s components.

Results of calculations are presented in Table 3. The
calculations of the corrections due to compositional disor-
der (7) show that chemical disorder pushes the valence
bands I'}y, 'y up and the conduction band I'j down, the
largest effect being that on the valence band edge. There-
fore the shrinkage of the VCA band gap results leading to
a positive bowing bp. Table 3 shows that the values of
the bowing are proportional to the pseudopotential dif-
ferences of the cations (Fig. 2). Our results qualitatively
agree with the results for other I1I-V compounds [10, 14],
which also predict the shrinkage of the band gap.

The change of lattice constants of alloy components
leads to a shift of the energy levels corresponding to the
value of deformation potential (6). As the deformation
potentials of AIN, GaN and InN differ (Table 4), the
energy levels positions of the alloy will differ from the
averaged values of pure compounds thus leading to bow-
ing. The value of this bowing by is proportional to de-
formation potentials difference and to relative change of
the lattice constant (Table 4):

byp ~ Aa/a-Aa, (12)

The mixing of pure compounds into an alloy results
in charge exchange between bonds. The charge flows from
the less ionic bond to the more ionic and some extra charge
accumulates on the weaker bond [17]. In VCA calcula-
tions this is revealed by the fact that the charge distribu-
tion along the bond in the alloy differs from averaged
distribution in pure compounds leading to additional
bowing bcg.

Fig. 4 shows the valence charge distribution in pure
III-nitrides. InN have the largest charge density around
the anion, also the maximum of the charge density in it is
the most shifted towards the anion which corresponds to
it’s largest ionicity in a III-nitrides series. One can see
from Fig. 4 and Table 4 that the bigger is the difference
between charge distribution of the alloy components the
more noticeable is the bowing. For a qualitative charac-
terization of charge redistribution we analyze the chemi-
cal bonding of ITI-nitrides in different models.

Aag, eV | Aala, % | Ag Af; bep, €V | byp,eV | beg, €V | bsr, eV | biotal, €V | bexpr, €V
AlGaN | 1.1 2.5 0.09 | 0.051 | 0.19 0.176 0.199 |-0.262 | 0.3 0.6-1 [24]
InGaN | 4.3 10 0.12 | 0.078 | 1.23 2.471 —-1.531 [-0.286 | 1.89 2.5 [25]
AllnN | 54 12.5 0.03 | 0.129 | 2.575 4.37 -2.49 |-0.841 | 3.62 1.3-6.9 [26]

Table 4. Parameters of the IlI-nitrides: lattice constant a, band gap E,, deformation potential a,, Philips’s ionicity f;, polarity a,,

charge asymmetry coefficient g.

a, A E, eV a,, eV f a, g
[5] [22] [23] [20] [12] This work | [5] This work
AIN [3.11 6.23 -9 0.449 0.36 | - 1.43 | - 0.85 0.794 | 0.61
GaN |3.19 3.5 -8.2 0.500 0.37 0.46 | 0.67 | 0.74 | 0.98 0.780 | 0.52
InN |3.53 0.7 -4 0.578 0.49 0.39 | 0.3 0.81 | 1.17 0.853 | 0.64
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Fig. 4. Valence charge density of binary compounds along [0001]
bond: GaN - solid line, AIN — dashed line, InN - dotted line.

Comparing Fig. 2 and Fig. 4 one can see that the
difference of the charge density along the bond corre-
sponds to the pseudopotential difference of the cations so
we can use polarity a, to describe it. But for binary com-
pounds AIN, GaN, InN the values of polarity are very
controversial (Table 4) moreover polarity depicts the
asymmetry of the pseudopotential only in one point of
the reciprocal space. These facts make polarity not suit-
able for characterization of the chemical bonding in III-
nitrides.

Charge asymmetry coefficient g [5] was successfully
used to describe the physical properties of tetrahedral
III-V alloys [18]. During the fitting procedure for the
pseudopotentials parameters [7] it was noted that for each
alloy the value of bowing b depends on the difference of
the charge asymmetry coefficients, which implicitly de-
pend on the valence band width. But there is no uniquely
determined rule for all investigated alloys. Table 4 shows
that Philips’s ionicity f; increases with the charge number
of the cation. For the charge asymmetry coefficient in
contrast to other III-V compounds [18] this is not the case
which agrees with other calculations [5]. So, despite that
charge asymmetry coefficient is the fullest integral char-
acteristics of the charge distribution, the Philips’s ionicity
describes the changes in chemical bonding better. We
can suppose that charge distribution along the bond is
more important for chemical bonding properties than in-
tegral charge distribution over all unit cell.

Bond lengths and angles relaxation leads to shift of
the atomic positions from the ones given by Vegard’s rule
and this also leads to charge redistribution. As the bond
lengths relax back to the initial values in the pure com-
pounds this effect is inverse to volume deformation so the
value of bowing bgp, is negative (Table 3). Different val-
ues of the relaxation parameters [10] of III-nitrides alloy
compounds leads to bowing of lattice constant with a
value of about 0.3 %. It is important to take this bowing
into account because the value of the lattice constant is

SQ0, 6(2), 2003

used to determine the composition of the alloy experi-
mentally.

Our results are in good agreement with other calcula-
tions that investigated the compositional and positional
disorder using larger elementary cells with 8 and 16 at-
oms [19] and large clusters with thousands of atoms [16].
First-principles calculations [16] showed that small unit
cells describe random alloys satisfactorily because for
many physical properties interactions between distant
neighbours are generally much less important that those
between close neighbours.

4. Conclusions

We have shown that the chemical bonding in ITI-nitrides
alloys is correctly described by Philips’s ionicity while
there is no unambiguous connection between charge
asymmetry model and chemical bonding properties. The
influence of alloying effects on optical bowing is
analyzed. The bowing is mainly caused by compositional
disorder and volume deformation effects followed by
chemical charge-transfer contribution. The connection
of the bowing value with the basic parameters of the ma-
terials, such as deformation potential, lattice constant
and ionicity, is derived, which allows evaluating the bow-
ing for other materials.
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