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Abstract

We present first-principles studies of the effect of biaxial (0001)-strain on the electronic structure of
wurtzite GaN, AIN, and InN. We provide accurate predictions for the valence band splittings as a function of
strain which greatly facilitates the interpretation of data from samples with unintentional growth-induced
strain. The present calculations are based on the total-energy pseudopotential method within the
local-density formalism and include the spin-orbit interaction nonperturbatively. For a given biaxial strain, all
structural parameters are determined by minimization of the total energy with respect to the electronic and
ionic degrees of freedom. Our calculations predict that the valence band state I'g (') lies energetically above

the I'; (1) states in GaN and InN, in contrast to the situation in AIN. In all three nitrides, we find that the

ordering of these two levels becomes reversed for some value of biaxial strain. In GaN, this crossing takes
place already at 0.32% tensile strain. For larger tensile strains, the top of the valence band becomes well
separated from the lower states. The computed crystal-field and spin-orbit splittings in unstrained materials as
well as the computed deformation potentials agree well with the available experimental data.

1. Introduction

The group-IIl nitrides AIN, GaN, and InN have recently attracted much attention as candidates for short-wavelength
optical devices [1]. The stable structure of bulk materials is the wurtzite structure. For technological applications, one
needs high quality epitaxial films that are presently grown mostly on c-plane sapphire or hexagonal 6H-SiC
substrates and also possess the wurtzite structure. The large lattice mismatch between the mentioned substrates
and the nitrides induces a substantial strain in the latter materials. Even though the largest part of this strain seems to
be relieved by generation of misfit dislocations, another strain contribution comes from the difference in the thermal
expansion coefficients between the substrates and the nitrides. In result, an appreciable growth-induced biaxial
strain remains in the nitride films that is very difficult to measure experimentally in a direct way. On the other hand,
optical excitation energies of these films are well accessible experimentally.

In this paper, we provide quantitative theoretical predictions of the major optical transitions across the energy gap of
group-lll nitrides as a function of biaxial strain that may help determining the actual strain in epitaxial films from optical
data.

The band structure of bulk AIN, GaN, and InN in the wurtzite and zinc-blende phase has been extensively studied
theoretically [2]. However, few reports have dealt with strain effects so far. In Refs. [3], [4], the effects of strain on the
band structure of cubic GaN were studied. An interesting qualitative discussion of the effects of biaxial strain on
cubic and hexagonal GaN in terms of a simple tight-binding model was given in Ref. [5].

In the wurzite structure, the top of the valence band is split into three states that give rise to three corresponding
exciton lines. In GaN, these exciton energies were recently measured as a function of the film thickness [6], [7], i.e.
effectively as a function of strain, but the authors have not been able to determine the magnitude of the strain
experimentally.

Employing parameter-free, relativistic local density functional pseudopotential methods, we have analyzed the
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electronic band energies of three wurtzite structure nitrides as a function of biaxial and hydrostatic strain in order to
provide a link between optical data and the effective strain. From a theory point of view, it turned out to be crucial to
fully optimize all structural parameters that are not determined by symmetry and to take into account spin-orbit
coupling in order to resolve the fine structure of the band edge states and the interplay between spin-orbit
interaction and strain in these materials.

2. Method and numerical aspects

Our calculations are based on the first-principles total-energy pseudopotential method within the
local-density-functional formalism [8]. We have used norm-conserving separable pseudopotentials [9], [10] and a
preconditioned conjugate gradient algorithm [11] for minimizing the total crystal energy with respect to the
electronic as well as the ionic degrees of freedom. These pseudopotentials are highly transferable, yet sufficiently
soft so that a kinetic energy cutoff of 62 Ry suffices to yield converged total energies. We have used 14 special
points [12] for the k-space integrations. The semicore Ga 3d-electrons are treated as part of the frozen core, but
their considerable overlap with the valence electrons is accounted for by including the nonlinear core
exchange-correlation correction [13]. This procedure yields lattice constants, atomic positions, and bulk moduli in
very good agreement with experiment, as shown in Table 1. In order to realistically account for the interplay between
strain and spin-orbit-interaction induced valence band splittings, in the present calculations we have taken into
account relativistic effects nonperturbatively by using relativistic pseudopotentials. This method has been shown to
predict spin-orbit splittings in other I1I-V compounds very reliably [14].

3. Results

3.1. Structural optimization

On the scale of meV, the energy bands near the energy gap depend critically on those wurzite structural parameters
that are not determined by symmetry. We have therefore performed detailed structural optimizations of the unit cell
geometries as a function of the external stress by minimizing the total energy.

In the case of hydrostatic pressure or biaxial stress, the wurzite structure has two degrees of freedom, namely the
ratio of lattice constants c/a and the bond length d along the hexagonal axis (0001). This defines a parameter u via
the relation d = u c. For the ideal unstrained wurzite structure, one has u = 0.375. In spite of the fact that the
calculated structural parameters in Table 1 are close to this ideal ratio, the deviations from this ratio alter the valence
band splittings by more than 100%. The energy difference between the topmost valence bands at I' (crystal field
splitting) in unstrained GaN and AIN equals 35 meV and -211 meV, respectively, for the optimized values of u (Table
1) instead of 70 meV and -55 meV, respectively, as obtained with the ideal value u=3/8 (see also [15]). Thus,
accurate structural optimizations are mandatory for predicting fundamental optical transitions in these materials.

We now wish to discuss the band structure of strained nitrides. We have determined the parameters ¢ and u for both
small biaxial strain in the (0001) plane and hydrostatic strain as a function of the lateral lattice constant a. For these
types of strain, the strain tensor has only diagonal matrix components ey, = eyy=€//= alag—1,e,,=(clcy-1)(ag, C

o denote the equilibrium lattice constants). The present ab-initio calculations predict e,, = g e;;, with o equal to
-0.4567 (1.0143), -0.5719 (1.1922), and -0.7926 (1.1740) for GaN, AIN, and InN, respectively. The negative values

are for biaxial strain, whereas the positive ones in parenthesis are for the case of hydrostatic pressure.

3.2. Three-band k-p Hamiltonian for strained valence band edge energies

Our calculations confirm that all three studied compounds are indeed direct gap semiconductors in the wurtzite
structure with the fundamental gap located at the I point (k =0) [1]. The valence band edge states in the strained
wurzite structure near k=0 can be represented by a 6 x 6 k-p Hamiltonian [16]. Interestingly, this 6 x 6 matrix can be
diagonalized analytically for k = 0 and biaxial strain or hydrostatic pressure. The energy eigenvalues, relative to their
center of gravity, can be written in the form [17]

E(Mgy) = (13)(A1 +O(e)) + A2 1)

E+(T7y) = (1/6)(A1 + O(€)) + (L/2){-D5 £ (A1 + O(e) — A,)2 + 8A52)1/2} 2)
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O(e)=D3e,,+2Dy ey, (3)
where the constants D5 and D4 are deformation potentials and A, and Ag are spin-orbit coupling constants. In the
absence of spin-orbit interaction and for zero strain, one has E(I'g,) = E4(l'7,)=A1/3, E_(T'7,) =-2A1/3. Depending
on the sign of A4, the top of the valence band is formed by the E(I"g,) state (as in GaN, InN) or the E(I"7,) state (as in
AIN). Therefore, A4 is conventionally termed crystal-field splitting. Let us point out that we have set to zero the

average valence band energy since we are only interested in optical excitation energies. The term ©(e) represents
the strain dependence of the crystal field splitting. We also note that this k-p Hamiltonian neglects the influence of
strain on the spin-orbit coupling constants.

The shift of the conduction band edge at I' with strain is governed by two deformation potentials A; and Ay: E(I'7.) =
E(Fr;.;e=0)+A;e,,+2A, e, Because of the degeneracy of the valence band edge, it is more transparent to

measure this strain dependence relative to the center of gravity of the valence band rather than focusing directly on
the strain dependence of the gap.

3.3. Validity of linear strain approximation

We have used the results of the ab-initio calculations to determine the valence band parameters A; and deformation
potentials D; and A;. In order to determine A4 independently from A, , A and separate the strain and relativistic

effects from each other, we have also performed nonrelativistic pseudopotential calculations. We find that the
numerically determined valence band eigenvalues can be well represented in terms of the model discussed above,
provided the strain tensor elements lie in the range of |eij| < 0.01 for biaxial strain and |eij| < 0.04 for hydrostatic

deformation. In the case of larger biaxial strains, ©(e) shows pronounced nonlinearities. For biaxial strains between
0.01 and 0.04, the discrepancies between the numerical eigenvalues and the eigenvalues given in Equation 1-
Equation 3 stem from the nonlinear strain dependence of ©(e), whereas the spin-orbit interaction parameters are
independent of strain in this range.

For a given external biaxial or hydrostatic stress, the total energy minimization relates the strain tensor component e
;1o e, . In order to determine both pairs of deformation potentials D3,D4 and A4, Ao, therefore we have computed

(do(e)/de;)e =g and (dEgap(e)/de/ /)e =0 both for biaxial strain as well as for hydrostatic pressure. This gives, for each

set of deformation potentials, 2 linear equations for the 2 unknowns. One should notice however, that in the case of
small gap semiconductor as InN (in our LDA calculations the energy gap equals 0.1 eV in unstrained wurtzite InN)
the description of the valence band through the six band model is doubtful. Therefore, the determined valence
band parameters for InN have plausibly no physical meaning and they should be treated as formal parameters that
reproduce the theoretical valence band splittings and their derivatives with the strain.

3.4. Valence band parameters and deformation potentials

The predicted valence band parameters are summarized in Table 2. The strained valence band eigenvalues as
obtained from the full relativistic LDA calculations are depicted in Figure 1. We have compared them with the
energies obtained from the model Equation 1-Equation 3 with the parameters from Table 2. As discussed above,
the agreement between LDA calculations and the analytic expressions is excellent for moderate strains. For larger
strains the discrepancy increases, due to the nonlinearity of ©(e), but it remains acceptable for strains up to 3%. For
unstrained GaN, the present ab-initio calculations predict E('g,) —E("'7,) =8 meV (6 meV [7],[18], [19], [20]) and
E(Fgy)—E_(T'7y) =43 meV (22 meV [7], 18 meV [18], 28 meV [19], 24 meV [20]), in fair agreement with the

experimental data (in parenthesis) of thin GaN films.

Figure 1 reveals that the energetic ordering of the E(I"g,,) and E('7,,) states changes beyond some critical value of

biaxial strain. For GaN and InN, this occurs for 0.32% and 0.37% tensile strain, respectively, whereas in AIN a
compressive strain of 1.56% is required.

From the results given in Table 2, one can determine the strain dependence of the energy gap. We find dEgap/de//

=-6.1 eV (corresponding to 17.4 meV/GPa) for biaxial strain up to 0.32%, and -16 eV for tensile strain larger than
0.32%. This computed values agree very well with the experimental values -8.2 eV [7] and 2414 meV/GPa [21] for
compressive strain and -13 eV for tensile strain [7]. Additionally, we find very good agreement between the
predicted and experimental value of the band gap pressure coefficient in GaN, dEgap/dp =40.1 meV/GPa (exp: 41

meV/GPa [22], 42 meV/GPa [23]).
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In the case of InN, the spin-orbit coupling constants obtained in our pseudopotential calculations (A, = 3.9 meV and
A5 =5.5 meV) are only moderately smaller than spin-orbit splittings in AIN and GaN (see Table 1). Itis in contrast to
the recent all-electron calculations, which predict the value of the spin-orbit splitting Ag in the zincblende InN to be
3 meV [24] and 6 meV [25] (please note that in the cubic model of wurtzite structure A, = Az =Ag/3).

In summary, we have predicted the strain dependence of the valence band edge states of wurzite GaN and AIN. We
have developed an analytical model for these electronic energies that accurately reproduces the complex interplay
between spin-orbit and strain effects.
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Table 1

Table 1: Predicted structural parameters. Values in parentheses are experimental data from Ref. [2] (for ag and c),
Ref. [26] (ug), and Ref. [27] (B().
AIN GaN  InN
ap(A) 3.001 3.174 3.538
(3.111) (3.189) (3.544)
co®  4.954 5.169 5.707
(4.978) (5.185) (5.718)
Ug 0.3815 0.3768 0.3792
(0.382) (0.377) -
Bo(GPa) 205 196 146
(208) (237) (125)

Table 2

Table 2: Predicted valence band parameters and deformation potentials
AIN  GaN InN
Aq(meV) -210.7 35.3 27.8

Ay(meV) 6.6 5.3 3.9
Az(meV)6.7 6.7 5.5
D3 (eV) 9.18 6.61 4.77
Dy (eV) -4.10 -3.55 -1.32
A1 (eV) -10.50 -9.96 -4.71
Ay (eV) -9.75 -7.01-2.72
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Figure 1. Calculated valence band energies of GaN and AIN (in meV) at " as a function of biaxial strain e;;. The top

of the valence band is the zero of energy. The lines represent the energies of the analytical model from Equation
1-Equation 3 (full: E(T'g,,), dotted: E.(I'7,), dashed: E_(I";,))) with parameters from Table 2. The solid squares are

results of the relativistic LDA calculations.
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