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Stress is known to strongly alter the effective mass in semiconductors, changing the mobility of

carriers. Transport measurements on AlGaN/GaN heterostructures indicated a large increase in

mobility under tensile strain [M. Azize and T. Palacios, J. Appl. Phys. 108, 023707 (2010)]. Using

first-principles methods, we calculate the variation of electron effective mass in GaN and AlN

under hydrostatic and biaxial stress. Unexpected trends are found, which are explained within k � p
theory through a variation of the interband momentum matrix elements. The magnitude of the

effective-mass reduction is too small to explain the experimentally reported increase in mobility.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801520]

The electronic and transport properties of semiconduc-

tors can be significantly altered by applying stress. Carrier-

mobility enhancement with strain is well characterized in Si,

and this effect is exploited in the design of Si-based transis-

tors.1 Recent experiments on high electron mobility transis-

tors (HEMTs) based on AlGaN/GaN heterostructures

indicate an increase of 25% in sheet electron density, and an

enhancement as large as 20% in the electron mobility with

0.16% tensile strain under applied biaxial stress.2 The

authors speculated that the increase in mobility resulted from

a decrease in the electron effective mass due to strain. This

hypothesis motivated us to examine the variation of electron

effective mass with strain in GaN and AlN by performing

state-of-the-art first-principles calculations.

The effects of biaxial and hydrostatic stress on the band

gap and valence-band structure of III-nitrides have been

thoroughly investigated, but effects of stress on electron

effective mass have been scarcely explored. Gorczyca et al.3

used density functional theory (DFT) to study the variation

of effective mass with hydrostatic pressure in InN. Svane

et al.4 used quasiparticle calculations for GaN, but again

focused only on hydrostatic pressure.

Our present calculations are based on DFT using the

screened hybrid functional of Heyd, Scuseria, and Ernzerhof

(HSE),5,6 which provides a much more accurate description

of the electronic structure than traditional functionals. We

also provide an interpretation of our results in the context of

k � p theory, and show that the variation of the interband mo-

mentum matrix elements with strain needs to be taken into

account to produce accurate trends. Our approach illustrates

the power of combining first-principles DFT calculations

with semi-empirical k � p modeling.

The DFT-HSE calculations are performed using the

VASP code,7 implemented with projector augmented wave

(PAW) potentials.8 The Ga d electrons were frozen in the

core of the pseudopotential. Tests including the Ga d elec-

trons in the valence indicate that our conclusions remain

unaffected. The hybrid functional approach produces accu-

rate band structures and correctly captures the effects of

strain on the band structure of nitrides.9 We have found that

it also produces equilibrium effective mass in good agree-

ment with experiment10 and with quasiparticle G0W0

calculations11 (see Table I). We use an energy cutoff of

600 eV for the plane-wave basis set, a mixing parameter of

31% (percentage of Hartree-Fock exchange in the exchange-

correlation functional), and a mesh of 6� 6� 4 special k-

points for the integrations over the Brillouin zone of the

wurtzite primitive cell. The calculated band gaps and lattice

constants are in good agreement with experimental values.12

We have studied the variation of the band gap and elec-

tron effective mass in GaN and AlN under both hydrostatic

and in-plane (i.e., perpendicular to the c direction) biaxial

stress. We approximate hydrostatic stress by imposing

hydrostatic strain, i.e., changing the lattice parameters of the

wurtzite cell equally (�xx ¼ �yy ¼ �zz) and allowing the inter-

nal structural u parameter to fully relax. The c/a ratio of the

wurtzite structure slightly decreases with increasing hydro-

static stress,13 but the effect on the band gap is negligibly

small for the relatively small strains considered here.3 For

the case of biaxial stress, the in-plane lattice parameters

were changed equally, and the crystal was allowed to relax

in the c direction (�xx ¼ �yy 6¼ �zz). In this configuration, the

macroscopic theory of elasticity predicts that the strains

should be related by �zz ¼ �2ðC13=C33Þ�xx. Our calculated

values of �2C13=C33 (�0.564 for GaN and �0.571 for AlN)

are within the range of reported experimental values10

(�0.369 to �0.684 for GaN and �0.509 to �0.606 for AlN).

We determined the electron effective mass by analyzing

the calculated band structure near C along the A direction in

reciprocal space (mke , parallel to the c direction of the crystal)

and along the M and K directions (m?e , perpendicular to the c
direction), as indicated in Fig. 1. We found the electron effec-

tive mass in the M and K directions to be equal at zero strain

and to remain equal under the stress states explored here.

Figure 2 displays our results for the variation of band

gap under imposed strain. Hydrostatic stress causes the band

gap to increase linearly under compression, with a deforma-

tion potential ag ¼ dEg=dlnV of �8.31 eV for GaN and

�9.88 eV for AlN. These values fall within the range of

reported experimental10 and theoretical14 hydrostatic defor-

mation potentials: �7.8 to �11.8 eV for GaN and �7.1 to

�11.8 eV for AlN.10

For biaxial stress, the band gap also increases with com-

pression, but the ordering of the topmost valence-band states
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is now affected. The relevant valence bands near C, denoted

by their symmetry character,15 are the heavy hole, HH ðC9Þ
and light hole, LH ðC7Þ bands, and the crystal-field split-off

band, CF ðC7Þ. The HH and LH bands are degenerate

because spin-orbit interaction (which is very small in the

nitrides, 17.3 meV for GaN and 21.7 meV for AlN, Ref. 16)

is not included here.

For GaN, the HHðC9Þ and LHðC7Þ bands are highest in

energy under compressive strain. Under tensile biaxial stress,

the CFðC7Þ band becomes the highest-lying valence band.

This leads to a kink between the linear regions in the band-

gap-versus-strain plot [Fig. 2(a)], consistent with experimen-

tal observations.17 The variation of band gap with volume

(dEg=dlnV) for biaxial stress is �10.90 eV for the energy gap

between the CFðC7Þ valence band and the conduction band,

and �4.29 eV for the energy gap between the HHðC9Þ=
LHðC7Þ valence band and the conduction band. In unstrained

AlN, the highest energy band is the CFðC7Þ band, and it

remains the topmost valence band over the entire strain

range explored here (Fig. 2(b)], consistent with experimental

observations.18 For AlN under biaxial stress, dEg=dlnV
¼ �15:76 eV. Values of dEg=dlnV calculated here are

within 8% of the values derived from calculations in Ref. 9.

Figure 3 shows the variation of the electron effective

mass with strain in GaN and AlN. For the case of hydrostatic

stress, tensile strain causes the effective mass parallel and

perpendicular to the c direction to decrease linearly in both

GaN and AlN. The calculated variation of the effective mass

with volume (i.e., under hydrostatic stress) for GaN,

expressed as dlnm�=dlnV, is �1.7 for m?e and �1.8 for mke .

These values are in good agreement with those calculated by

Svane et al.4 using the quasiparticle, self-consistent GW
approach: �1.8 for m?e and �1.9 for mke . For AlN, we find

dlnm�=dlnV is �1.1 for m?e and �1.2 for mke . For the case of

biaxial stress, tensile strain causes m?e in GaN and AlN to

decrease at a similar rate as in the case of hydrostatic stress,

while mke increases with tensile strain.

We examine this unexpected variation of mke with strain

by employing the k � p formalism.19,20 For wurtzite III-

nitride materials, the k � p Hamiltonian is expanded in a basis

set that includes the conduction band and three highest va-

lence bands, resulting in an 8� 8 Hamiltonian matrix. Under

the quasi-cubic approximation and neglecting the effects of

other bands and spin-orbit coupling, the electron effective

mass in the k � p formalism can be expressed as20

m0

m
k
e

’ 1þ
Ek

Eg þ Dcr
; (1)

and

m0

m?e
’ 1þ E?

Eg
; (2)

FIG. 1. Brillouin zone of the wurtzite structure indicating high-symmetry

directions. Arrows denote directions along which effective mass were

calculated.

TABLE I. Equilibrium (zero-strain) electron effective mass parallel and per-

pendicular to the c direction in units of free electron mass compared to

selected literature values.

Direction Experiment (Ref. 10) G0W0 (Ref. 11) HSE (this work)

GaN mke 0.18–0.29 0.19 0.19

m?e 0.18–0.29 0.21 0.22

AlN mke 0.29–0.45 0.32 0.30

m?e 0.29–0.45 0.33 0.32

FIG. 2. Dependence of band gap on in-plane strain

for (a) GaN and (b) AlN under hydrostatic and biax-

ial stresses. The topmost valence band is specified.
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where Ek and E? are the so-called Kane parameters. These

are related to the interband momentum matrix elements as

follows: Ek ¼ 2
m0
jhCFjp̂kjCBij2 and E? ¼ 2

m0
jhHHjp̂?jCBij2

¼ 2
m0
jhLHjp̂?jCBij2, where CB denotes the conduction band

wave function.21 This model is usually applied by fitting the

Kane parameters to experimental or calculated data. Past

applications of the model have assumed that the Kane pa-

rameters are constant, i.e., that they do not depend on strain.

Here, we find that there is a distinct variation with strain, and

we explicitly determine the parameters by calculating the

momentum matrix elements between the wave functions for

the conduction band and the three highest valence bands at

different strains. The results are shown in Fig. 4.

In the case of hydrostatic stress, we find that the Kane

parameters vary only slightly as a function of strain; there-

fore, according to Eqs. (1) and (2), the change in effective

mass is dominated by the change in Eg, leading to the often-

invoked trend that effective mass decreases with decreasing

band gap (and thus with increasing hydrostatic stress,

Fig. 3). In the case of biaxial stress, however, the Kane

parameters change significantly with strain, with Ek and E?
exhibiting opposite trends. This explains the opposite behav-

ior in mke and m?e under biaxial stress, observed in Fig. 3.

Therefore, for k � p to correctly capture the strain depend-

ence of the effective mass in GaN and AlN, the effect of

strain on the momentum matrix elements must be taken into

account.

The calculated change in effective mass as a function

of strain can be used to estimate the effect of strain on the

electron mobility. For parabolic bands in the semiclassical

model of conduction, the in-plane conductivity is given

by22

r? ¼
ne2s
m?e

; (3)

where n is the number of carriers per unit volume and s is

the relaxation time, or the average time between scattering

events. The electron mobility is given by the relaxation time

divided by the effective mass. The in-plane mass, m?e ,

decreases with tensile strain at a rate of around 5% for a

FIG. 3. Dependence of effective mass on in-plane

strain for (a) GaN and (b) AlN, for hydrostatic as

well as biaxial stress. The parallel (mk) and in-plane

(m?) directions are indicated in Fig. 1.

FIG. 4. Dependence of Kane parameters on strain

for (a) GaN and (b) AlN under hydrostatic and biax-

ial stress.
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strain of �xx ¼ 0:01. If all other variables in Eq. (3) are kept

constant, this corresponds to an increase in mobility of less

than 1%, over an order of magnitude too small to explain the

increase in mobility reported in Ref. 2 based on measure-

ments of strained HEMTs. The variation in effective mass

with strain is clearly not the main contributor to the reported

change in mobility. Such an enhancement, therefore, would

require a substantial change in s due to strain effects on scat-

tering mechanisms in the two-dimensional electron gas. These

effects are beyond the scope of the present study.

In conclusion, we have systematically studied the effect

of strain on the effective mass of AlN and GaN using first-

principles techniques based on hybrid density functional

theory. Hydrostatic tensile stress causes a linear decrease of

both m?e and mke . Biaxial stress also results in a linearly

decreasing m?e , but mke increases linearly. An examination of

the 8� 8 k � p formalism shows that this behavior is caused

by the strain dependence of the momentum matrix element

between the valence and conduction bands, which is substan-

tial for biaxial stress states. Our results show that the change

of effective mass with stress cannot account for the changes

in mobility reported in Ref. 2.
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