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Ab initio phonon dispersions of wurtzite AlN, GaN, and InN

Claudia Bungaro,* Krzysztof Rapcewicz, and J. Bernholc
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202

~Received 27 September 1999!

Phonon excitations play an important role in electronic transport, nonradiative electron-relaxation processes,
and other properties of interest for materials characterization, device engineering, and design. We have calcu-
lated the phonon dispersions and density of states for wurtzite AlN, GaN, and InN using state-of-the-art
density-functional perturbation theory. The calculations are in good agreement with the existing experimental
data for zone-center modes and predict the full phonon dispersions throughout the Brillouin zone. In particular,
it is found that the three-phonon decay of the LO phonon in two acoustic phonons is not allowed in GaN and
InN, since the LO frequency is much larger than the acoustic frequencies over the entire spectrum.
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I. INTRODUCTION

The substantial potential of the group-III nitrides and th
alloys for applications in optoelectronic and high speed
vices has attracted a great deal of interest. AlN, GaN,
InN have direct energy gaps which span a substantial ra
from the visible to the ultraviolet region of the spectrum
Consequently, their alloys have direct gaps that can be tu
to any value within this range simply by varying the allo
composition. This tunability offers many possibilities for d
vice engineering. In particular, InGaN alloys were used
the realization of light emitting diodes and laser diodes
erating in the blue and UV spectral region. Under ambi
conditions, the III nitrides crystallize in a hexagonal, wur
ite ~2H! structure, although thin films having a cubic, zin
blende~3C! structure have also been grown.1

Properties of interest for device engineering and des
such as electronic transport, nonradiative electron relaxa
processes, lattice specific heat, etc., are strongly influen
by phonon excitations. Furthermore, a number of non
structive experimental techniques of sample characteriza
for instance, Raman spectroscopy or IR reflectivity, invo
phonon measurements. A characterization of the phonon
persions and densities of states for the group-III nitrides
therefore desirable. However, since it is very challenging
grow single crystals of suitable size for neutron-scatter
experiments, there are no experimental data for the pho
dispersions of these compounds. Only very recently have
phonon density of states for AlN and GaN been obtain
from time-of-flight neutron spectroscopy using bu
powders.2,3 In addition, numerous studies of the zone-cen
phonons in GaN and AlN films have been conducted us
Raman and IR spectroscopy. Due to the lack of latti
matched substrates, these samples are affected by the
density of defects and strain present in the films and i
therefore unclear how well these data represent the true
values. The least studied of the three nitrides is InN
which there are only few Raman studies.4,5

To the best of our knowledge, there have been no th
retical studies of the phonons of InN. For wurtzite GaN,ab
initio calculations have been performed only for the zo
center phonons, while the full phonon spectrum has b
calculated for the cubic zinc-blende structure.6 Finally, the
PRB 610163-1829/2000/61~10!/6720~6!/$15.00
r
-
d
e,

.
ed

-
t

n,
n

ed
-
n,

is-
is
o
g
on
he
d

r
g
-
igh
s
lk
r

o-

-
n

phonon-dispersion curves for AlN have been calculated
both the cubic and hexagonal crystal structures.7

As a result of the lack of experimental data, calculatio
based on empirical models, which depend on parameters
ted to experimental data, cannot give an accurate descrip
of the lattice dynamics and the predictive power ofab initio
calculations is needed. In this paper, we present anab initio
study of the phonon dispersions and the density of states
wurtzite AlN, GaN, and InN using state-of-the-art densit
functional perturbation theory.8,9 This method has been use
for a large number of materials, including semiconducto
insulators and metals, and provides an excellent descrip
of the vibrational properties with an accuracy better tha
few percent of the calculated frequencies.

II. METHOD

The calculations have been performed using dens
functional theory within the local-density approximatio
separable norm-conserving pseudopotentials and a pl
wave basis-set with an energy cutoff of 65 Ry. The Perde
Zunger parametrization of the exchange-correlation ene
was used. Nonlocal, norm-conserving pseudopotentials10–12

were applied with the Kleinman-Bylander approach.13 Our
Ga pseudopotential includes the nonlinear core correc
~NLCC! and permits an accurate description of the G
structural and dynamical properties without the need for
explicit treatment of the 3d electrons.14,15 This is in agree-
ment with another work on the lattice dynamics of GaN~Ref.
16! in which accurate results were obtained using the NL
to treat the significant overlap of the 3d electrons with the
valence states. To describe the In ions, we used a pseud
tential that includes the 4d electrons as valence states a
was generated with the Troullier-Martins scheme.17 We
found that the explicit treatment of In 4d electrons is neces
sary for an accurate description of the lattice-dynami
properties.

To calculate the integrals over the Brillouin zone~BZ!,
the 12 special points of Chadi and Cohen18 were chosen. We
verified that the number of plane waves and the BZ samp
were sufficient to guarantee a convergence of 1 cm21 for the
calculated phonon frequencies.

We studied the lattice-dynamical properties using dens
6720 ©2000 The American Physical Society
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TABLE I. Equilibrium lattice parametersa andc, c/a ratios, internal parametersu and bulk moduliB0 for
wurtzite AlN, GaN, and InN, compared with experimental data and otherab initio calculations.

a c c/a u B0

~Å! ~Å! ~Mbar!

AlN This work 3.10 5.01 1.615 0.380 2.01
Theorya 3.08 4.95 1.604 0.381 2.05
Theoryb 3.08 4.94 1.605 0.382 2.15

Experimentc 3.11 4.98 1.601 0.382 2.02
GaN This work~NLCC! 3.20 5.22 1.630 0.376 1.91

Theoryd ~NLCC! 3.14 5.11 1.626 0.377 2.15
Theorya ~3d) 3.16 5.14 1.626 0.377 2.02
Experimentc 3.19 5.20 1.630 0.377 1.95, 2.37

InN This work ~4d) 3.48 5.64 1.620 0.378 1.44
This work ~NLCC! 3.55 5.79 1.630 0.375 1.62

Theorya (4d) 3.50 5.67 1.619 0.378 1.39
Experimentc 3.54 5.71 1.613 1.26, 1.39

aPseudopotential, Wrightet al. Ref. 25.
bPseudopotential, Karchet al. Ref. 7.
cExperimental data follow Ref. 25.
dPseudopotential, Karchet al. Ref. 6.
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functional perturbation theory~DFPT! with which the dy-
namical matrices at anyq point in the BZ can be compute
~see Ref. 9 for full details!. The dynamical matrices wer
calculated on a uniform grid in the unit cell of the reciproc
space defined byqlmn5( l /L)G11(m/M )G21(n/N)G3,
whereG1 , G2, andG3 are the reciprocal-space basis vecto
and 0< l ,L21, 0<m,M21, 0<n,N21. For a nonpo-
l

s

lar material the dynamical matrix is analytic in reciproc
space and the interatomic force constants are short-range
negligible beyond a certain rangeRmax. In this case, the
interatomic force constants can be obtained with a Fou
transform of the dynamical matrix on a discrete mesh
spacingDq<2p/Rmax. The interatomic force constants s
obtained can be used to compute the dynamical matrice
TABLE II. The components of the Born effective charge tensorZ* and the dielectric tensore`, perpen-
dicular (') and parallel (i) to thec axis, and their average values.

Z'
* Zi* Z* e'

` e i
` e`

AlN This work 2.70 2.85 2.75 5.17 5.36 5.23
Theorya 2.53 2.69 2.58 4.38 4.61 4.46
Theoryb 2.67d 3.91 3.77 3.86
Theoryc 2.70e 4.42 4.70 4.51

Experimentf 2.57 4.84g

Experimenth 4.68

GaN This work 2.69 2.86 2.75 6.11 6.38 6.20
Theoryi 2.60 2.74 2.65 5.21 5.41 5.28
Theoryb 2.74d 4.71 4.62 4.68
Theoryc 2.72e 5.54 5.60 5.56

Experimentl 2.65 2.82 2.74 5.35
Experimentm 3.260.5 5.860.4

InN This work 2.78 2.96 2.84 7.61 7.96 7.73
Theoryb 3.02e 7.27 6.94 7.16

Experimentn 8.4

aPseudopotential, Karchet al. Ref. 7. gIR reflectivity, Collinset al. Ref. 31.
bLMTO, Christensenet al. Ref. 26. hIR reflectivity, Akasakiet al. Ref. 32.
cPseudopotential, Chenet al. Ref. 27. iPseudopotental, Karchet al. Ref. 6.
dPseudopotential, Shimadaet al. Ref. 28. jExperimental data from Ref. 33.
ePseudopotential, Bernardiniet al. Ref. 29. kExperimental data from Ref. 34.
fRaman data, Sanjurjoet al. Ref. 30. lFrom refractive index Ref. 35.
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FIG. 1. Ab initio phonon dispersions and density of states~DOS! for AlN, GaN, and InN in the wurtzite structure. The scales of phon
frequencies in AlN, GaN, and InN are mainly determined by the masses of Al, Ga, and In, respectively. The discontinuity observe
optical-phonon dispersion atG ~most obvious in AlN! is due to the long-range nature of the Coulomb interaction in the polar III-nitrides,
to the anisotropy of the wurtzite structure. It is shown in more detail in Fig. 2. Circles: Raman-scattering data from Refs. 4,5,38,4
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any arbitraryq point ~i.e., even a point not contained in th
original grid!. Because of the polar character of the group
nitrides, the dynamical matrixD(q) displays nonanalytic be
havior in the limitq→0. It arises from the long-range cha
I

acter of the Coulomb force and has the well-known gene
form:

Dss8,ab
na

~q→0!;
~q•Zs* !a~q•Zs8

* !b

q•e`
•q

,
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TABLE III. Zone-center phonon frequencies for wurtzite AlN, GaN, and InN in units of cm21.

E2
l B1

l A1(TO) E1(TO) E2
h B1

h A1(LO) E1(LO)

AlN This work 233 547 614 666 655 719 875 898
Theorya 619 677 893 918
Theoryb 236 553 629 649 631 717
Theoryc 610 710
Theoryd 247 636 612 679 672 645

Experimente 252 614 673 660 893 916
Experimentf 241 607 660 924

GaN This work 138 334 550 572 574 690 733 737
Theoryg 143 337 541 568 579 720 748 757
Theoryb 150 330 537 555 558 677
Theoryc 570 585
Theoryd 185 526 544 566 557 584

Experimenth 145 533 561 570 735 742

InN This work 83 225 443 467 483 576 586 595
Experimenti 495 596
Experimentj 491 590

aDFPT, pseudopotential, Karchet al. Ref. 7.
bFrozen phonon, full potential linear muffin-tin orbital~FP-LMTO!, Gorczycaet al. Ref. 36.
cFrozen phonon, FP-LMTO, Kimet al. Ref. 37.
dFrozen phonon, pseudopotential, Shimadaet al. Ref. 28.
eRaman data, McNeilet al. Ref. 38.
fRaman data, Perlinet al. Ref. 39.
gDFPT, pseudopotential, Karchet al. Ref. 6.
hRaman data, Filippidiset al. Ref. 40.
iRaman data, Kwonet al. Ref. 4.
jRaman data, Leeet al. Ref. 5.
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wheree` is the high-frequency dielectric tensor andZs* is
the Born effective-charge tensor for the atoms. This nonana-
lyticity in reciprocal space would correspond to very lon
range interatomic force constants in real space, which
difficult to treat. Therefore, a term that contains the abo
mentioned nonanalyticity is subtracted from the dynami
matrices at eachq point in the grid. Fourier analysis of thes
modified dynamical matrices provides the short-range con
bution to the interatomic force constants. These short-ra
interatomic force constants and the nonanalytic term
then be used to compute the dynamical matrices at any a
trary q point. Following Ref. 9, we used the nonanalytic ter
obtained from the Coulomb interaction of pointlike ion
generalized to take into account the anisotropy of the wu
ite structure. For a proper treatment of this term, only
Born effective charges and the high-frequency dielectric t
sor are needed, both of which can be calculated within
DFPT. We found that the grid (LMN)5(664), withG3 par-
allel to thec axis of wurtzite, provides a good description
the short-range contribution to the interatomic force co
stants.

III. RESULTS AND DISCUSSION

The values of the calculated structural parameters are
ported in Table I. They are in good agreement with the
perimental values and with the results of other calculatio
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For GaN, the structural parameters obtained with the NL
give the same degree of accuracy as those obtained with
d electrons in valence, in agreement with previo
investigations.7,15 For InN, the NLCC overestimates the bu
modulus, and a pseudopotential with the 4d electrons in the
valence is needed to have a more accurate description.
attribute the major role played by thed electrons in InN to
the fact that the 4d semicore electrons of In extend furthe
outside the core and have a larger overlap with the vale
states than the 3d electrons of Ga. Furthermore, the 4d elec-
trons in the In atom are more resonant with the 2s electrons
of N than the 3d in the Ga atom.

To deal with the macroscopic electric field associa
with the longitudinal optical modes and the related nona
lytic behavior of the dynamical matrix atG, we have calcu-
lated the dielectric tensors and the Born effective-charge
sors for AlN, GaN, and InN. The components ofe` andZ*
perpendicular (') and parallel (i) to thec axis are reported
in Table II together with their average values. The agreem
with the experimental data, which are scarce, and fr
samples with many defects, and with the other theoret
values is good. Our values for the dielectric tensors in G
and AlN are about 8% larger than the experimental ones
expected on the basis of previous calculations for III-V19

II-VI, 20 and group IV ~Ref. 9! semiconductors; it is well
known that the LDA approximation tends to overestimate
electronic screening.21 We notice that the Born charges fo
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the III-nitrides follow the same trend as the static ionicitie
as measured by the charge asymmetry coefficients22 gAlN

50.79, gGaN50.78, andgInN50.85, indicating that InN has
larger dynamical and static ionicities than AlN and Ga
~which are similar!. The screened effective chargeZ* /Ae`

does not follow the same trend as the static ionicity,
increases in going from InN to AlN. This is becauseZ* is
similar in GaN and AlN but larger in InN, whilee` increases
going from AlN to InN.

In Fig. 1, the calculated phonon-dispersion curves of A
GaN, and InN in the wurtzite structure are shown along s
eral high symmetry lines in the BZ, together with the cor
sponding one-phonon density of states~DOS!. The fre-
quency scales for AlN, GaN, and InN are mainly determin
by the masses of the cation species, Al, Ga, and In. Since
unit cell contains four atoms, there are 12 vibrational norm
modes producing a complicated ‘‘spaghettilike’’ dispersio
The situation is simplified along those directions where
irreducible representations have higher dimensions. For
ample, along the directionGA (D line! there are only eight
modes: four longitudinal modes belonging to the on
dimensional representationsD1 andD4, and four transverse
modes belonging to the two-dimensional representati
D5

(2) andD6
(2) (D52D112D412D5

(2)12D6
(2)). At the point

A there are only four modes: two doubly degenerate long
dinal modes, and two fourfold degenerate transverse mo
The acoustic-phonon branches are well separated from
optical ones in all of the three materials, but the gap betw
the branches, clearly seen in the DOS, is larger in InN
smaller in AlN, due to the different mass mismatches
tween the cations and the nitrogen. Another difference in
phonon spectra is that the LO mode~the highest frequency
branch! in AlN is more dispersive than in GaN and InN. Th
is due to the larger LO-TO splitting of AlN. Defining th
relative splitting as (vLO2vTO)/vTO, we have for the
E1 (A1) mode: 0.35~0.43! in AlN, 0.29 ~0.33! in GaN, and
0.27~0.32! in InN. As can been seen in Fig. 1, in the wurtzi
nitrides there is no gap between the LO and TO phon
branches whereas a gap is present inzb-GaN andzb-AlN. 6,7

The lifetime of LO phonons can determine the ho
phonon effects23 which, for the case of GaAs, are known
play a central role in the relaxation of hot carriers on ve
short time scales, and therefore, in device performan
However, the decay processes of the LO phonons in the
nitrides are still poorly characterized. Our calculated phon
dispersions indicate that the three phonon process, nam
the decay of a zone-center LO phonon into two LA or T
phonons of equal frequencies and opposite wave vector
not possible in GaN and InN becausevLO.2vLA,TA over the
whole spectrum. This three-phonon process is usually an
lowed decay channel of LO phonons in other III-V semico
ductors. In agreement with our results, time-resolved Ram
studies suggest that LO phonons in GaN decay primarily
a large wave-vector TO and a large wave-vector LA or T
phonon, and not into two acoustic phonons.24

A comparison with experiment is possible only at t
zone center. For theG point ~group symmetryC6v), group
theory predicts eight modes: 2A112B112E1

(2)12E2
(2) , of

which oneA1 and oneE1
(2) are both Raman active and infra

red active; the twoE2
(2) are only Raman active; and theB1
,
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modes are silent. Due to the macroscopic electric field as
ciated with the atomic displacements of the longitudinal o
tical phonons, theA1 and E1

(2) optical modes are each spl
into LO and TO components. In particular, as a result of
anisotropic nature of the wurtzite structure, these modes h
an angular dependence. In Fig. 2 we show the angular
persion of the optical modes at theG point; the angleu is the
angle between thec axis and the wave vectorq→0. Taking
the angular dispersion of the TO modes,@vTO(E1)
2vTO(A1)#/vTO(E1) as a measure of the crystal anisotrop
we find 0.08 for AlN, 0.04 for GaN, and 0.05 for InN. AlN i
thus more anisotropic than GaN and InN.

The values of the phonon frequencies atG are given in
Table III. The overall agreement between our results and
experimental data is good and within the typical accuracy
DFPT calculations, namely 1–3%. For AlN and GaN, o
results agree with previous calculations to within a few p
cent. InN is the least studied of the three nitrides; to the b
of our knowledge there are no other phonon calculations
only a few recent Raman measurements.4,5

IV. SUMMARY

We have performedab initio calculations of structural,
dielectric and lattice-dynamical properties for AlN, GaN, a
InN in the wurtzite structure. For GaN and AlN, we fin
good agreement with previous calculations and the availa
experimental zone-center data. For the phonons of InN, th
are the first theoretical results. They agree well with the
cent Raman data. The present calculations provide relia
predictions of the full phonon dispersions of AlN, GaN, a
InN and have allowed us to compare the properties of th
three materials. The relative magnitudes of the phonon
quencies in these materials are predominantly determine
the cation masses. Further, the relative mismatch betw
the cation and nitrogen masses leads to a broadening o
gap between the optical and the acoustic branches as
goes from AlN to InN. The dispersion of the LO mode di
plays the opposite behavior and decreases from AlN to I
which reflects the narrowing of the LO-TO splitting as o
proceeds down the column from Al to In. Finally, contrary
most III-V semiconductors, including AlN, the three-phono
decay channel of the LO phonon into two LA~TA! phonons
of same energy is not allowed in GaN and InN due to the f

FIG. 2. Angular dispersion of the optical-phonon modes
wurtzite AlN, GaN, and InN atG. The angleu is the angle between
the c axis and the wave vectorq→0. Experimental data are take
from Refs. 4,5,38,40.
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that vLO.2vLA(TA) over the whole spectrum. This coul
affect the lifetime of the LO phonons and consequently
termine the hot-phonon related effects, which play an imp
tant role in the transport properties of hot carriers and in
performance of high-speed devices.
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