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Ab initio phonon dispersions of wurtzite AIN, GaN, and InN
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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 AIN, 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.

[. INTRODUCTION phonon-dispersion curves for AIN have been calculated for
both the cubic and hexagonal crystal structdres.

The substantial potential of the group-Ill nitrides and their ~ As a result of the lack of experimental data, calculations
alloys for applications in optoelectronic and high speed debased on empirical models, which depend on parameters fit-
vices has attracted a great deal of interest. AIN, GaN, an¢ed to experimental data, cannot give an accurate description
InN have direct energy gaps which span a substantial rang€f the lattice dynamics and the predictive powerabfinitio
from the visible to the ultraviolet region of the spectrum. calculations is needed. In this paper, we preseraamitio
Consequently, their alloys have direct gaps that can be tunegudy of the phonon dispersions and the density of states for
to any value within this range simply by varying the alloy Wurtzite AIN, GaN, and InN using state-of-the-art density-
composition. This tunability offers many possibilities for de- functional perturbation theoy? This method has been used
vice engineering. In particular, InGaN alloys were used infor a large number of materials, including semiconductors,
the realization of light emitting diodes and laser diodes Opjnsulators and metals, and provides an excellent description
erating in the blue and UV spectral region. Under ambien®f the vibrational properties with an accuracy better than a
conditions, the Il nitrides crystallize in a hexagonal, wurtz- few percent of the calculated frequencies.
ite (2H) structure, although thin films having a cubic, zinc-
blende(3C) structure have also been grown. Il. METHOD

Properties of interest for device engineering and design,
such as electronic transport, nonradiative electron relaxation The calculations have been performed using density-
processes, lattice specific heat, etc., are strongly influencddnctional theory within the local-density approximation,
by phonon excitations. Furthermore, a number of nondeseparable norm-conserving pseudopotentials and a plane-
structive experimental techniques of sample characterizationyave basis-set with an energy cutoff of 65 Ry. The Perdew-
for instance, Raman spectroscopy or IR reflectivity, involveZunger parametrization of the exchange-correlation energy
phonon measurements. A characterization of the phonon digvas used. Nonlocal, norm-conserving pseudopotehitidfs
persions and densities of states for the group-lil nitrides isvere applied with the Kleinman-Bylander approagtour
therefore desirable. However, since it is very challenging tdGa pseudopotential includes the nonlinear core correction
grow single crystals of suitable size for neutron-scatteringNLCC) and permits an accurate description of the GaN
experiments, there are no experimental data for the phonosiructural and dynamical properties without the need for an
dispersions of these compounds. Only very recently have thexplicit treatment of the @ electrons:*** This is in agree-
phonon density of states for AIN and GaN been obtainednent with another work on the lattice dynamics of G@éf.
from time-of-flight neutron spectroscopy using bulk 16) in which accurate results were obtained using the NLCC
powders>? In addition, numerous studies of the zone-centerto treat the significant overlap of thed2lectrons with the
phonons in GaN and AIN films have been conducted usingalence states. To describe the In ions, we used a pseudopo-
Raman and IR spectroscopy. Due to the lack of latticetential that includes the di electrons as valence states and
matched substrates, these samples are affected by the higlas generated with the Troullier-Martins schethewe
density of defects and strain present in the films and it idound that the explicit treatment of Inddelectrons is neces-
therefore unclear how well these data represent the true bulkary for an accurate description of the lattice-dynamical
values. The least studied of the three nitrides is InN forproperties.
which there are only few Raman studfes. To calculate the integrals over the Brillouin zo(8Z),

To the best of our knowledge, there have been no theathe 12 special points of Chadi and Cofféwere chosen. We
retical studies of the phonons of InN. For wurtzite Gall, verified that the number of plane waves and the BZ sampling
initio calculations have been performed only for the zonewere sufficient to guarantee a convergence of 1 tfor the
center phonons, while the full phonon spectrum has beenalculated phonon frequencies.
calculated for the cubic zinc-blende structfirBinally, the We studied the lattice-dynamical properties using density-
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TABLE I. Equilibrium lattice parametera andc, c/a ratios, internal parameteusand bulk modulB,, for
wurtzite AIN, GaN, and InN, compared with experimental data and atbenitio calculations.

a C cda u By
A) A) (Mbar)
AIN This work 3.10 5.01 1.615 0.380 2.01
Theory? 3.08 4.95 1.604 0.381 2.05
Theory® 3.08 4.94 1.605 0.382 2.15
Experimenft 3.11 4.98 1.601 0.382 2.02
GaN This work(NLCC) 3.20 5.22 1.630 0.376 1.91
TheoryUI (NLCO) 3.14 511 1.626 0.377 2.15
Theory? (3d) 3.16 5.14 1.626 0.377 2.02
Experiment 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
Theory? (4d) 3.50 5.67 1.619 0.378 1.39
Experimenft 3.54 5.71 1.613 1.26, 1.39

3Pseudopotential, Wrighet al. Ref. 25.
bpseudopotential, Karcét al. Ref. 7.
‘Experimental data follow Ref. 25.
dpseudopotential, Karcét al. Ref. 6.

functional perturbation theoryDFPT) with which the dy- lar material the dynamical matrix is analytic in reciprocal
namical matrices at ang point in the BZ can be computed space and the interatomic force constants are short-range and
(see Ref. 9 for full details The dynamical matrices were negligible beyond a certain rang®,... In this case, the
calculated on a uniform grid in the unit cell of the reciprocal interatomic force constants can be obtained with a Fourier
space defined byqg;,,=(/L)G;+(M/M)G,+ (n/N)Gs3, transform of the dynamical matrix on a discrete mesh of
whereG,, G,, andG; are the reciprocal-space basis vectorsspacingAq<2mu/R,.c. The interatomic force constants so
and O<sI<L-1, 0=sm<M-—1, O=sn<N-—1. For a nonpo- obtained can be used to compute the dynamical matrices at

TABLE Il. The components of the Born effective charge tengbrand the dielectric tensa™, perpen-
dicular (L) and parallel [) to thec axis, and their average values.

Zl i z* € € &
AIN This work 2.70 2.85 2.75 5.17 5.36 5.23
Theory? 2.53 2.69 2.58 4.38 4.61 4.46
Theory® 2.67 3.91 3.77 3.86
Theory® 2.7C° 4.42 4.70 4,51
Experimenf 2.57 4.84
Experiment’ 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
Theory® 2.74 4.71 4.62 4.68
Theory® 2.7F 5.54 5.60 5.56
Experimenf 2.65 2.82 2.74 5.35
Experiment” 3.2+0.5 5.8-0.4
INN This work 2.78 2.96 2.84 7.61 7.96 7.73
Theory® 3.0% 7.27 6.94 7.16
Experiment’ 8.4

3Pseudopotential, Karcét al. Ref. 7.
bBLMTO, Christenseret al. Ref. 26.
‘Pseudopotential, Chest al. Ref. 27.
dpseudopotential, Shimaaa al. Ref. 28.

fPseudopotential, Bernardiat al. Ref. 29.

fRaman data, Sanjuriet al. Ref. 30.

9IR reflectivity, Collinset al. Ref. 31.
MIR reflectivity, Akasakiet al. Ref. 32.
iPseudopotental, Karakt al. Ref. 6.
IExperimental data from Ref. 33.
KExperimental data from Ref. 34.
'From refractive index Ref. 35.
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FIG. 1. Ab initio phonon dispersions and density of sta@®$S) for AIN, GaN, and InN in the wurtzite structure. The scales of phonon
frequencies in AIN, GaN, and InN are mainly determined by the masses of Al, Ga, and In, respectively. The discontinuity observed in the
optical-phonon dispersion &t (most obvious in AIN is due to the long-range nature of the Coulomb interaction in the polar IlI-nitrides, and
to the anisotropy of the wurtzite structure. It is shown in more detail in Fig. 2. Circles: Raman-scattering data from Refs. 4,5,38,40.

. o _ _ ) acter of the Coulomb force and has the well-known general
any arbitraryq point (i.e., even a point not contained in the foym-

original grid. Because of the polar character of the group Il
nitrides, the dynamical matri® (q) displays nonanalytic be- (9-2%).(q: Z;)B

. . . . - na _—_—mm—m
havior in the limitg— 0. It arises from the long-range char- Dsg ap(d—0)~ q-€°-q '
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TABLE lll. Zone-center phonon frequencies for wurtzite AIN, GaN, and InN in units of tm

E, B  A(TO) E«(TO) E} B!  A((LO)  E4(LO)
AIN This work 233 547 614 666 655 719 875 898
Theory? 619 677 893 918
Theory® 236 553 629 649 631 717
Theory® 610 710
Theory® 247 636 612 679 672 645
Experimenf 252 614 673 660 893 916
Experimenlf 241 607 660 924
GaN This work 138 334 550 572 574 690 733 737
Theory9 143 337 541 568 579 720 748 757
Theory® 150 330 537 555 558 677
Theory® 570 585
Theory 185 526 544 566 557 584
Experimenf' 145 533 561 570 735 742
InN This work 83 225 443 467 483 576 586 595
Experiment 495 596
Experiment 491 590

aDFPT, pseudopotential, Karat al. Ref. 7.

®Frozen phonon, full potential linear muffin-tin orbitdfP-LMTO), Gorczycaet al. Ref. 36.
°Frozen phonon, FP-LMTO, Kiret al. Ref. 37.

dFrozen phonon, pseudopotential, Shimatial. Ref. 28.

fRaman data, McNeiét al. Ref. 38.

fRaman data, Perliat al. Ref. 39.

9DFPT, pseudopotential, Karat al. Ref. 6.

"Raman data, Filippidist al. Ref. 40.

'Raman data, Kwoet al. Ref. 4.

IRaman data, Leet al. Ref. 5.

For GaN, the structural parameters obtained with the NLCC
the Born effective-charge tensor for the atenThis nonana- give the same degree of accuracy as those obtained with the
lyticity in reciprocal space would correspond to very long-d electrons in valence, in agreement with previous
range interatomic force constants in real space, which arivestigations:'®For InN, the NLCC overestimates the bulk
difficult to treat. Therefore, a term that contains the abovemodulus, and a pseudopotential with thet dlectrons in the
mentioned nonanalyticity is subtracted from the dynamicalalence is needed to have a more accurate description. We
matrices at each point in the grid. Fourier analysis of these attribute the major role played by thkelectrons in InN to
modified dynamical matrices provides the short-range contrithe fact that the é semicore electrons of In extend further
bution to the interatomic force constants. These short-ranggutside the core and have a larger overlap with the valence
interatomic force constants and the nonanalytic term caRtates than thedelectrons of Ga. Furthermore, thd 4lec-
then be used to compute the dynamical matrices at any arbjrons in the In atom are more resonant with tieee2ectrons
trary g point. Following Ref. 9, we used the nonanalytic term of N than the 3l in the Ga atom.
obtained from the Coulomb interaction of pointlike ions, To deal with the macroscopic electric field associated
generalized to take into account the anisotropy of the wurtzyjith the longitudinal optical modes and the related nonana-
ite structure. For a proper treatment of this term, only theytic behavior of the dynamical matrix &, we have calcu-
Born effective charges and the high-frequency dielectric tentated the dielectric tensors and the Born effective-charge ten-
sor are needed, both of which can be calculated within th%ors for AlN, GaN, and InN. The Componentsécf andzZ*
DFPT. We found that the gridMN)=(664), withGz par-  perpendicular () and parallel [) to thec axis are reported
allel to thec axis of wurtzite, provides a good description of jn Taple II together with their average values. The agreement
the short-range contribution to the interatomic force conyith the experimental data, which are scarce, and from
stants. samples with many defects, and with the other theoretical
values is good. Our values for the dielectric tensors in GaN
and AIN are about 8% larger than the experimental ones, as
expected on the basis of previous calculations for 1f2v,
The values of the calculated structural parameters are rékVI,2° and group IV (Ref. 9 semiconductors; it is well
ported in Table I. They are in good agreement with the exknown that the LDA approximation tends to overestimate the
perimental values and with the results of other calculationselectronic screening: We notice that the Born charges for

where €” is the high-frequency dielectric tensor a#d is

Ill. RESULTS AND DISCUSSION
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the llI-nitrides follow the same trend as the static ionicities, AT GaN InN
as measured by the charge asymmetry coefficiergy 800
=0.79, ggan=0.78, andg,,=0.85, indicating that InN has el
larger dynamical and static ionicities than AIN and GaN i
(which are similay. The screened effective char@é/\/e—*
does not follow the same trend as the static ionicity, but
increases in going from InN to AIN. This is becaugg is
similar in GaN and AIN but larger in InN, while” increases b 4
going from AIN to InN. E \mof‘ BT =
In Fig. 1, the calculated phonon-dispersion curves of AIN, ¢ ' so0 L a0 L

GaN, and InN in the wurtzite structure are shown along sev- 0 0 9
eral high symmetry lines in the BZ, together with the corre- ) _ _ _
sponding one-phonon density of staté80S). The fre- FI(_S. 2. Angular dispersion of the opt!cal-phonon modes in
quency scales for AN, GaN, and InN are mainly determined"U"Zt€¢ AIN, GaN, and InN al’. The anglef is the angle between

. . . the ¢ axis and the wave vecta—0. Experimental data are taken
by the masses of the cation species, Al, Ga, and In. Since t & m Refs. 4538 40
unit cell contains four atoms, there are 12 vibrational norma B
modes producing a complicated “spaghettilike” dispersion.
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modes are silent. Due to the macroscopic electric field asso-
_ _ ) ) _ ; iated with the atomic displacements of the longitudinal op-
irreducible representations have higher dimensions. For eXical phonons, thed; and E®) optical modes are each split

. . . . ’ 1
ample, along the directioliA (A line) there are only €ight i, | 5 and TO components. In particular, as a result of the
modes: four longitudinal modes belonging to the one-nisotropic nature of the wurtzite structure, these modes have
dimensional representatlomsl and_A4, a.nd four transversg an angular dependence. In Fig. 2 we show the angular dis-
m(c;gjes be(Ignglng to the two—dggwensm()gal representationgersion of the optical modes at thepoint; the angle? is the
Ag”andAg” (A=2A,+2A,+2A57+2A¢7). Atthe point  gngle between the axis and the wave vectar—0. Taking
A there are only four modes: two doubly degenerate longitupe angular dispersion of the TO modebwro(E;)
dinal modes, and two fourfold degenerate transverse modes. w1o(A1) ) w1o(E;) as a measure of the crystal anisotropy,

The acoustic-phonon branches are well separated from thge find 0.08 for AIN, 0.04 for GaN, and 0.05 for InN. AIN is
optical ones in all of the three materials, but the gap betweeg, ;s more anisotropic than GaN and InN.

the branches, clearly seen in the DOS, is larger in INN and The values of the phonon frequencieslatre given in

smaller in AIN, due to the different mass mismaiches be-rapje 1|1, The overall agreement between our results and the
tween the cations and the nitrogen. Another difference in th%xperimental data is good and within the typical accuracy of
phonon spectra is that the LO mod&e highest frequency pEpt calculations, namely 1-3%. For AIN and GaN, our

branch in AIN is more dispersive than in GaN and InN. This egits agree with previous calculations to within a few per-

is due to the larger LO-TO splitting of AIN. Defining the cent |nN'is the least studied of the three nitrides; to the best
relative splitting as @o— wro)/wro, We have for the f oyr knowledge there are no other phonon calculations and
E; (A;) mode: 0.350.43 in AIN, 0.29 (0.33 in GaN, and |y a few recent Raman measuremétits.

0.27(0.32 in InN. As can been seen in Fig. 1, in the wurtzite

nitrides there is no gap between the LO and TO phonon
branches whereas a gap is presertbnGaN andzb-AIN. &7

The lifetime of LO phonons can determine the hot-  \ye have performedib initio calculations of structural,
phonon effect’ which, for the case of GaAs, are known to gielectric and lattice-dynamical properties for AIN, GaN, and
play a central role in the relaxation of hot carriers on very|nN in the wurtzite structure. For GaN and AIN, we find
short time scales, and therefore, in device performancgyood agreement with previous calculations and the available
However, the decay processes of the LO phonons in the Illayperimental zone-center data. For the phonons of InN, these
nitrides are still poorly characterized. Our calculated phononyre the first theoretical results. They agree well with the re-
dispersions indicate that the three phonon process, namefent Raman data. The present calculations provide reliable
the decay of a zone-center LO phonon into two LA or TA yredictions of the full phonon dispersions of AIN, GaN, and
phonons of equal frequencies and opposite wave Vectors, [N and have allowed us to compare the properties of these
not possible in GaN and InN becausgo>2w ara OVerthe  three materials. The relative magnitudes of the phonon fre-
whole spectrum. This three-phonon process is usually an alyencies in these materials are predominantly determined by
lowed decay channel of LO phonons in other IlI-V semicon-the cation masses. Further, the relative mismatch between
ductors. In agreement with our results, time-resolved Ramaghe cation and nitrogen masses leads to a broadening of the
studies suggest that LO phonons in GaN decay primarily intgjap petween the optical and the acoustic branches as one
a large wave-vector TO and a large wave-vector LA or TAgoes from AIN to InN. The dispersion of the LO mode dis-
phonon, and not into two acoustic phondfs. plays the opposite behavior and decreases from AIN to InN,

A comparison with experiment is possible only at the\hich reflects the narrowing of the LO-TO splitting as one
zone center. For thE point (group symmetryCs,), group  proceeds down the column from Al to In. Finally, contrary to
theory predicts eight modes:A2+2B;+2E{)+2E%), of  most I11-V semiconductors, including AN, the three-phonon
which oneA, and oneE(lz) are both Raman active and infra- decay channel of the LO phonon into two L&A) phonons
red active; the tWCE(ZZ) are only Raman active; and tley ~ of same energy is not allowed in GaN and InN due to the fact

IV. SUMMARY
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