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Phonon density of states of bulk gallium nitride
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We report the measured phonon density of states of a bulk GaN powder by time-of-flight neutron
spectroscopy. The observed one-phonon excitation spectrum consists of two broad bands centered
at about 23 and 39 meV corresponding to the acoustic and the first group of optical phonons; two
sharp bands of upper optic modes at about 75 and 86 meV; and a gap of 45—-65 meV. The phonon
dispersion curves, lattice specific heat, and Debye temperature are calculated from fitting the data
with a rigid-ion model. ©1998 American Institute of Physid$S0003-695(98)02027-(

Recent advances in fabrication and commercialization ofsaN powders was reported by Balkas and DaVigleasure-
high-brightness blue and green light-emitting devices basethents of the full phonon DOS of GaN have not been re-
on gallium nitridé~* has renewed intense research of its bajported in the literature. Neutrons can probe phonon modes
sic properties. Semiconductor devices based on GaN, e.ghroughout the Brillouin zone. The method is not restricted
light-emitting diodes and diode lasers are expected to funcby selection rules and is relatively insensitive to small
tion more reliably, at higher powder and frequencies, and aamount of impurities. In this letter we report the determina-
elevated temperatures because of the stronger atomic bontibn of the phonon DOS of GaN obtained from time-of-flight
ing in the llI-V nitrides as compared to the II-IV analogs. neutron spectroscopy using a bulk powder. The satisfactory
Basic thermodynamic properties such as the lattice specifimterpretation of the data using a lattice-dynamic model per-
heat and thermal conductivity are important design factorsnits the calculation of the phonon dispersion curves and the
for the realization of current-injected laser diodes which maylattice specific heat.
have to accommodate a large threshold current density and About 50 g of GaN powder, synthesized by the reaction
consequently high heat generatfoRhonons are the primary of liquid gallium metal with flowing ammonia and described
excitations which influence the thermodynamic behaviorelsewheré/ was first characterized by conventional neutron
Therefore, a systematic characterization of the phonon dempowder diffraction at the Intense Pulsed Neutron Source
sity of stategDOS) and dispersion relations of binary nitride (IPNS) at Argonne National Laboratory. The powder pos-
semiconductors is highly desirable. sessed the single-phase wurtzite structure, space group

Gallium nitride usually crystallizes in the hexagonal P6;mc (at 297 K,a=3.1872(1) A,c=5.1818(1) A, atom
wurtzite structure at ambient pressure, although thin filmgositions a{(1/3, 2/3,u) and(1/3, 2/3,u+ 1/2) with u=0 for
having the cubic zinc-blende structure can also be grotvn. Ga andu=0.3772(2) for N and the Rietveld refinement
A variety of GaN single- and polycrystalline thin films have weightedR factor=9%) which is in good agreement with
been grown on sapphirextAl,O5), spinel (MgALO,), SiC,  the previously reported structut®® The phonon DOS mea-
and GaAs substrates as a result of the intense efforts regarsdrements were carried out using the high-resolution
ing the fabrication ofp—n junctions and heterostructures. medium-energy chopper spectrometer also at IPNS. The ex-
These films usually show misfit and threading dislocationgperimental procedure and method of deriving the neutron-
and other defect structures in the interfacial region due toveighted phonon DOS were given in previous reports of
lattice mismatch and within the bulk of the films, respec-studies of nitride materiaf€:>!
tively. Numerous studies of the zone-center optic phonons in ~ The four atoms in a primitive cell of GaN give rise to 12
GaN films have been conducted using Raman and infrareghonon branches. Previous Raman and IR studies focused
spectroscopy; 2> however, the question whether these dataonly on six Raman-activ&,, ESY, EZ), and 2A; modes,
represent the bulk properties remains. Information regardingnd four IR-activeE, and 2A; modes at the zone center.
the phonon dispersion relations is not available. The growttBrillouin-scattering studies were also applied to measure
of single crystals has been limited to rather small sizedong-wavelength acoustic phonoffs The phonon DOS,
(maximum mm in lengthowing to the high melting point which includes contributions from all the phonons over the
(~2800 K and high equilibrium pressuré~4 GPa of  entire Brillouin zone, provides the essential ingredient for the
nitrogen?6 Recently, an economically viable process routecalculations of various thermodynamic properties. Figure

for producing large quantities of high-purity, single-phasel(@ shows the observed neutron-weighted phonon DOS of
GaN at 8 K. It consists of a low-energy porti@@45 meV,

SElectronic mail: ckloong@anl.gov a h|gh-e_nergy_ portiori65—95 m%\), and a gap in between.
bpresent address: Sterling Semiconductor, Inc., 22660 Executive privd 1 meV is equivalent to 8-066_ cm). The tWC_) broad bands at
Suite 101, Sterling, VA 20166-9535. about 23 and 39 meV contain the acoustic phonons and the

0003-6951/98/73(1)/34/3/$15.00 34 © 1998 American Institute of Physics
Downloaded 16 Apr 2008 to 152.1.24.180. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 73, No. 1, 6 July 1998 Nipko et al. 35

21.5 . . . . . 5.260_....,.........,..._

g GaN 2 t GaN 00 0° E
g T-8K (a) g %oF B ;

© _ = 3 o © ]
o 1t E0 = 125 meV i = 40 : o © " ;
8 D E ]

S :"]:’ 30 _ Qsoo- _

505 ] 2 Tazo0 3
2 = 20 F o ;
o 8. : 600} -
;I J n 10F 50 . . 7

: 1 a- [P g L 500 4
z 0 $ ‘: ' ! } 8 3 II(_)C()OK) 1500 2000 ]
= 0 Vi PRI DS T S T NPT S S | M

D (b) % 0 500 1000 1500 2000
o] - 4
a T (K)

S

5 40 N FIG. 3. The calculatedline) and measuredopen circles lattice specific
E v 1 heat for GaN. The inset: the calculated temperature dependence of the De-
® 20 | | bye temperature.
‘I_- o,

05 20 A0 T80 8010020 motion takes part in the low-energy and high-energy portion
E (meV) of the DOS, respectively, in agreement with a recent analysis

FIG. 1. (a) Measuredopen circlesand calculatedlines) neutron-weighted of isotopic GaN Raman SpeCﬁ%‘The pOSI_tIOﬂS of Fhe zone-
DOS for GaN. The solid line denotes the sum of the one-phonon and twoC€Ntered phonons, in general, do not coincide with the peaks
phonon DOS and the dashed line denotes the two-phonon contrib@jon. of the DOS. This is due to the dispersion of the phonon
The partial and total phc_)npn DOS of GaN ca_lculated from the rigid-ion pranches across the zone—the peaks in the DOS include
model. The DOS of AIN is included for comparison. many unresolved critical frequencies at the zone boundaries.
The calculated lattice specific heat at constant volume,
first group of optic phonons, whereas, the two sharp bands a@,, of GaN is shown in Fig. 3. To the best of our knowl-
about 75 and 86 meV arise from the upper optic branchesdge, only one set of measured specific heat values at con-
The larger weight of the high-energy portion is due to thestant pressureC,, has been given in the compilation by
larger neutron scattering cross section of(NL.O1 barns, Barin® The reportecC,, which shows an almost linear de-
1 barn=100 fn?) than Ga(6.7 barng The uppermost six op- pendence with temperature over 300—1700 K, agrees with
tic modes can qualitatively be attributed to predominantly Nthe calculatedC, only qualitatively. The calculated Debye
vibrations, since the observed intensity is proportional to theemperature®, as a function of temperature is shown in
square of vibrational amplitudes of the atoms. the inset of Fig. 3. Théd at 0 K is 570 K, inexcellent
A quantitative interpretation of the neutron data was re-agreement with tha{~600 K) estimated by Slack and
alized by using a rigid-ion lattice-dynamic model. A success-co-workers>®
ful application of this method to the case of AIN has been  The present results permit a comparison with the bulk
described elsewhef8.The calculated neutron-weighted pho- properties of other binary wurtzite nitrides. In Figbl we
non DOS, shown in Fig. (&), reproduced all the main fea- compare the phonon DOS of GaN and AlNFirst, the
tures of the observed spectrum as well as the zone-cent@®ebye-like ~E? behavior extends to a higher energy30
mode frequencies from the optical data. Given the goodneV) in AIN than in GaN(~20 me\j. Phonons in this re-
agreement between the neutron results and the model, wgon are important to the low-temperature thermal conduc-
then calculated the true partial and total DOS as well as thévity. The more extensive Debye-like region of AIN implies
phonon dispersion curves along major symmetry directiong higher thermal conductivity of AIN at low
in the Brillouin zone, which are shown in Figs(bl and 2, temperatured’*® Second, AIN exhibits a somewhat higher
respectively. Our calculated phonon DOS of GaN differsone-phonon cut-off energy. The splitting of the two high-
considerably from that given by Azuhata and co-workers energy optic bands in GaN is more pronounced. This energy
who based their calculations solely on optical data. The parseparation originates in part from the macroscopic electric
tial DOS of Ga and N show that 93% of the Ga and Nfields generated by the net ionic charges which splits the
LO-like and TO-like phonond® Therefore, GaN is more

10ol_[10] K M [100] T [001]A ionic than AIN,. as also suggested by electronic band
calculations'® Third, @ (0 K) is larger for AIN (800 K)

< 80 1 + - than for GaN(560 K). These facts imply a higher microhard-
£ o — ness of AIN than GaN!

= | T 7 T ] Many key values of mechanical and thermal properties
S 40F + -+ =+ - of bulk GaN are lacking or more data are needed over a
w ol T 1 wider temperature range. The present neutron study provides

' an initial comparison of the phonon and thermodynamic

0 properties of GaN with other binary nitride semiconductors.
Reduced Wavevector
FIG. 2. The calculated phonon dispersion curves of GaN along the major ~ WWOrk performed at Argonne National Laboratory is sup-

symmetry directions. ported by the U.S. DOE-BES under Contract No. W-31-109-
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