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Phonon excitations and related thermal properties of aluminum nitride
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(Received 9 January 1998

The phonon density of states of aluminum nitride was determined by time-of-flight neutron spectroscopy
using a polycrystalline sample. The observed phonon excitation spectrum consists of a broadband centered at
about 35 meV, a small gap in the 75—80 meV region, and two sharp bands at approximately 85 and 92 meV.
A rigid-ion model was applied to the interpretation of the data. After optimization, the model provided a
satisfactory description of the neutron results as well as the Raman and IR data, sound-velocity measurements,
and the lattice specific heat reported in the literature. The partial and total DOS and the phonon-dispersion
curves along major symmetry directions of the Brillouin zone were calculated, and the contribution of phonons
to the Debye behavior of the low-temperature thermal conductivity was discyS#b63-182808)00618-3

. INTRODUCTION sis of the phonon mode symmetiy;;t” although a full de-
scription of the five Raman-active phonons have been
The unique properties of aluminum nitride have held highreported recently by McNeil, Grimsditch, and FrertéiNo
promise of advanced technological applications. It has a theinformation regarding the phonon-dispersion relations is
mal conductivity comparable to most conductive metalsavailable. In this paper we report the determination of the
(e.g., A) and much greater than typical ceramiabout five ~phonon DOS of AIN obtained from time-of-flight neutron
times of that of aluming® Its high electrical resistivity, good Spectroscopy using a bulk powder. The satisfactory interpre-
dielectric strength, thermal-expansion coefficient closelytation of the data by a lattice-dynamic model permits the
matching that of silicon, and lack of toxicitgunlike BeO calculation of the phonon-dispersion curves and the compari-
are ideal for microelectronic substrate applicatidffensi-  son of the lattice specific heat with previous experimental
fied AIN has high strengtlia flexural strength equivalent to Vvalues.
aluming, high-temperature stability, and corrosion
r_esistancé.Therefore, AIN cerami(_:_components can poten- Il. EXPERIMENTAL DETAILS AND RESULTS
tially be used under extreme conditiosFurthermore, AIN
forms continuous alloy system with GaN and InN, exhibiting The neutron time-of-flight experiments were performed
tunable band gaps which are suitable for optical devices opdsing the High-Resolution Medium-Energy Chopper Spec-
erating at wavelengths over the red-to-ultraviolet redibn. trometer(HRMECS at the Intense Pulsed Neutron Source
Although AIN crystallizes in the hexagonal wurtzite (IPNS) of Argonne National Laboratory. With a neutron in-
structure which is the only stable phase at ambient pressureident energy Eg) of 150 meV, the HRMECS spectrometer
the growth of single crystals has been difficult primarily duewhich is equipped with wide-angle multidetector banks al-
to the high melting temperature and the decomposition of théows measurements of inelastic scattering over a wide range
material at temperatures approaching the melting foint. of momentum (AQ) and energy E) transfer: 4<Q
Only small (maximum mm size single crystals have been <12 A~!, 0<E<140 meV. The summation of data over
prepared thus far. A finely divided powder of AIN is rela- the wave vector§) that are of much larger magnitudes than
tively susceptible to hydrolysis, where AIN and water reactthe crystal Brillouin-zone dimension is essential to the mea-
to form aluminum hydroxide, ammonia, and h&aOnly  surement of the phonon DOS under the incoherent
until recently high-purity, pretreated water-resistant AIN approximation:>~?! The energy resolutioAE in full-width-
powders have become available commerciallynonmetals  at-half-maximum of the HRMECS spectrometer varies from
such as AIN phonons are the primary excitations which in-approximately 4% oE, in the elastic region to-2% near
fluence the thermodynamic and transport properties. Althe end of the neutron-energy-loss spectfdnihe powder
though phonons can be investigated using several expenvas contained in an aluminum planar cell mounted at a 45°
mental techniques including Raman, infrarélR), and angle to the incident neutron beam. Such a geometry de-
neutron spectroscopy. Only neutrons can probe phonoareases the neutron traverse length in the sampteZanm
modes throughout the Brillouin zone, and the method is nofor all detector angles—thereby reducing multiple-scattering
restricted by selection rules and is relatively insensitive tceffects. To suppress as much as possible multiple-phonon
small amount of impurities. Like other diamondlike materi- excitations, the samples were cooled& K for the experi-
als, the phonon frequencies of AIN are high 100 meV).  ments. Normal background scattering was subtracted from
Perhaps for these reasons a measurement of the full phontime data by using empty-container runs. Measurements of
density-of-stateDOS) has not been reported in the litera- elastic incoherent scattering from a vanadium standard pro-
ture, to our knowledge. The zone-center phonons obtainedided detector calibration and intensity normalization.
from Raman and IR measurements using small whisker crys- The AIN powders, acquired from Advanced Refractory
tals or films often do not favor a complete polarization analy-Technology, Inc., were first characterized by conventional
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cutoff energy of the one-phone spectrum is about 105 meV.
T T T The two-phonon contribution accounts for the slowly rising

AIN on : s
S0t HRMECS background with increasing energies, filling the gap and the
40 Eo = 150 meV region beyond the one-phonon cutoff. Higher-order multiple-
i T=8K phonon components are negligible because they appear

30 mainly at much higher energies.

20 lll. LATTICE-DYNAMICS CALCULATIONS

10 The lattice dynamics of the wurtzite structure has been
P Gy studied by many authofS-2*The group-theoretical analysis
o 5 05 20 of the phonon branches can be found in Ref;. 26 and 30-33,
E (meV) although the group notations vary among different authors.
The readers may refer to the work by Warren and
FIG. 1. Measuredopen circles and calculatedlines) neutron-  Worlton®*3*for the convention of symmetry labels as well as
weighted DOS for AIN. The solid line denotes the sum of thea computer listing of the irreducible representations of the
one-phonon and two-phonon DOS and the dashed line denotes tihonon modes along symmetry directions. The two formula
two-phonon contribution. units in a primitive cell result in 12-phonon branches. The
symmetry decomposition at the zone cenkerconsists of
neutron powder diffraction using the General Purpose Pow2A, + 2B, +2E,+2E, modes. Among the optic phonons,
der Diffractometer also at IPNS. The material was found tosjx modes E; + E2(1)+ E2(2)+ 2A,, are Raman active, and
consist of a single-phase wurtzite structure, space groufpur modesE,+2A; are IR active.
P6smc [at 297 K,a=3.112 A, c=4.980 A, atom positions A discrepancy of the order of 10% exists among the re-
at (1/3,2/3y) and (1/3,2/3)+1/2) withu=0 for Alandu  ported Raman and IR data probably due to the variation of
=0.382 for N, Rietveld refinement weight&ifactor=6%],  sample form and quality used by different researcfrer¥.
which is in good agreement with the previously reportedThe observed LO-TO splitting of the; modes from Raman
structure®®® The minimum average crystalline grain size and IR investigations is indicative of some ionic character of
was estimated to be-1.5um. Since AIN powder is some- the system. For example, from IR reflectivity measurements
what sensitive to moisture, the samples were stored in a dryf polycrystalline AIN films deposited on glassy carbon sub-
nitrogen atmosphere or kept under vacuum during experistrates, Akasaki and Hashimoto reported the dielectric con-
ments. stants ofe,=8.50 ande,.,=4.68 for the splitE; mode!!
The measured scattering functi®{Q,E) from a poly-  Therefore, the lattice-dynamical model for the phonons of
crystalline sample is effectively averaged over all crystallo-AIN has to account for the macroscopic electric field char-
graphic orientations. By summing the data over all observed@cteristic of Coulomb interactions between the ionic charges
Q values, a generalized phonon DOS can be obtained aes well as possible polarization of the outer electronic orbit-
cording td* als of the ions. These effects may be mimicked using the
shell model where a point-mass core representing a nucleus

o

Neutron-weighted Phonon DOS (arb. units)

G(E)= 2M MY E S(Q,E) and its core electrons is connected with harmonic forces to a
h? Q% n(E)+1 ' massless spherical shell representing the polarizable outer
electrons in additional to Coulomb interactiofislowever,
~M2 Cigi F.(E) (1) unless ample phonon data over the Brillouin zone are avail-
ToM T able, it is not possible to fully refine the shell model in terms

) of a large numbers of adjustable parameters. Even in the
wherec;, o7, M;, andF;(E) are the concentration, neutron- ayorable cases, the results of least-squares fits seldom repro-
scattering cross section, the mass, and partial phonon DOgyce the dielectric constants or provide physical insights into
respectively, for theath atomic speciegAl or N). M is &  the mechanism of electronic polarization or screening. A
mean sample mass(E) is the Bose-Einstein distribution rigid-ion model, on the other hand, allows Coulomb interac-
function, and(- --) represents the average over all obser@ed tjons petween the ions thereby providing to some extent the
values. The Debye-Waller facte (%) was estimated to proper LO-TO splitting of the zone-center phonons. How-
bee %%%” in the present case based on the diffraction dataever, by ignoring electronic polarizability, effectively assum-
It can be seen from Eq1l) that G(E) provides a measure of ing £,,=1, the number of adjustable parameters is greatly
the phonon DOS weighted by thgo; /M; factor, which is  reduced. Given that large single crystals of AIN are unavail-
often referred to as the neutron-weighted phonon density aible for neutron inelastic-scattering measurements of
states. phonon-dispersion curves, we resorted to the use of the rigid-

The observed phonon spectryoircles of AIN at 8 Kis  ion model to interpret the phonon DOS and optical data.
shown in Fig. 1. It can be seen that the acoustic phonons Based on the structural data from the powder diffraction,
extend up to about 30 meV, and the bands at about 35, 8%, rigid-ion model using the Born—von Kaan-type axially
and 92 meV arise mainly from optical-phonon branches. Thesymmetric forces was constructed for wurtzite AIN. Radial
solid line represents the calculated neutron-weighted phonoand tangential force constants for the nearé$iN) and the
spectrum based on a rigid-ion modseke the next sectipn  next-nearest-neighbofNNN) interactions of Al-Al, N-N,
There is a small gap in the DOS near the 70-75 region. Thand Al-N bonds were applied. The degree of ionicity of AIN
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TABLE |. The parameter set for the rigid-ion modél.and G TABLE II. A comparison of optical datdRef. 18 and sound

are the axially symmetric force constants for the radial and tangenvelocities(Ref. 42 with model calculation for AIN.

tial components, respectively.

Measured Model
Bond length F(r) G(r) frequency calculation
Bond type R (10° dyn/cnf)  (10° dyn/cnt) Mode (meV) (meV)
Al-N 1.889 206.0 2.3 A; (LO) 110.7 98.2
Al-N 1.903 194.0 5.0 A; (TO) 76.1 75.6
Al-Al 3.070 25.0 -1.0 B,? 92.4
N-N 3.070 18.0 —-4.0 B,! 70.2
Al-N 3.077 —-115 9.0 E, (LO) 113.6 104.7
Al-Al 3.110 8.5 0.0 E, (TO) 834 83.9
N-N 3.110 8.5 2.0 E,? 81.8 80.6
E,! 31.2 32.9
has been investigated by x-ray diffractfdri’ and by first- Measured Calculated
principles Hartree-Fock and electronic band calculatiris. velocity velocity
The effective charge in the units efassociated with an ion (km/s) (km/s)
was found to be between 1 and 2. For simplicity we fixed theVL 10.1 107
charges for Al and N ions to be- e and —e, respectively. 6.3 6.2

This scheme required a total of 14 parameters. The summa:
tion of the long-range Coulomb forces was performed using

the Ewald method. The dynamic matrix at thepoint was deficiency of the rigid-ion model. A comparison of the

block diagonalized using matrices constructed by th&nqqel calculations with the optical and sound velocity data
projection-operation method. This permitted the refinemenig given in Table 1.

of both the neutron and optical data. The setup of the dy-

namic matrix, the solution of the eigenvalue problem, and

the calculation of the phonon DOS were carrif%d out using the IV. DISCUSSION

computer progranGENAX written by Reichardt. . .
Trﬁ)e gogl o?the model calculat?/on is to provide a reason- 'Ifhe. heutron time-of-flight measurement of the phonon

able interpretation of the observed neutron-weighted phonoﬁxCltatlon spectrum of AN does hot corr_espond to the true

DOS, optical data, and some related thermodynamic prope bhonon DOS because the neutron intensity is scaled accord-

ties. First, the Raman frequencies of McNeil, Grimsditch Ing to the scattering cross sections of the Al and N nuclei.
and Fren(;iL? were fitted by the model to obtain ,values of an’The coherent scatter?ng cross sections of Al and N are 1.495
initial subset of force constants. The partial phonon Dos@nd 11.01 b, respectively (100 frrf). Therefore, the ob-

FA(E), and Fy(E), were computed by a root-sampling served neutron spectrum was weighted more favorable to the

method by which the frequency-distribution functions Werephonon modes which involve large N vibrational amplitudes.

summed over 10mesh points within the Brillouin zone. The Th|.s can be seen by_comparlng the obse_rved neutron-
neutron-weighted one-phonon D@FE) was calculated ac- weighted DOS(F|g..1) with the calculated pgrtlal and_ total
cording to Eq.(1) and convoluted with the resolution func- DOS convoluted with the HRMECS resolution function, as

tion HRMECS, and the two-phonon contribution was ob_sho_wn in Fig. 2 The phonon DOS belqw the gap arises
tained from a self-convolution of thé (E). The sum of the mglnly fmf“ Al V|brat|ons whereas the portion above the gap

one- and two-phonon contributions was then compared witﬁ”ﬁ%sérggl'glﬁafgg] ’r:lo\rqg:]a-lg?snsérsion curves along the maior
the measured spectrum. These steps were iterated until a sat-mmetr directior?s of the re%uced Brillouin zong are Ith-

isfactory agreement between the observed and calculated y P

spectrum was reached. This method did not aim for a deter-

mination of a unique parameter set which represents the ab- — 100 AiN ' T T T
solute minimum of residue)@) in the parameter spaéé. =

Instead, we looked for an internal consistence within the fol- 3 80 F

lowing criteria: (i) a reasonable scale between the NNand € | . -Al

NNN force constants(ii) a qualitative agreement with the L 60} -----¥otal

Raman and IR data as well as with the measured sound8
velocities*? and (iii ) a good agreement with the Debye tem- & 40
perature estimated from thermodynamic properties and with §

the measured lattice specific heat over a wide range of tem- § 20 | !“

peratures. The final parameter set, which are given in Table £ il

I, produced the neutron-weighted phonon DOS shown in Fig. 0l & =, - RN

1. The overall agreement with the above criteria is good. The 0 20 E ?r%eV) 80 100 120

model overestimated the intensities of the optical band near
85 meV (see Fig. ], probably due to an inadequate descrip- FIG. 2. The partial and total phonon DOS of AIN calculated
tion of the LO-TO splitting and dispersion which is a known from the rigid-ion model.
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FIG. 3. The calculated phonon-dispersion curves of AIN along 0 500 1000 1500 2000
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FIG. 4. The calculatedine) and measuretbpen circleglattice

. . . specific heat for AIN(see text The inset: the calculated tempera-
ted in Fig. 3 together with the true DOS. The two sharptupIre dependence of Ehe Deé?;t/e temperature. P

bands at about 85 and 92 meV arise from the six uppermost

optic modes which exhibit little dispersion. A narrow gap gcattering become the dominant processes. Diamond has the

separates these flat modes from the lower, more dispersiy§gnest thermal conductivity and hardness. The phonon DOS
branches. The broad peak centered~&85meV contains of diamond exhibits a Debye-like region extending to

many unresolved critical frequencies at the zone center and g5 mev and a cutoff energy of 165 meV4748 This re-
boundaries(van Hove singularitigs Below ~30 meV the  gyjts in a® (0 K) exceeding 2000 K and a maximum in the
DOS exhibits the Debye-like-E? dependence. The steep thermal conductivity aTo=100 K *>*°SiC has a Debye-like
longitudinal- and transverse-acoustic branches, and the hi%honon DOS up te-40 meV and a cutoff phonon-energy at
phonon cutoff frequency are consistent with the high hard-_ 130 mev5! The corresponding) (0 K) and T, are 1185
ness and mechanical strength of the material. and ~50 K, respectively® Diamond and SiC are generally
The lattice specific heat of AIN at constant volu@g of  regarded as covalent bonded substances. BeO is another
AIN was evaluated using the phonon DOS predicted by th&ytzite compound of high ionicity, and it has been consid-
rigid-ion model. Figure 4 shows the calculat€ and a greq as a substrate material despite its toxicity. Its phonon
comparison with the measured specific heat at constant preg;os shows a Debye-like region up 640 meV and a cutoff

sure C, 4r§ported. by Koshchenko, Grinberg, ~and gnergy of~105 meV, and it¥ (0 K) and T, are 1280 and
Demidenko:” The dilatation termC,—C,, at 1200 K is g K, respectivel)?.z‘“

estimated to amount te-1% corrections. The agreement is By contrast, the phonon DOS of CdS, which is a semi-

very good over the entire measured temperature range Up {nductor best known for its photoconduction of electricity,
about 1200 K. The calculated Debye temperal@ig¢ as @  pas g much different phonon DOS: a Debye-like region less

function of temperature is shown in the inset of Fig. 4. Theyhan 6 meV and a cutoff energy of only 40 meV. It has a
obtained®p, at 0 K of 800 K is inexcellent agreement with g (0 K) of 210 K and aT, of ~10 K.2"555 AIN has a

those(800-825 K estimated from specific-heat q&té% phonon DOS similar to those of BeO and SiC, and its ther-
AIN belongs to a class of diamondlikedamantinecom-  ma| conductivity peaks af ;=45 K. Therefore, aluminum
pounds of which the thermodynamic properties such as theljyrige possesses the microscopic and macroscopic properties

mal conductivity and thermal expansion are important facyhat are desirable for wide-bandgap semiconducting devices
tors relevant to the design of high-performance electromcéapaue of operating at elevated temperatures.

pa_ckaging. For substrate app_lication, hig_h thermal conduc- |, summary, we have measured the phonon DOS of an
tivity _and low thermal expansion are dgswable. In the adan N powder by time-of-flight neutron spectroscopy. A rigid-

mantine compounds each atom is coordinated by four nearegfn model was applied to the interpretation of the lattice-
neighbors forming a tetrahedron. It is of interest to compargyynamical and thermodynamic data. After optimization, a set
the thermal conductivity and the corresponding phonon DOy parameters was obtained which permitted a quantitative
of these materials. We discuss only the qualitative featureﬁnderstanding of the phonon excitation spectrum, the optical

because the absoIL_Jte co_nductivity depends critically on thgata and the lattice specific heat over a wide range of tem-
microstructure and impurity level of the materfar*® At low peratures.

temperatures the major limitation of heat conduction by
phonons is scattering by external boundariesy., domain
size of a powder or sample dimensions of a single crystal
This gives rise to a- T2 behavior of the thermal conductiv- Work performed at Argonne National Laboratory is sup-
ity at low temperatures. In a typical log-log plot the thermal ported by the U.S. DOE-BES under Contract No. W-31-109-
conductivity increases linearly, reaching a maximum at e&ENG-38. We are grateful to W. Reichardt for providing the
characteristic temperaturg,, and then decreases with in- GENAX computer program for the lattice-dynamical calcula-
creasing temperature as phonon-phonon and phonon-defeains.
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