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Thermal conduction in Al ,Ga;_,N alloys and thin films

Weili Liu and Alexander A. Balandin®
Nano-Device Laboratorg), Department of Electrical Engineering, University of California—Riverside,
Riverside, California 92521

(Received 8 November 2004; accepted 19 January 2005; published online 25 Margh 2005

We report on experimental and theoretical investigation of thermal conduction@gAIN alloys.

A focus of this study is on understanding the effect of the Al mass fractiand temperature on
thermal conductivity in AlGa,_,N thin films. The thermal conductivity of a set of Ma;_,N thin

films as well as a pure GaN sample was measured using the differeatig¢éinique in the
temperature range from 80 to 400 K. Application of the virtual-crystal model allowed us to elucidate
the strength of the mass-difference and strain-field-difference phonon scatteringsis AN alloy

system. The obtained thermal-conductivity temperature dependence indicates the high degree of
disorder in the system. The measured variation of the thermal conductivity with the Al fradgon

in good agreement with the theory predictions. The measured data and calculation procedure are
useful for evaluating the self-heating effect in@k; ,N/GaN heterostructure field-effect transistors

and for the device structure optimization. @005 American Institute of Physics

[DOI: 10.1063/1.1868876

. INTRODUCTION flicker noise suppression in Aba_N/GaN HFETS® In
conventional technologically important alloy systems, such
GaN and GaN-based IlI-V alloy semiconductors areas SjGe,_, and ALGa,_As, the variation of thermal conduc-
promising materials for the next generation of high-powertivity with the mass fractiorx has been systematically inves-
electronic, microwave, and optoelectronic devitéOne of tigated in every detall’”*° Despite their practical impor-
the important issues in further development of GaN hightance, no such studies have been reported fQG&AL,N
power technology is self-heatir?@? Self-heating in GaN- alloy system.
based field-effect transistot§ET9 can result in an abrupt In this paper we report on experimental and theoretical
increase of the local temperatErPeand lead to the drain- investigations of the dependence of the thermal conductivity
source current reduction, current gain dispersion, current cobf Al,Ga_N alloys and on Al mass fractior. The paper
lapse, and, possible, to a thermal-induced breakdown at volglso provides experimental details pertinent to our recent
age levels lower than theoretical predicted vdlddwus, it is letter®® which described a rather unusual temperature depen-
important to know the accurate values of thermal conductivdence of the thermal conductivity in &a,_,N thin films.
ity in GaN thin films and AJGa_N alloys used in fabrica- Our calculations are based on the virtual-crystal model while
tion of AlLGa_N/GaN heterostructure field-effect transis- experimental results are obtained using the differential 3
tors (HFETS. The role of the alloy scattering on thermal technique. The rest of the paper is organized as follows. In
conduction and the thermal-conductivity dependence on teriSec. I, we describe the virtual-crystal model and introduce
perature in AlGa, N films also need to be determined for Al,Ga;«N specific parameters such as atomic weight, atomic
accurate modeling of GaN FET performance. volume, Debye temperature, and relevant phonon-scattering
Several groups have reported investigation of the therterms. Section Ill presents details of the experimental mea-
mal conductivity in GaN film&™° The previous theoretical Surements of AlGa_ N thin films and GaN reference
studies of the thermal conductivity of bulk GaN, conductedsample, as well as comparison of the experimental and mod-
by Zou and co-workerd*? on the basis of the Callaway— €ling results. We give our conclusions in Sec. IV.
Klemens approach, have demonstrated that impurities and
dislocatio_ns can significantly redqce_thg thermal conductivity”_ THE VIRTUAL-CRYSTAL MODEL FOR AlGaN
of GaN films. There have been indications that the thermah| | oys
boundary resistance at the interface between GaN and sub-
strate materials is much larger than the predictions of the In this section we recast the virtual crystal model for
acoustic mismatch mod&l.A much less investigated prob- Al,GaN. Originally this approach has been used for
lem is thermal conduction in ABa_,N alloy system. SiGe-, and(Ga,In,As; alloys. In semiconductor crys-
Al,Ga;,N alloys are used as the barrier layer in GaN-basedals, heat is mostly carried by acoustic phonons. According to
HFETs. High-Al content barriers were proposed for increasthe measurements by Floreseual,”! in GaN with doping
ing the sheet carrier density in the device chatfi@land for ~ concentration around 18-10'® cm™, the electronic contri-
bution to thermal conductivity is about 1000 times smaller

dauthor to whom correspondence should be addressed; electronic maiF:han that of phonons. Thus, in this StUdy we limit ourselves

alexb@ee.ucr.edu to the lattice, i.e., phonon, thermal conductféiwithin fchis
P\web-site address: http:/ndl.ee.ucr.edu/ model, the alloys are assumed to be a random mixture of
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atoms, with different masses and elemental volumes, arx(dcy/M)Y2, combining this expression with E¢3) leads

ranged in a specific lattice. The basic idea of the virtual+to the following result:

crystal model is to replace the disordered lattice by the or- OMM2532 = 4 6)

dered virtual crystal with randomly distributed atoms of '

constituent materials. The acoustic phonons are scattered yherec is a parameter independent of temperafliren our

the disorder perturbations and the anharmonicity of the vircalculations, we assumeto be a constant determined from

tual crystal. Following this idea, we transform the disorderecthat of material parameters of GaN and AIN. The valuexof

Al,Ga, 4N alloy into the ordered virtual crystal with the vir- is then used to calculate the Debye temperature of the virtual

tual atomic weight, atomic volume, and lattice constants. crystal. The Gruneisen anharmonicity constans$ given by
The virtual atomic weighM is assumed to be the mass din

average of different components of the alloy. For the — y=-——. (7)
Al,Ga, N alloy, M can be written as din &°

M = XM + (1 = X)Mgans (1) Corgts)ining Eqs(6) and(7), we obtain for our case the value

y=0.o.
wherex is the mass fraction of AIN component in the alloy, The phonon thermal conductivity in Callaway’s approxi-
andM  andM g,y are the mean atomic weights of AIN and mation can be written 45
GaN components in the alloy, respectively. The virtual o [ kT\3 (0T e
atomic volume is given by Vegard'’s law through the equation g, = (—) f — (1 + —)dx, 8
P om0\ £ o (&= 1)27-c ™ ®

0=X3uN * (1 =X) dgan- (2
o o wherex and# are the Boltzmann constant and Planck con-
Here 6, the characteristic length scale of the lattice, is de-stant, respectively, while;'= 73!+ 7! is the combined relax-
fined as the cubic root of the virtual atomic volume. Theation time, obtained by Matthiessen summation of the resis-
characteristic length scalefy and 6gay Of AIN and GaN, tjve relaxation7z and normal scattering relaxatiog times.

respectively, are Consequently defined as the cubic roots Qjarameteﬁ is defined by the standard expression,
the mean atomic volumes of AIN and GaN components in

o/
the alloy. The elastic constanj, is proportional tog?/ 8% _ fﬁw x'e 7 dx/ fOT x'e (1 —E)idx.
0

whereq is the electronic charge. Key&sobtained the fol- 0 (= 1)27-_N (e-1)? ™/ TN
lowing correlation formula:

(9)

Cyd" = const, S In the disordered AlGa _,N bulk alloys and thin films, the
This formula is, in general, applicable to the group IV andp_oint—defect phonon-scattering rate is expected to be very
IV crystals. From this formula and from the known elastic Nigh, and one can safely assume thgt< 7y and 7.~7r.
constants and atomic volume of either GaN or AIN, and Etherefore, the thermal conductivity can be calculated using
(2), one can obtain the elastic constanjs of the virtual  the simplified equation,
crystal. Oncec”f are obtained, the acous.tic—phonon velocity [ kT\3 (9T e
can be determined by the elastic dynamics. For the wurtzite-  Kpn= 2o\ 7 m
structure AlGaN alloy, we can write the following expres- s 0
sions for the longitudinaby and transverser(vrp) sound  wherer'= 751+ 7 + 75t and 7p,7, andrg are the acoustic-
velocities: phonon relaxation times on point defects, in umklapp pro-
cesses, and in rough boundary scattering, respectively.

In the virtual-crystal model, the acoustic-phonon scatter-
ing by both impurities and alloy components can be catego-

Tedx, (10)

Y = VCii/paicans

Ur1 = \Cad PaiGans (4) rized as the point-defect scattering. The point-defect scatter-
/ ing relaxation time, calculated by Kleméfisfrom the
v, = V(€11 ~ C12)/2paiGan- perturbation theory, is
The nonuniformity of the Brillouin zone and corresponding Sl ST’ (11)

differences in the phonon velocities and cutoff frequencies ° 47’
among longitudinal and transverse branches cause the dis-

crepancy in various modef8 Assuming that the experimen- Wh;;? F:F‘gplfra”oyh's thte pomttr—]defectt sbc att.termgf] facttcr)]r,
tally measured Debye frequency is the average cutoff fre2Nd Himp and Laie, charactérize the contributions from the
purities and alloy disorder, respectively;,,, depends on

quency of all three acoustic branches, the correspondin . .
average phonon group velocity can be written as ﬁ?e doping density and the growth method. From the data

reported in the literatufé® we extract the values dfjp,
3 equal to 1.3 10™% and 3.2< 1074 for GaN and AIN, respec-
= m (5 tively. For AL Ga,_,N alloys,_ I'imp value may vary for differ-
ent samples. However, it is much smaller thag,, when
The Debye temperatur® of the virtual crystal can be cal- x# 0 or 1. Here we adopt a component weighl&g, for the
culated from the elastic constants. As derived in Ref.@6, Al,Ga_,N alloys and thin films,

v
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TABLE |. Material constants and parameters of GaN and AIN used in the 10° grewey v . w
model. % AN 3
S A
GaN AIN < 40 !
i |
Mean atomic weightamu Ga: 69.72, Al: 26.98, N: 14.0. g
Mean atomic volumécm?/mol) Ga: 11.8, Al: 10.0, N: 17.3. ‘5‘ &
Debye temperaturéK) 600 1150 -g 0y '!
Density (g/cn¥) 6.15 3.266 o ]
Elastic constant: a3 cy1: 390 cyy. 410 K]
£GP s o9 E w0} ¢ —-=Model: this work
12 12 2 4 « Experimental: Ref. [29]
Cy4 105 Caq 125 -
Lattice constantgA) ay: 3.189 ag: 3.122 1o m . ) .
Co: 5.186 Co: 4.982 1 10 100 1000
Temperature (K)
*The elastic constants of the virtual crystal can be calculated from either
those of GaN or AIN using Eq.3) described in the text.
(@
imp=Xain1.3X 1074+ (1 = xapy)3.2X 1074, (12)
10* T r
The I'yj0y parameter can be written as GaN
— 2 2
Latoy= 2 X[[(Mi = M)IMP +e[(5 - 9)/6F],  (13)
i

wherei is the index for components GaN or AIN. The first
term in the brackets is the mass-difference-induced scattering
factor and the second term is the one caused by the strain-
field difference. Conventionallys is considered as a phe-
nomenological parameter specific for given materials system.
We assume its value to le=39, similar to SiGe,_, alloy. A . .
posterior check by comparison with the results of our mea- 10 100
surements attests that it is a valid assumption. The umklapp Temperature (K)
scattering relaxation time in the high-temperature limit can

be written as™

s br )

VT M0 TN BT

~—-=Model: this work
» Experiment: Ref. [30]

Thermal Conductivity (W/mK)
50

(b

FIG. 1. Comparisons of the simulated thermal conductivities with the ex-
perimental data fofa) AIN and (b) GaN bulk crystals.

(14)

The boundary-scattering relaxation time is given in the Ca-
simir limit as ml:v/L, whereL is the dimension of the mum, is explained by the simplicity of the boundary-
sample. In our simulations we use=22 mm. This value is scattering term, which does not take into account the exact
estimated by fitting the peak position of our measuredshape of the sample or the surface quality. In the high-
temperature-dependent thermal conductivity of AIN bulktemperature region, where the boundary scattering plays a
crystal. Material properties, such as the atomic weights anchinor role, our calculations capture correctly the bulk
atomic volumes of Ga, Al, and N atoms, are taken from thephonon-scattering effects and predict the room temperature
Mendeleev’'s periodic table. Other parameters for wurtziteand the high-temperature thermal conductivity of GaN and
GaN and AIN crystals are taken from Ref. 32. The param-AIN crystals very well. In this work we are more interested
eters and constants used in the calculations are summarizadthermal conduction in AGa N alloys at the room tem-
in Table I. perature and above since that is the operation regime for
We have validated the virtual-crystal model for GaN FETs.
Al,Ga N alloys by first calculating the thermal conductivi- Figure 2 shows the simulated thermal conductivity as a
ties of pure GaN and AIN crystals and comparing them withfunction of temperature for the &ba _,N alloy with differ-
known experimental values. Figure@jland 1b) show the ent Al mass fractiorx=0.0, 0.1, 0.5, 0.9, and 1.0. A strong
calculated thermal conductivity of AIN and GaN crystals, reduction of the thermal conductivity due to the alloy scat-
respectively. The results are presented for a wide temperatutering, i.e., the mass and strain-field-difference scatterings, is
range. For comparison, we also indicated experimental dataearly seen in the figure. The reduction is observed over a
points from Refs. 29 and 30. One can see a good agreementde temperature range from about 10 K all the way to 800
in the absolute values and in the temperature dependenée The thermal conductivity is more sensitive to the variation
between the measured and calculated curves for AIN matesf the Al fraction at temperatures higher than 200 K, where
rial. The agreement is also good for GaN for temperatureshe point-defect and phonon-phonon scatterings are domi-
above 100 K. The discrepancy for GaN at the low-nant phonon relaxation processes. It can also be seen that the
temperature limit, around the thermal-conductivity maxi-strongest reduction of the thermal conductivity happens
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FIG. 2. Simulated thermal conductivity as a function of temperature for™IG. 3. Measured thermal conductivity of the sapplii,0;) substrate as
AlLGa N alloys withx=1.0, 0.9, 0.5, 0.1, and 0.0. a function of temperaturésolid squares For comparison, the data points

reported in Refs. 3%solid circles and 36(starg are also indicated.

when the Al or Ga mass fraction changes from 1.0 to 0.9. It
indicates that a small portion of alien atoms in host materiafrom the sample. A numerical program based on the analyti-
produces profound effect on the phonon scattering. Furthegal solution of the @ heat conduction model for a layered
addition of the alien atoms does not make such a big differmedium was developed to fit the experimental data and ob-
ence. tain the thermal conductivity. The fitting procedure for the
To completely validate the thermal-conductivity model frequency-dependent temperature rise is described
and chose materials parameters forGd, N alloys, it is  g|sewheré® To check the accuracy of the data reduction
required to carry out comparison with experimental reSU“Smethod, we also compared the measured thermal conductiv-
In Sec. Il we report on measurements of the thermal congy, of sapphire substrate with the values obtained by other
ductivity in a set of AlGa,,N films with differentx values oq0a chers. Figure 3 compares the thermal conductivity of
"’F”d a crystalline Gf”lN sample. The measurements were ¢ he sapphire substrate measured in this work with the values
ried out over the wide temperature range from 80 to 400 reported by other groupS:>®The comparison shows that the
using the & techmqu@. Sectlo_n lll describes th_e EXPEI e Values of the sapphire substrate and its temperature depen-
menta_l procedure and comparison of the experimental angence obtained in this work are in good agreement with the
modeling results. reported values. Some discrepancy at low temperature is at-
Il MEASUREMENT OF THERMAL CONDUCTIVITY IN trlbutgd to the.dlfferences in the stru_ctl_Jre qf the samples,
AlGaN ALLOYS examined by different groups. The variations in the tempera-
ture measurement techniques used by the two groups might
All investigated samples were grown anplane sap- also contribute to the discrepancy at low temperature. One
phire substrate by the modified hydride vapor-phase epitax¥nhould also take into account that, according to Ref. 36, the
(HVPE) technolog_yg.4 Five samples investigated in this study sapphire thermal conductivity af, direction (25 W/mK at
are 185 pm-thick pure GaN sample, Og@n-thick 599 k) is slightly higher than that of, direction(23 W/mK
GayohlogN, 0.6um-thick G Alo7N, 0.5um-thick ot 596 K. In our study, we neglect the small directional
Gay 3Alo6N, and 0.7um-thick Aly Gay eN alloy thin films. 5 igoro5y and report the value averaged over the two direc-

The Al mass fraction of the alloy films was inspected \.N'th tions. From this and several other test runs, the reliability of
x-ray diffraction. The pure GaN sample was coated with a

93-nm-thick SiQ layer by the plasma-enhanced chemical—Our experimental system is ver|f|ed_. . ,
vapor deposition(PECVD) to provide electrical insulation The measured therm_al conduct|_V|ty .Of allalioy films and
required for the @ measurements. A Si reference sample,GaI\I reference sample is shown n l_=|g. 4. The mea;ured
similarly coated with PECVD SiQlayer, was prepared for room-t_emperature thermal _cor_1duct|V|ty of the examined
data subtraction in the differentiaktechnique. The thick- 2N film is 125 W/mK, V‘éh'Ch is very close o the values
ness of the Si@layer was measured by the Gaertner LllGBreported by both Lotet al” and _Florescwt al” on lateral
Ellipsometer. The AGa,_N alloy samples were semi- epitaxy overgrowth(LEO) GaN film 3a7lth0ugh smaller than
insulating and no additional insulation layer was required. the bulk value reported by Slae al.” The measured tem-
On each sample, a jim-wide 3w heater thermometer Perature dependence of the thermal conductivity in GaN film
composed of Cf100 A)/Au (1200 A) was patterned by the is typical for bulk crystals. The latter suggests that the bulk
photolithography, followed by the-beam deposition and ac- Scattering processes, such as three-phonon umklapp and
etone lift-off. The 3» measurements were conducted inside apoint-defect scattering, are the dominant phonon relaxation
Janis ST-300 vacuum cryostat using the home-built experimechanisms in the sample. Some discrepancy in values ob-
mental setup in the temperature range from 80 to 400 K. Aained by different research groups is explained by variations
lock-in amplifier was used to provide the first harmonic inputin the material growth methods and sample quality. The ex-
power and collect the third harmonic temperature rise signalgacted temperature dependence of the thermal conductivity
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FIG. 4. Measured thermal conductivities of HVPE GaNgy/AGa oiN, FIG. 5. Thermal conductivity as a function of the Al mass fractiofor
AlgoGay 7N, AlgzGay N, and Ab ,Gay N thin films in the temperature  Al,Ga, N alloy system at 200, 300, and 400 K. The theoretical curves are
range from 80 to 400 K. calculated from the virtual-crystal model, the points indicate the measured

data. For comparison, the data points from Ref. 10 are also shown.

for GaN isK«T™9%7 |ts deviation from the 1T rule is ex- _

plained by the strong contribution of the point-defectWhenxincreases from 0.0 to about 0.1, followed by a gradu-

scatteringl.l’lz ate approaches to minimum. The minimum thermal conduc-
The measured thermal conductivities of the@d_,N tivity is achieved approximately att=0.6'. !:or the Al fraption

alloy films are much smaller than that of GaN film. A notice- 1arger than 0.9, the thermal conductivity starts to increase

able feature observed in our measurements was that the thé@Pidly, approaching the bulk AN crystal value. A similar

mal conductivity of the alloy films increases with tempera-{rénd was also observed in measurements reported in Ref.

ture in the investigated temperature range. Such temperatufd. although the absoluté values in that work were gener-

dependence is normally observed in amorphous or corm@llY smallgr t_ha_n those obtained in this study. Overall the

pletely disordered systeni&.The measured dependence is Pehavior is similar to that observed by Stohr and Klethm

similar to the one obtained for the polycrystalline AlGaN for the undoped {Ge,., alloy system. The differences

films® using the calculations based on the phonon-hoppin@r?_rdated to the absolute values and the position of the

transport model of Braginskgt al*° The observed thermal- Minimum.

conductivity reduction at low temperature can be attributed

to the boundary or interface scattering, which is important at

the submicron phonon transport regiftiés the thickness of IV. SUMMARY

the ALGa, N alloy samples is much smaller than that of_the We have investigated the thermal conductivity of the

GaN reference sample, the boundary-scattering effect is ey 55 N alloy films both experimentally and theoretically.

pected to be relatively strong at Iovy 'Femperature. Figure 4rpa thermal conductivity of a set of Aba_N thin films as

also shows that the thermal conductivity of the alloy system, .| 45 a pure GaN sample was measured using the differ-

generally decreases with the increasing Al content from 0.Qi4| 3, technique in the temperature range from 80 to 400
to 0.4. The strongest reduction of the thermal conductivity i +ha calculations of the thermal conductivity in,Sla_N
: X

the wide temperature range from 80 to 300 K happens wheg, thin films were performed using the virtual-crystal

the Al mass fraction changes from 0.0 to 0.09. This is iNp,qe| The measured variation of the thermal conductivity
agreement with our modeling results described in Sec. Il the Al fractionx is in good agreement with the theory
which |nd|c.ates that a small portion of Al atoms in the GaN e gictions. The measured thermal-conductivity temperature
host material produces profound effect on the phonon SCagependence indicates the high degree of disorder in the sys-
tering. . L tem. The room-temperature thermal conductivity varies in
In Fig. 5 we show the the_rmal conductivity in t_he the range from 25 to 55 W/mK when the Al mass fraction
AlGa,,N alloy system as a function (_)f the Al mass frac“?” changes from 0.4 to 0.1. The strongest variation of the ther-
x at 200, 3(_)0’ and 400 K. The theore_tlcal curves are obtainef,| conductivity is observed when the Al fraction changes in
from the virtual-crystal model described in Sec. Il and thethe range from 0.0 to 0.1 or from 0.9 to 1.0. The measured
data points are the measured results for the five samples. Th@, anq calculation procedure can be used for evaluating the
data points, reported by Dalgt al.™ for 300 K, are also o heating effect in AlGa,,N/GaN heterostructure field-

included in the figure for the direct comparison. It can beqttect transistors and for the device structure optimization.
seen that the measured thermal-conductivity values, except

those from the AJ,4Ga 7N thin film, are in reasonably

good agreement with the theoretical predictions in both theycxNOWLEDGMENTS

absolute values and the trend of dependence on the Al mass

fraction. The thermal-conductivity variation with the Al mass This work was supported by the ONR Young Investiga-
fraction, as demonstrated in both the theoretical curves antbr Award (A.A.B.) and the National Science Foundation
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