
JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 5 1 SEPTEMBER 2002
Thermal conductivity of GaN films: Effects of impurities and dislocations
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We report details of the calculation of the lattice thermal conductivityk in wurtzite GaN. Numerical
simulations are performed forn-type wurtzite GaN with different density of silicon dopants, point
defects and threading dislocations. Using the material specific model we verified the experimentally
observed linear decrease of the room-temperature thermal conductivity with the logarithm of the
carrier densityn. The decrease was attributed mostly to the increased phonon relaxation on dopants.
Our calculations show that the increase in the doping density from 1017 to 1018 cm23 leads to about
a factor of 2 decrease in thermal conductivity from 1.77 W/cm K to 0.86 W/cm K. We have also
established that the room-temperature thermal conductivity in GaN can be limited by dislocations
when their density is high, e.g.,ND.1010 cm22. The obtained results are in good agreement with
experimental data. The developed calculation procedure can be used for accurate simulation of
self-heating effects in GaN-based devices. ©2002 American Institute of Physics.
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I. INTRODUCTION

Proposed applications of GaN-based devices as lase
odes, microwave power sources and ultrahigh pow
switches rely heavily on the possibility of removing hig
density of excess heat from the device active area. S
heating strongly affects the performance of high-pow
AlGaN/GaN heterostructure field-effect transistors and
devices.1,2 Different methods of effective heat dissipatio
such as flip-chip bonding or substrate removal, have b
envisioned for GaN-based devices.3 The material of an active
layer and the substrate material generally determine the t
mal resistance of the device structure. Thus, it is importan
know the accurate values of the thermal conductivity of c
responding materials and their dependence on doping de
ties and dislocation concentration in order to perform h
spreading simulations and obtain thermal constrains on
device design.

The first measurements of the thermal conductivityk of
GaN films grown by hydride vapor phase epitaxy reveale
rather low value of about 1.3 W/cm K at room temperatur4

More recently, using the scanning thermal microscopy te
nique, Florescuet al.5 determined that the thermal condu
tivity of the GaN films fabricated by the lateral epitaxi
overgrowth ~LEO! is about 1.7–1.8 W/cm K. For som
samples the thermal conductivity value reachesk52.1
W/cm K on the stripe regions characterized by lower dis
cation density. The latter value is much higher than tha
between stripes, e.g., in the vicinity of the SiNx mask, where
the density of dislocations and impurities is very high. F

a!Author to whom correspondence should be addressed; electronic
alexb@ee.ucr.edu

b!Present address: Emcore Corporation, 145 Belmont Drive, Somerse
08873.
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rescu et al.6 have also reported the thermal conductiv
measurements at room temperature on GaN/sapphire~0001!
samples fabricated by hybrid vapor phase epitaxy~HVPE!.
In this work thermal conductivity was measured as a fu
tion of carrier concentration. For all sets of examin
samples, it was found that thermal conductivity decrea
linearly with log n: about a factor of 2 decrease ink for
every decade increase in the carrier densityn. One should
mention here that the observed decrease is most likely
due to increased phonon-carrier scattering but rather du
the increased scattering of phonons on dopants. Ano
group has also reported the room-temperature thermal
ductivity of LEO GaN films to be in excess ofk51.55
W/cm K.7

In our recent letter8 we have demonstrated that the di
crepancy between early GaN thermal conductivity data4 and
new results obtained for LEO5,7 and HVPE6 samples can be
attributed to phonon scattering on dislocations and point
fects. Moreover, we were able to correlate the experiment
observed difference in the thermal conductivity values
the stripe and seam lines in LEO samples with the differe
in the dislocation density in the stripe and seam regions.8 In
this paper we report details of our calculation and exam
the effects of doping and impurities on the thermal cond
tivity. At the end we compare our numerical results wi
experimental data fork dependence on carrier concentrati
reported in Ref. 6.

The rest of the paper is organized as follows. In the n
section we present details of the theoretical model where
include scattering mechanisms specific for GaN. In Sec.
we describe impurities characteristic for GaN, provi
numerical results for the thermal conductivity and co
pare them with experimental data. Conclusions are gi
in Sec. IV.

il:

NJ
4 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



p
en

n

fo
lit
tio
re
m

i
uc

to

e
re

tiv
g
ry

s

-
l
,

tiv
th
t

-
on
ra

at

ive

o

n-
c-

nd

t-
e the

ci-

ial
ma-
eat
en-
im-
city

d
cat-

or
tter-

they
m-
re-

gh

I
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II. MODEL

Among known possible crystal structures for the grou
III nitrides, the thermodynamically stable one under ambi
conditions is wurtzite~hexagonal! structure. In wurtzite
GaN, to which we restrict our analysis, the lattice consta
at room temperature area53.189 Å andc55.185 Å. One
should note here thatwe do not use fitting parametersin our
simulation. Instead, we calculate thermal conductivity
different sets of material parameters reported for GaN in
erature. The calculation is based on the phonon relaxa
rates found from the perturbation theory. Our simulation
sults are then compared with available experimental ther
conductivity data.

A. Lattice thermal conductivity

In technologically important semiconductors, the dom
nant contribution to the room-temperature thermal cond
tivity comes from acoustic phonons.9 Florescuet al.6 experi-
mentally determined that the electronic contribution
thermal conductivity in GaN is aboutke;1.531023

W/cm K which isthree ordersof magnitude smaller than th
typical value of the lattice thermal conductivity. Thus, he
we neglect the electronic contribution to thermal conduc
ity. We base our calculations on Callaway’s phenomenolo
cal theory10 and Klemens’ second-order perturbation theo
formulas for phonon scattering rates.11 In Callaway’s formu-
lation the lattice thermal conductivity involves two term
k 5 k11k2, wherek1 andk2 are given by

k15S kB

\ D 3 kB

2p2v
T3E

0

uD /T tCx4ex

~ex21!2
dx, ~1!

k25S kB

\ D 3 kB

2p2v
T3

H E
0

uD /T

~tC /tN!x4ex~ex21!22dxJ 2

E
0

uD /T

tC /~tNtR!%x4ex~ex21!22dx

.

~2!

Here, kB is the Boltzmann’s constant,\ is the Plank con-
stant,T is absolute temperature,v is an average sound ve
locity, tN[tN(x)@tR[tR(x)# is relaxation time in norma
~resistive! processes,tC[tC(x) is combined relaxation time
v is the phonon frequency, andx5\v/kBT. This model as-
sumes Debye-like phonon density of states, one effec
acoustic-phonon dispersion branch, and the additivity of
relaxation rates for independent scattering processes, so
tC

215tR
211tN

21. Here tR includes relaxation in three
phonon Umklapp processes, point defects, and dislocati
The relaxation rates in normal processes become compa
to those in resistive processes~tN'tR! only in very pure,
defect-free samples. In GaN films the concentration of st
imperfections~point defects, vacancies, dislocations, etc.! is
very high which leads to the total dominance of resist
processes and the conditiontN .. tR so thattC'tR and
k ' k1.

In real crystals, the sound velocityv ~q! depends on the
direction and magnitude of the phonon wave vectorq, and is
specific to a given phonon polarization type. In the spirit
Downloaded 19 Aug 2002 to 138.23.167.22. Redistribution subject to A
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Callaway’s formulation, we use a single-branch polarizatio
averaged velocityv along a specified crystallographic dire
tion

v5F1

3 S 1

vT,1
1

1

vT,2
1

1

vL
D G21

, ~3!

wherevL andvT,1,2 are the longitudinal and transverse sou
velocities, respectively. Along@001# direction, which corre-
sponds to@0001# four-axes notation used for hexagonal la
tice, two transverse branches are degenerate and hav
same velocity given byvT,15vT,25vT5(C44/r)1/2; the lon-
gitudinal velocity is defined asvL5(C33/r)1/2. Along @100#
direction, two transverse polarizations have different velo
ties given by vT5(C44/r)1/2 and vT5@(C112C12)/r#1/2.
Here, Ci , j are the elastic constants of the crystal. Mater
parameters extracted from Ref. 12 and Ref. 14 are sum
rized in Table I. In cases, when dislocation lines and h
flux are considered to be strictly oriented and mutual ori
tation of dislocation lines and a temperature gradient are
portant, one can use general formulas for the sound velo
given by Deguchiet al.13

B. Phonon relaxation rates

In Callaway and Klemens’ formulation, the combine
relaxation rate can be written as a sum of the resistive s
tering probabilities 1/tC'1/tR5S i1/t i , wheret i represents
relaxation times relevant to a given material system. F
GaN the important relaxation processes are Umklapp sca
ing ~tU!, point defect~impurity atoms and vacancies only!
scattering~tP!, and scattering on dislocations~tD!. We do
not include isotope and boundary scattering rates since
are important for extremely pure samples or at very low te
perature. From the second-order perturbation theory, the
laxation time for three-phonon Umklapp scattering at hi
temperature~T5300 K and above! is given by15

1

tU
52g2

kBT

mV0

v2

vD
, ~4!

whereg is the Gruneisen anharmonicity parameter,m is the
shear modulus,V0 is the volume per atom, andvD is the
Debye frequency. The shear modulusm in Eq. ~4! is related

TABLE I. Material parameters in GaN.

Material parameters Set I Set I

Lattice constant
Lattice constant
Volume per atom
Gruneisen parameter
Density
Longitudinal elastic constant
Transverse elastic constant
Shear modulus
Longitudinal sound velocity
Transverse sound velocity
Polarization averaged velocity
Debye temperature

a ~Å!
c ~Å!

V0 ~Å 3!
g

r ~kg/m3!
CL (GPa!
CT ~GPa!
m ~GPa!
vL ~m/s!
vT ~m/s!
v ~m/s!
uD ~K!

3.189a

5.185a

11.42
0.74b

6150a

265
44.2
44.2
6560
2680
3338
1058a

3.189a

5.185a

11.42
0.74b

6150a

398
105
105
8040
4130
4929
1058a

aFrom Ref. 12.
bFrom Ref. 23.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2536 J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 Zou et al.
to the transverse sound velocity throughm5vT
2
•r. The unit

volumeV0 for wurtzite GaN is given byV05A3a2c/8.16

The phonon relaxation on point defects can be writ
as11

1

tP
5

V0Gv4

4pv3
, ~5!

whereG is the measure of the strength of the point def
scattering. In our letter8 we assumed for simplicity that th
point defect scattering is only due to the difference in m
of substitutional foreign atoms. Here we retain a second t
given in the original Klemens’ formulation,17 which is due to
scattering of phonons by an elastic strain field of a po
defect. The mass of an impurity atom is well known, but t
local displacement in the host latticeDR ~5 R̄2Ri! is usu-
ally not. Following Ref. 17 we estimateDR by assuming that
the interionic distances are the sum of the ionic radii, so t
the value ofDR is the difference between the radii of th
impurity Ri and host ions. Thus, the strength of the po
defect scattering is given by17,18

G5(
i

f iF S 12
Mi

M̄
D 2

12H 6.4gS 12
Ri

R̄
D J 2G . ~6!

Here f i is the fractional concentration of the impurity atom
Mi is the mass of theith impurity atom or defect,M̄
5( i f iM i is the average atomic mass,Ri is the Pauling ionic
radius of theith impurity atom or defect,R̄5( i f iRi is the
average radius. Characteristic residual impurities and dop
atoms that were used for calculation of the point-defect s
tering term are discussed in the next section.

Due to their large lattice mismatch, heteroepitaxy
GaN on sapphire or SiC substrates results in films with ty
cally large threading dislocation density of about 108 cm22 –
1011 cm22,19–21 although some special methods allow us
reduce this density down to 105 cm22.20 Transmission elec-
tron microscopy reveals that the dislocations in GaN fil
are usually aligned alongc axis and could belong to one o
three types: edge, screw, or mixed. In our calculation
include all three types of dislocations characteristic for Ga

Phonon can scatter on dislocations via two distinct
mechanisms. The first one is scattering by the elastic st
field of the dislocation lines, which is a long-range intera
tion. Similar to the three-phonon Umklapp process the in
action of phonons with the strain field of the dislocation lin
is mediated by the higher order terms in the potential ene
of real crystals. The second mechanism is scattering
phonons on the core of the dislocation lines, which is a sh
range interaction modeled similar to mass-difference sca
ing on point impurities.17 The phonon scattering rate at th
core of the dislocation~1/tDC! is proportional to the cube o
the phonon frequency and given by11

1

tDC
5hND

V0
4/3

v2
v3, ~7!

whereND is the density of the dislocation lines of all type
andh is the weight factor to account for the mutual orien
tion of the direction of the temperature gradient and the d
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location line. For dislocations perpendicular to the tempe
ture gradienth51, while for those parallel to the gradien
h50. If dislocation lines are orientated at random with r
spect to the temperature gradient, the average value foun
integration ish50.55.17 The phonon scattering rate by th
elastic field of the screw (1/tS! and edge (1/tE! dislocations
can be written as11,17

1

tS
5

23/2

37/2
hND

SbS
2g2v, ~8!

1

tE
5

23/2

37/2
hND

EbE
2g2vH 1

2
1

1

24S 122n

12n D 2F11A2S vL

vT
D 2G2J ,

~9!

wheren5C12/(C111C12! is Poisson’s ratio,bS and bE are
magnitudes of Burgers vectors for the screw and edge di
cations correspondingly. In real crystals, the Poisson rati
anisotropic and does not have a uniquely defined aver
value. For the purpose of the present work, its value for G
is taken to be 0.37, which corresponds to the isotropic ca
As the characteristic values of Burgers vectors in GaN fil
we take19,21

bS5c@0001#5c andb
E
5

a@1120#

3
5

aA2

3
.

The Burgers vector for the mixed dislocation isbM5bS

1bE .21 The scattering rate on mixed dislocations (1/tM!
is11,17

1

tM
5

23/2

37/2
hND

Mg2vS bS
21bE

2 H 1

2
1

1

24S 122n

12n D 2

3F11A2S vL

vT
D 2G2J D . ~10!

Here,ND
S , ND

E , andND
M are the densities for the screw

edge, and mixed dislocations, respectively, so that the t
density of dislocation isND5ND

S1ND
E1ND

M . Assuming that
phonon relaxation on dislocations is an independent proc
the combined phonon relaxation rate on dislocations is t
calculated as 1/tD5S j1/t j , wheret j represents scatterin
times on the dislocation core~tDC!, on the elastic strain field
of edge~tE!, screw ~tS! and mixed~tM! dislocations. As-
suming 1/tC51/tU and evaluating integrals in Eqs.~1! and
~2!, one can calculate theintrinsic thermal conductivity, e.g.,
theoretical limit, for GaN film. The intrinsic thermal conduc
tivity is limited by the crystal anharmonicity only, which i
included in the model via the three-phonon Umklapp p
cesses@see Eq.~4!#. For 1/tC51/tU11/tP11/tD , one ob-
tains the extrinsic thermal conductivity that includes all m
jor phonon resistive relaxation processes, namely scatte
on impurities~point defects! and dislocations. It is this value
that has to be compared with experiment.

III. RESULTS AND DISCUSSION

There is a significant discrepancy in values of mate
parameters reported for GaN. For the simulation we use
terials parameters shown in Table I. In our calculations we
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



et

w
nd
si

a-
tw
to
a

a
re

ng
s
it

on

la
n-

m

n
gh
i

ion

b

en
ith
ds
H
b

w
g
r
h

rs
s

m

n
nt

d

z-
tra
g

to
en
ts,
171
e-

hen
lid
plit
ord-
dy
as-
os-
ese
the

ng
han

-
ion
ect
-
ng
ated

y
of

-

dis-
shed
type.
non

2537J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 Zou et al.
not use any of the material constants as adjusted param
but rather evaluatek for distinctively different sets of re-
ported material constants and then compare the results
available experimental data. For the materials constants i
cated as Set I and Set II in Table I we obtain the intrin
lattice thermal conductivity, e.g., theoretical limit,k53.36
andk55.40 W/cm K, respectively. It is important to emph
size that the relatively large difference between these
values of the intrinsic thermal conductivity is entirely due
ambiguity in elastic constants reported for GaN. These v
ues compare well with the ‘‘upper bound’’ value ofk;3.2
W/cm K deduced by Slack for a similar material such
AlN.22 The numbers are also in agreement with the theo
ical thermal conductivity limitk54.1 W/cm K for GaN cal-
culated in Ref. 23. Since GaN films are very far from bei
defect free and pure, the experimentally measured value
k in GaN are much smaller than the calculated intrinsic lim
Below we examine how static defects affect the thermal c
ductivity value.

In order to include point-defect scattering to our simu
tion @see Eqs.~5! and ~6!# we need to use realistic conce
tration of impurities in GaN films. In his early study,22 Slack
has noted that in wurtzite AlN the common troublesome i
purities that limit thermal conductivity are carbon~C!, oxy-
gen ~O!, and silicon~Si!. He also pointed out that oxyge
enters the AlN lattice and substitutes for N up to very hi
oxygen concentration. Characteristic residual impurities
GaN grown by metalorganic chemical vapor deposit
~MOCVD! and molecular beam epitaxy~MBE! are also C,
O, Si as well as hydrogen~H!.24,25The common source of H
is NH3, which is used in GaN growth process described
the following formula (CH3!3Ga1NH3→GaN1CH4↑
1H2↑.25 It was found that although H2 is electrically and
optically inactive in all semiconductors, atomic hydrog
diffuses rapidly and can form neutral complexes w
dopants.26 Atomic hydrogen can attach to dangling bon
associated with point defects. There is an evidence that2

ion is often located at the anti-bonding Ga site and can
attached to Si1 dopants. Silicon plays the role of a shallo
donor, which substitutes Ga. In the present model only ne
tive ions of H2 attached to Si1 are considered. Two othe
impurities included in the model are carbon and oxygen. T
source of O in GaN is usually NH3 precursor used in
MOCVD growth, the residual water vapor in MBE chambe
or O impurities leached from the quartz containment ves
often employed in N2 plasma sources.25 The source of car-
bon impurities in GaN is the metalorganic galliu
precursor.26 Finally, the source of Si impurity in LEO grown
samples can be diffusion from SiNx mask in addition to
n-type doping with SiH4 or Si2H6. It is known that samples
even without intentionaln-type doping have Si concentratio
comparable to C and H. The last type of impurities taken i
consideration is Ga vacancies in GaN.12,27 For each specific
impurity we calculate the scattering rate given by Eqs.~5!
and ~6!, and then add them all. Vacancies are considere
be atom-like entities withMi 5 0 andRi 5 0.

Figure 1 shows the lattice thermal conductivity in wurt
ite GaN as a function of temperature for the fixed concen
tion of impurities. The material parameters used for this fi
Downloaded 19 Aug 2002 to 138.23.167.22. Redistribution subject to A
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ure are taken from Table I~Set I!, the impurity profile is from
column A of Table II. The dislocation density is equal
ND51010 cm22 while the concentration of vacancies is tak
to be 1016 cm23. Calculating the scattering on point defec
we assumed that the ionic radii for Ga and N are 62 and
pm, respectively. The ionic radii of the impurities are pr
sented in Table II.

The dashed curve in Fig. 1 corresponds to the case w
all threading dislocations are of the edge type. The so
curve is for the case when the dislocations are equally s
among three possible types: edge, screw and mixed. Acc
ing to the transmission electron and x-ray diffraction stu
reported in Ref. 20 for HVPE grown GaN samples, the
sumption of equally distributed dislocations among the p
sible types is a feasible one. The difference between th
two curves is not large because for the chosen value of
dislocation density, Umklapp and point-impurity scatteri
contribute stronger to the acoustic phonon relaxation t
scattering on dislocations. A characteristic 1/T dependence
seen in this plot is typical for crystalline solids at high tem
perature and it is due to Umklapp scattering. In calculat
we assumed random orientation of dislocations with resp
to the heat flux lines so thath50.55. This leads to the direc
tionally averagedk and roughly corresponds to the scanni
thermal microscopy measurements where heat is gener
by a point source and propagates in all directions.5,6

In Figs. 2~a! and 2~b! we present thermal conductivit
dependence on the dislocation line density for two sets
material parameters and the impurity concentrations~see

FIG. 1. Thermal conductivity of wurtzite GaN films as a function of tem
perature. The concentration of threading dislocations isND51010 cm22. The
solid curve corresponds to the case when the dislocations are equally
tributed among three possible types: screw, edge and mixed. The da
curve corresponds to the case when all dislocations are of pure edge
The results are obtained for typical impurity concentrations and pho
velocity averaged over possible polarization branches and directions.

TABLE II. Ionic radii and typical impurity profilesc in GaN.

Material Ionic radius~pm! A ~cm23! B ~cm23! C ~cm23!

Oxygen 140 131017 631016 331016

Hydrogen 208 231017 331017 1.431020

Silicon 41 331016 1.531017 1.431020

Carbon 260 331016 631015 231017

cFrom Ref. 25.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Tables I and II!. Different values of material parameters f
GaN and impurity profiles used lead to the different therm
conductivity values at low dislocation density~ND5108

cm22!. Figure 2~a! shows thermal conductivity for the sam
impurity profile but different material constants~Set I and
Set II!. Figure 2~b! demonstrates two thermal conductivi
curves for exactly the same material parameters~Set I! but
different impurity profiles~columns A and B of Table II!.
Despite ambiguity in material constants and a range of
tained thermal conductivity values that span from 1.51
2.95 W/cm K at low dislocation density, the obtained resu
are quite realistic and in line with reported experimen
data.5–7 As the dislocation density exceedsND51010 cm22

the thermal conductivity starts to decrease. In the rangeND

51010– 1012 cm22 one can observe strong dependence of
room-temperature thermal conductivity on the dislocat
line density. This result is in agreement with experimen
data for LEO samples characterized by over a two-order
magnitude difference in dislocation density between
stripe and seam regions.5 For low dislocation density~ND

,1010 cm22! the room-temperature thermal conductivi
does not depend onND and is determined by intrinsic prop

FIG. 2. Room-temperature thermal conductivity of wurtzite GaN films a
function of dislocation line density calculated for~a! two sets of material
parameters and one fixed characteristic impurity profile;~b! one fixed set of
material parameters and two different impurity profiles. One can see th
low dislocation density~ND,1010 cm22! the thermal conductivity become
independent ofND and is defined by crystal anharmonicity and point-def
scattering.
Downloaded 19 Aug 2002 to 138.23.167.22. Redistribution subject to A
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erties, e.g., Umklapp scattering, and point defects.
Florescuet al.6 experimentally determined that therm

conductivity decreases linearly with log~n!, the variation be-
ing about a factor of 2 decrease ink for every decade in-
crease in the carrier concentrationn. Here we examine this
dependence theoretically on the basis of the model descr
above. For simplicity we neglect the scattering of acous
phonons on electrons.18 It is known that the free carrier sca
tering contribution to thermal resistance is small compared
that of static imperfections.11 We assume that measured d
crease ink is due to increased phonon scattering on impu
ties whose density changes with increasing doping level.
electron densityn in n-GaN films is correlated with the con
centration of silicon dopantsnSi . Thus, one has to calculat
thermal conductivity as a function of the doping densi
Here two cases need to be considered. First, the conce
tion of Si dopantsnSi is an independent parameter, and o
can changenSi while keeping other impurity concentration
fixed. Second, the concentration of Si dopants is correla
with the hydrogen impurity concentrationnH . ChangingnSi

in the point-defect scattering term, we should also cha
nH . The former case allows us to elucidate the mechanism
the decrease easier while the latter seems to be more rea
according to experimental reports.25 In Ref. 25 an increase in
the concentration of H due to increase in Si doping inn-type
GaN ~such thatnSi'nH! has been described. It has be
attributed to negative H2 ion attachment to positive ions o
silicon at anti-bonding Ga sites.

Figure 3 shows thermal conductivity in Si-dopedn-GaN
at room temperature as a function of carrier concentration,
which is assumed to be equal to the concentration of sili
dopants. The dashed curve corresponds to changingnSi ~5n!
and fixednH , while the solid curve corresponds tonSi'nH .
Typical experimental points from Ref. 6 are indicated w
error bars. As one can see in both cases, the theore
curves closely follow the log~n! dependence. An order o

a

at

t

FIG. 3. Thermal conductivity in Si-doped GaN films as a function of dopi
concentration. The solid curve corresponds to the case when an increa
silicon doping densitynSi is accompanied by the increase in the hydrog
nH impurity concentration. The dashed curve corresponds to the case w
the hydrogen impurity concentration is a fixed valuenH5231017 cm23,
and only silicon doping densitynSi changes. Note that an order of magnitud
increase in the doping density~carrier concentration! leads to about a factor
of 2 decrease in the thermal conductivity: specifically, from 1.77 to 0
W/cm K for the solid curve. Experimental points indicated with error ba
are taken from Ref. 6.
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magnitude increase in the carrier concentration~from 1017 to
1018 cm23! leads to about a factor of 2 decrease in the th
mal conductivity, from 1.77 to 0.86 W/cm K. Our calculate
dependence agrees well with indicated experimental res
from Ref. 6. The theoretical curves intersect atnSi5nH52
31017 cm23, a point where impurity scattering terms b
come identical. On the basis of our calculations we can c
clude that the decrease of the thermal conductivity with
creasing carrier concentration is mostly due to increase
phonon scattering on silicon dopants and, possibly, acc
panying hydrogen impurities. Some deviation of theoreti
curves from experimental results can be due to ambiguity
material parameters for GaN and omission of the acou
phonon–electron scattering. The latter is reserved for fu
study. The boundary scattering and phonon spect
modification,28,29 which become significant in ultrathin film
~quantum wells! were not included either since the film
thickness was assumed to be much larger than the pho
mean-free path.

IV. CONCLUSION

We have calculated the lattice thermal conductivity
wurtzite GaN films as the function of doping density a
defect concentrations. The performed calculation is mate
specific and includes thermal resistance due to impurities~O,
H, Si, C! and dislocations~edge, screw, mixed! characteristic
for GaN films. It is found that the intrinsic thermal condu
tivity, e.g., theoretical limit due to crystal anharmonicity,
wurtzite GaN is rather highk53.36–5.40 W/cm K. The
range of values is a manifestation of difference in mater
parameters reported for GaN in literature. We have a
shown that the experimentally observed linear decreas
the thermal conductivity with logarithm of the carrier co
centration can be explained by strongly enhanced pho
relaxation on Si dopants. Our calculations show that the
crease in the doping density from 1017 to 1018 cm23 leads to
about a factor of 2 decrease in the thermal conductivity fr
1.77 to 0.86 W/cm K. We have also established that
room-temperature thermal conductivity in GaN can be li
ited by dislocations when their density is high, e.g.,ND

.1010 cm22. The results of our calculations are in goo
agreement with the experimental data.
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