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Effect of dislocations on thermal conductivity of GaN layers
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We report calculation of the lattice thermal conductivity in wurtzite GaN. The proposed model is
material specific and explicitly includes phonon relaxation on threading dislocations and impurities
typical for GaN. We have found that a decrease of the dislocation density by two orders of
magnitude in GaN leads to a corresponding increase of the thermal conductivity from 1.31 to 1.97
W/cm K. This theoretical prediction is in very good agreement with experimental data obtained from
scanning thermal microscopy. The developed model can be used for thermal budget calculations in
high-power density GaN devices. ©2001 American Institute of Physics.
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Proposed applications of GaN-based devices as lase
odes, microwave power sources, and ultrahigh po
switches rely heavily on the possibility of removing hig
density of excess heat from the device active area. The la
in turn, depends on the thermal conductivity values in G
and related compounds. The first measurements of the
mal conductivity~K! of GaN films grown by hydride vapo
phase epitaxy revealed a rather low value of about
W/cm K at room temperature.1 For comparison, the therma
conductivity of Si is 1.45 W/cm K atT5300 K. Recently,
Asnin et al.2 have performed high spatial resolution me
surements on lateral epitaxial overgrowth~LEO! samples
grown on sapphire and found values of 1.7–1.8 W/cm
Using the same scanning thermal microscopy~SThM! tech-
nique, Florescuet al.3,4 determined that the thermal condu
tivity of the overgrown LEO regions is nearly two time
higher ~2.1 W/cm K! than that between stripes, e.g., in t
vicinity of the SiNx mask. Based on the qualitative consi
erations Florescuet al.4 suggested that the variation of the
mal conductivity in LEO GaN/sapphire~0001! samples is
due to the change in the threading dislocation line densi

In this letter we report a theoretical calculation of t
lattice thermal conductivity in wurtzite GaN. Our first goal
to develop a model for calculating the thermal conductiv
in GaN films characterized by realistic material paramet
specific for a given growth technique. The second goal is
qualitatively investigate a hypothesis that a change in
dislocation line density can be responsible for the obser
large variation in thermal conductivity. Despite the signi
cant practical importance of knowledge of thermal transp
in GaN materials and a number of recent experimental
ports on thermal conductivity values, the theoretical inve
gation of the subject lagged behind. To date, the availa
theoretical models of thermal conductivity in GaN are lim
ited to calculations of theintrinsic theoretical limit5,6 that do
not take into account defects and impurities.

a!Author to whom correspondence should be addressed; electronic
alexb@ee.ucr.edu
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Heat in semiconductors is mostly carried byacoustic
phonons. Thus, here we neglect the electronic componen
thermal conductivity. For isotropic materials, the express
for the lattice thermal conductivity can be written as7,8

K5
1

3 (
q, j

Cj~q!Vj
2~q!tC, j~q!

'
kB

2p2V S kB

\ D 3

T3E
0

uD /T tCx4ex

~ex21!2 dx. ~1!

HerekB is the Boltzmann constant,\ is the Planck con-
stant,T is the absolute temperature,uD is Debye tempera-
ture, subscriptj denotes a specific phonon polarization typ
tC is the combined phonon relaxation time,q is the phonon
wave vector,v is the phonon frequency,C is the specific heat
per unit volume, andx5\v/kBT. Equation~1! is derived
using Debye’s phonon density-of-states and under the
sumption of linear phonon dispersionv5Vjq with spherical
v5constant surface inq space. It is accurate forT>300 K
and the case when resistive processes are dominant. Th
ter assumption is valid for GaN with characteristic high d
fect densities. The sound velocityVj is averaged over al
phonon angles, then the mean velocityV is calculated for all
phonon polarization types from the expression 3/V351/VL

3

12/VT
3. Detailed analysis of sound velocity in GaN for lon

gitudinal ~L! and transverse~T! phonons has been given b
Deguchi et al.9 Here, we use the direction-independe
sound velocity because heat in the reference SThM exp
ments propagates in all directions~see inset of Fig. 1!. Ve-
locities VL and VT are related to the elastic constantsCL,T

through VL,T5ACL,T /r and m5VT
2
•r5CT where r is the

mass density andm is the shear modulus.
In order to obtain the intrinsic thermal conductivit

limit, we need to assume that thermal resistance is only
to crystal anharmonicity and calculate the phonon relaxa
rate 1/tU in three-phonon Umklapp scattering processes.
high temperature this rate is given as7
il:
6 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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1

tU
52g2

kBT

mV0

v2

vD
, ~2!

whereg is the Gruneisen anharmonicity parameter, andV0 is
the volume per atom. Since there are four atoms in a
cell, V05ua1•(a23a3)u/45a2c31/2/8. Herea andc are lattice
constants, anda1, a2, anda3 are primitive vectors for wurtz-
ite GaN. Inserting Eq.~2! into Eq. ~1! with tC5tU we can
now numerically evaluate Umklapp-limited thermal condu
tivity of GaN.

There is significant discrepancy in values of material
rameters reported for GaN. Due to this reason we evaluaK
for two distinctively different sets of material parameters
ported in Refs. 10 and 11, which are summarized in Tabl
As one can see from the table, the values of the intrin
thermal conductivity obtained from our model are consist
with previously reported theoretical limit of GaN therm
conductivity of K54.1 W/cm K.5 The experimentally mea
sured values ofK in GaN are much smaller than the calc
lated theoretical limit because imperfections and impurit
in GaN lattice scatter acoustic phonons thus introducing
ditional thermal resistance. From the second-order pertu
tion theory the phonon relaxation rate on point defects can
written as7

FIG. 1. Thermal conductivity of GaN as a function of temperature~a!, and
the dislocation line density~b!. Inset~a! shows structure of the LEO grown
GaN sample and direction of the heat flow. The results in~b! are obtained
for two different sets of material parameters summarized in Table I.
Downloaded 26 Dec 2001 to 138.23.167.22. Redistribution subject to A
it

-

-

-
I.
ic
t

s
d-
a-
e

1

tM

5
V0v4

4pV3
G5

V0v4

4pV3 (i
f iS 12

Mi

M̄
D 2

, ~3!

where f i is the relative concentration of thei th atoms,M̄
5( i f iM i is the average atomic mass,Mi is the mass of the
i th impurity atom or defect, andG is the measure of the
strength of the point-defects scattering. In Eq.~3! we neglect
contributions from vacancies, the host atom–impurity at
linkage anharmonicity and from the impurity atom volum
difference. These contributions are usually small and in
simulation procedure can be compensated by some incr
in the effective concentration of mass difference term.

Characteristic residual impurities in GaN grown by me
alorganic chemical vapor deposition~MOCVD! or molecular
beam epitaxy~MBE! are H, O, C, and Si.12,13 H is a compo-
nent of many gases used in GaN growth, such as SiH4, H2,
NH3. It was observed that atomic H diffuses rapidly in Ga
material, especially when dopants are present. The sourc
O in GaN is usually NH3 precursor used in MOCVD growth
the residual water vapor in MBE chambers or O impurit
leached from the quartz containment vessel often emplo
in N2 plasma sources.12 The source of C impurity in GaN can
be the metalorganic precursor~CH3!3Ga.14 Finally, the
source of Si impurity in LEO grown samples can be diff
sion from SiNx mask orn-type doping with SiH4 or Si2H6. It
is known that even the samples without intentionaln-type
doping have Si concentration comparable to that of C and
Concentrations of impurities used in simulation are shown
Table I.

Phonon scattering on dislocations is described by a c
bined term that includes scattering from the cylindrical im
perfection, e.g., core dislocation, and from the long-ran
strain field, which includes screw and edge dislocation co
ponentstD

215tcore
21 1tscrew

21 1tedge
21 . In the case when disloca

tion lines are perpendicular to the temperature gradient
scattering rates for the dislocation core and long-range st
field are given by15

1

tcore
5ND

V0
4/3

V2 v3 and
1

tscrew
50.06NDb2g2v, ~4!

whereND is the dislocation line density, andb is the magni-
tude of Burgers vector. The edge dislocationtedge

21 is given by

TABLE I. Material parameters and simulation results.

Material parameters Set I Set II

Lattice constant a ~Å! 3.189a 3.189a

Lattice constant c ~Å! 5.185a 5.185a

Gruneisen parameter g 0.74b 0.74b

Density r ~kg/m3! 6150 6150
Longitudinal elastic constant CL ~GPa! 265 293
Transverse elastic constant CT ~GPa! 44.2 81
Debye temperature uD ~K! 1058 830b

Hydrogen impurity H~l/cm3! 431018 431018

Carbon impurity C~l/cm3! 1.531018 1.531018

Oxygen impurity O~l/cm3! 231018 231018

Silicon impurity Si ~l/cm3! 831017 831017

Intrinsic thermal conductivity K ~W/cm K! 3.70 3.44

aEstimated from Ref. 13.
bEstimated from Ref. 5.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the same expression astscrew
21 but with different values of the

Burgers vector. Dislocation lines in LEO GaN samples
predominantly vertically arranged although there is no st
order and some bending and disorder are always prese16

The dislocations in GaN regrown on grooves tend to pro
gate off thec axis so that an area with significantly reduc
dislocation density is formed above the grooves. Since
heat in SThM measurement technique propagates in al
rections~see inset of Fig. 1!, we multiply rates in Eq.~4! by
0.55 to account for randomness in the mutual direction
heat propagation and dislocation line.7,15

The combined relaxation rate 1/tC in Eq. ~1! is then
calculated as a function ofv using the expression 1/tC

51/tU11/tM11/tD . We calculate the lattice thermal con
ductivity for two material parameter sets in Table I. Figur
1~a! and 1~b! show K in GaN as a function of temperatur
and dislocation line density, respectively. The inset illustra
the structure of the LEO GaN sample and the direction
heat flow. As one can see, atT5300 K, a two order of mag-
nitude drop in the dislocation line density~from 1012 to
1010cm22! brings about considerable increase in the latt
thermal conductivity from 1.31 to 1.97 W/cm K. The latt
agrees well with recent experimental observations2–4 and ex-
plains earlier measured low values of thermal conductivi1

Most recent SThM measurements demonstrate a variatio
K from 1.9 to 1.1 W/cm K in LEO GaN/sapphire samples17

which is consistent with our calculations. The conclusi
that can be made from Fig. 1~b! is that forND on the order of
1010– 1011cm22, which is typical for regular grown
GaN,13,14,16–18dislocations play an important role in therm
resistance 1/K at room temperature. As dislocation density
reduced below 108 cm22 by some special means,16 their pres-
ence does not affect the thermal conductivity, which is in t
case mostly defined by intrinsic crystal properties and po
impurities. In conclusion, we proved that experimentally o
served variation of thermal conductivity in LEO GaN
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sapphire samples could be attributed to dislocation inhibit
in overgrown regions. The developed model for thermal c
ductivity in wurtzite GaN can be used for thermal budg
calculation in the high-power density GaN devices.
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