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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. ®&001 American Institute of Physics.
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Proposed applications of GaN-based devices as laser di- Heat in semiconductors is mostly carried bBgoustic
odes, microwave power sources, and ultrahigh powephonons. Thus, here we neglect the electronic component of
switches rely heavily on the possibility of removing high thermal conductivity. For isotropic materials, the expression
density of excess heat from the device active area. The lattefior the lattice thermal conductivity can be written' s
in turn, depends on the thermal conductivity values in GaN
and related compounds. The first measurements of the ther-
mal condgcnvny(K) of GaN films grown by hydride vapor K= §2 Cj(Q)VjZ(Q)TC,j(Q)
phase epitaxy revealed a rather low value of about 1.3 a]

W/cmK at room temperatureFor comparison, the thermal K ka3 o T 4%
. . B B D TcX €
conductivity of Si is 1.45 W/cmK af =300K. Recently, ~ —2(—) T3f — Tz dx. 1)
Asnin et al? have performed high spatial resolution mea- 2wV o (-1
surements on lateral epitaxial overgrowthEO) samples

grown on sapphire and found values of 1.7-1.8 W/cmK.  Herekg is the Boltzmann constank, is the Planck con-
Using the same scanning thermal microscéB¥hM) tech-  giant T is the absolute temperaturéy, is Debye tempera-
nique, Floresciet al™" determined that the thermal conduc- yyre, subscripf denotes a specific phonon polarization type,
tlylty of the overgrown LEO regions is n'early two tl|mes 7c is the combined phonon relaxation tintejs the phonon
higher (2.1 W/icmK) than that between stripes, e.g., in the yaye vector is the phonon frequencg, is the specific heat
vicinity of the SiN, mask. Based on the qualitative consid- per unit volume, ank=%w/ksT. Equation(1) is derived
erations Florescet al? suggested that the variation of ther- using Debye’s phonon density-of-states and under the as-
mal conductivity in LEO GaN/sapphir€000) samples is  symption of linear phonon dispersion=V;q with spherical
due to the change in the threading dislocation line density. , = constant surface i space. It is accurate foF=300 K

In this letter we report a theoretical calculation of the and the case when resistive processes are dominant. The lat-
lattice thermal conductivity in Wgrt2|te GaN. Our first goa_l IS ter assumption is valid for GaN with characteristic high de-
to develop a model for calculating the thermal conductivityfect densities. The sound velocily; is averaged over all
in GaN films characterized by realistic material parameterghonon angles, then the mean veloditys calculated for all
specific for a given growth technique. The second goal is tghonon polarization types from the expressiok®3# 1\V]
qualitatively investigate a hypothesis that a change in ther 23, Detailed analysis of sound velocity in GaN for lon-
dislocation line density can be responsible for the observe@itudina“ (L) and transvers€T) phonons has been given by
large variation in thermal conductivity. Despite the signifi- Deguchi et al® Here, we use the direction-independent
cant practical importance of knowledge of thermal transporound velocity because heat in the reference SThM experi-
in GaN materials and a number of recent experimental rements propagates in all directiofsee inset of Fig. )L Ve-
ports on thermal conductivity values, the theoretical investifocities VV, and V; are related to the elastic constafs 1

gation of the subject lagged behind. To date, the availabléhroughV, = /C_ 17p and,u:V$~p=CT wherep is the
theoretical models of thermal conductivity in GaN are lim- mass dengity angiy is the shear modulus.

ited to calculations of thintrinsic theoretical limit*® that do In order to obtain the intrinsic thermal conductivity
not take into account defects and impurities. limit, we need to assume that thermal resistance is only due
to crystal anharmonicity and calculate the phonon relaxation

dauthor to whom correspondence should be addressed; electronic mail’flte 1ky in three-ph_onon ka_lapp7 scattering processes. At
alexb@ee.ucr.edu high temperature this rate is given'as

0003-6951/2001/79(26)/4316/3/$18.00 4316 © 2001 American Institute of Physics
Downloaded 26 Dec 2001 to 138.23.167.22. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 79, No. 26, 24 December 2001 Kotchetkov et al. 4317
. TABLE I. Material parameters and simulation results.
x T
g 241 (@) PROBE TIP| 1 Material parameters Set | Set I
222 [ V210" o ] Lattice constant a(A) 3.18¢ 3.18¢
E [ - 4 o cm ] Lattice constant cA) 5.18% 5.18%
S 20 IR Gruneisen parameter v 0.74 0.74
[ 18+ AR i Density p (kg/n) 6150 6150
8 e S . Longitudinal elastic constant C, (GPa 265 293
% 16} T3 Transverse elastic constant Cr (GPa 44.2 81
o Debye temperature 0 (K) 1058 830

12 2
O 14k __Np=10"cm L
z Hydrogen impurity H(l/cm®) 4x10% 4x10%
= 121 . Carbon impurity C(l/cm®) 1.5x10®  1.5x10'®
@ Oxygen impurity O(l/cm®) 2x10'® 2x 10
T 1.0 : L . ilicon i i ; 3 7 7
E 195 300 350 400 450 Silicon impurity Si(l/cmd) 8x 10t 8x 10t
TEMPERATURE (K) Intrinsic thermal conductivity K (W/cm K) 3.70 3.44
< %Estimated from Ref. 13.
' ' ) ' ' bEsti from Ref. 5.
(\% s5h ® GaNLEO A stimated from Ref. 5
A AR .
RS 2

£ 20 . 1 Vo' Voo M;
> —= ;= > fl1-—=], ()
= ™ 47V 4V M
8 1.5F E
2 where f; is the relative concentration of thgéh atoms,M
8 1.0[ ROOM TEMPERATURE =3,f;M; is the average atomic madd, is the mass of the
§, o 5| [~ PARAMETER SET #1 |tth ma:mtfythatom. cirdd(fafe;:t, anftf is thtle measure ofI thte
s - -- PARAMETER SET #2 S reng 0 € point-ae ec.s scattering. in EB)WF) neg ec
W contributions from vacancies, the host atom—impurity atom
~ 00 ' ' linkage anharmonicity and from the impurity atom volume

108 10° 10" 10" 10" 10"

2 difference. These contributions are usually small and in the
DISLOCATION LINE DENSITY (cm™)

simulation procedure can be compensated by some increase
in the effective concentration of mass difference term.
Characteristic residual impurities in GaN grown by met-
alorganic chemical vapor depositiOCVD) or molecular
beam epitaxyMBE) are H, O, C, and S#**H is a compo-
nent of many gases used in GaN growth, such as,Si,
NHs;. It was observed that atomic H diffuses rapidly in GaN
2 material, especially when dopants are present. The source of
O in GaN is usually NH precursor used in MOCVD growth,
the residual water vapor in MBE chambers or O impurities
leached from the quartz containment vessel often employed
wherey is the Gruneisen anharmonicity parameter, ¥gds  in N, plasma source¥. The source of C impurity in GaN can
the volume per atom. Since there are four atoms in a unibe the metalorganic precursqiCHs);Gal* Finally, the
cell, Vo=|a,- (apX ag) |/4=a2c3V%8. Herea andc are lattice  source of Si impurity in LEO grown samples can be diffu-
constants, and;, a,, anda; are primitive vectors for wurtz-  sion from SiN, mask om-type doping with SiH or SiHg. It
ite GaN. Inserting Eq(2) into Eq. (1) with 7c=7, we can is known that even the samples without intentionzlype
now numerically evaluate Umklapp-limited thermal conduc-doping have Si concentration comparable to that of C and H.
tivity of GaN. Concentrations of impurities used in simulation are shown in
There is significant discrepancy in values of material pa-Table I.
rameters reported for GaN. Due to this reason we evakiate ~ Phonon scattering on dislocations is described by a com-
for two distinctively different sets of material parameters re-bined term that includes scattering from the cylindrical im-
ported in Refs. 10 and 11, which are summarized in Table IPerfection, e.g., core dislocation, and from the long-range
As one can see from the table, the values of the intrinsi$train field, which includes screw and edge dislocation com-
thermal conductivity obtained from our model are consistenPONENtSTy ' = Tegret Tocreuit Teage [N the case when disloca-
with previously reported theoretical limit of GaN thermal tion lines are perpendicular to the temperature gradient the
conductivity of K =4.1W/cm K5 The experimentally mea- scattering rates for the dislocation core and long-range strain

sured values oK in GaN are much smaller than the calcu- f1€1d are given by
lated theoretical limit because imperfections and impurities
in GaN lattice scatter acoustic phonons thus introducing ad-
ditional thermal resistance. From the second-order perturba-
tion theory the phonon relaxation rate on point defects can bethereNy is the dislocation line density, ardis the magni-

written ag tude of Burgers vector. The edge dislocatiqg,.is given by
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FIG. 1. Thermal conductivity of GaN as a function of temperatayeand
the dislocation line densitib). Inset(a) shows structure of the LEO grown
GaN sample and direction of the heat flow. The resultéojnare obtained
for two different sets of material parameters summarized in Table I.
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the same expression agj'ewbut with different values of the Sapphire Samples could be attributed to dislocation inhibition
Burgers vector. Dislocation lines in LEO GaN samples ardn overgrown regions. The developed model for thermal con-
predominantly vertically arranged although there is no stricductivity in wurtzite GaN can be used for thermal budget
order and some bending and disorder are always préSentcalculation in the high-power density GaN devices.

The dislocations in GaN regrown on grooves tend to propa- . ok in UCR has been supported by NSE CAREER
gate off thec axis so that an area with significantly reduced
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dislocation density is formed above the grooves. Since the

heat in SThM measurement technique propagates in all ds{_vork was supported by the Office of Naval Research Con-

rections(see inset of Fig. 1l we multiply rates in Eq(4) by ract No. N00014-99-C-0663 administered by Dr. Colin
0.55 to account for randomness in the mutual direction owOOd'
heat propagation and dislocation lih&
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