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We report on a systematic theoretical investigation of the lattice thermal conductivity of several GaN
samples (bulk and films) over a wide range of temperature, by applying Callaway’s relaxation-time theory in
its full form and Srivastava’s scheme for anharmonic three-phonon scattering processes. The role of the usually
neglected three-phonon normal-drift term has been quantified. We have attempted to quantify the role of
phonon scattering by various defects and imperfections, present in the film samples, in controlling the tem-
perature dependence of thermal conductivity. We find that except for the purest sample, the phonon-impurity
scattering plays a significant role in controlling the thermal conductivity of GaN not only around the thermal-
conductivity peak region but also over a very large range of temperature. It can also be predicted from our
numerical study, and with available experimental results, that the highest possible thermal conductivity of bulk
GaN can only be realized when point impurities such as oxygen and silicon are in small concentration
(=10"® cm™ or less) and other defects are either absent (from experimental study) or present in very small
concentration (our numerical study). The highest value of the room-temperature thermal conductivity is

achieved for samples grown by the high-temperature and high-pressure growth technique.
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I. INTRODUCTION

Due to the wide range of potential applications, gallium
nitride (GaN) has been receiving an extensive and growing
research attention. GaN-based proposed technologies in-
clude applications in high-power electronic devices, light-
emitting diodes, laser diodes, ultrapower switches, and
microwave-power sources. Reliable performance of such de-
vices depend on the heat dissipation in the active regions.
Therefore, the thermal conductivity of GaN plays a key role
in controlling the performance of GaN-based devices. GaN is
one of the 12 “high thermal conductivity” nonmetallic
materials.! This advantage allows GaN to be an excellent
candidate for device applications. Since heat conduction in
semiconductors is primarily due to phonons, understanding
various phonon-scattering processes in limiting the thermal
conductivity of GaN is extremely important for device de-
sign and improvement of device performance. The lattice
thermal conductivity of most of the semiconducting materi-
als such as diamond, Si, and Ge is controlled by the point-
impurity defect scattering around the thermal-conductivity
peak region and by the anharmonic three-phonon scattering
at room temperature and beyond that. In contrast, it has been
found that the temperature dependence of the thermal con-
ductivity of bulk GaN and GaN films deviates from that in
most of the semiconducting materials. Due to different
growth techniques used, H, Si, and Ga vacancies, uninten-
tionally doped impurities such as oxygen, oxygen-related de-
fects, and various other defects form sources of phonon scat-
tering, severely limiting the thermal conductivity of GaN
over a wide range of temperature. GaN films grown on for-
eign substrates contain structural imperfections such as dis-
locations due to the presence of the strain field arising from
the lattice mismatch between the substrate and the film.
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Such imperfections also scatter the heat-carrying phonons
and thereby limit the phonon thermal conduction. These ex-
tra scattering processes may become one of the main causes
of different temperature dependence of the thermal conduc-
tivity of GaN as compared to other materials.

Sichel and Pankove? made the first measurements of the
thermal conductivity of 400-um-thick GaN film grown by
hydride vapor-phase epitaxy (HVPE) in the temperature
range 25-360 K and obtained the room-temperature ther-
mal-conductivity value ~130 W m~' K~! along the c axis.
Asnin et al.’ measured the room-temperature thermal-
conductivity value of a lateral epitaxial overgrown (LEO)
GaN film using the scanning thermal microscopy technique
and reported the thermal-conductivity values to be in the
range 170-180 W m~! K~!. Using the third harmonic elec-
trical (3w) technique, Luo et al.* found the room-temperature
thermal conductivity of ~155 W m~! K~! for LEO GaN of
5 wm thickness, a value significantly higher than previously
reported for bulk GaN. This is believed to be due to substan-
tially lower amount of dislocation density in the LEO film
(less than 5% 10% cm™2).% In comparison, the HVPE-grown
GaN films usually have higher dislocation density on the
order of 10!° cm™. In a following work, Luo et al’®
presented results for the thermal conductivity of LEO GaN
over the temperature range 60-300 K. Kamano et al.®
measured the thermal conductivity of bulk GaN in the tem-
perature range 110-370 K by photothermal divergence
method and predicted that the phonon-defect scattering
may play a crucial role near the room temperature. In 2002,
Slack et al’” employed the steady-state heat-flow tech-
nique to measure the thermal conductivity of a 200-um-thick
and 3000-um-wide GaN sample prepared by the HVPE
technique and reported the room-temperature value as
227 Wm™ KL, Jezowski et al®'" have measured the
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thermal conductivity of highly conducting n-type samples
and highly resistive Mg-doped bulk GaN in the temperature
range 4.2-300K. For the best sample of Jezowski et al., the
reported highest thermal conductivity is 1600 W m™ K~! at
45 K. The thermal conductivity of this sample is much supe-
rior compared to the other samples studied by Jezowski et al.
throughout the whole temperature range. Optical pump-
probe measurements were performed by Daly et al.!! to ex-
tract the thermal conductivity of polycrystalline GaN films
and single-crystal alloy thin films in the temperature range
150-400 K. The thermal-conductivity values for polycrystal-
line GaN films are much reduced compared to single-crystal
GaN. Similarly, the thermal conductivity of alloy thin films
are also substantially reduced compared to bulk GaN. Liu
and Balandin'? carried out measurements of the thermal con-
ductivity of a 18.5-um-thick GaN film and a 0.7 pwm AlGaN
alloy film using the differential 3w technique. Their measure-
ment shows an unusual temperature dependence for the con-
ductivity of the alloy films.

Theoretically, the room-temperature thermal-conductivity
value of 170 W m~' K~! for a perfect GaN crystal was pre-
dicted by Slack.! Later in 2002, Slack et al. in 1973 (Ref. 7)
predicted a pure GaN single crystal to have a room-
temperature thermal-conductivity value of 250 W m~! K1,
Witek!? calculated the room-temperature thermal conductiv-
ity of GaN to be 410 W m~! K~!. According to Witek,'? the
discrepancy between his result and previously reported val-
ues is attributed to impurities and defects. In his opinion, the
most effective phonon scatterings at the room temperature in
GaN and AIN are the lattice defect scattering and in BN are
the isotope scattering. Theoretical calculation of the thermal
resistivity by Berman'* supports the view expressed by
Witek. Kotchetkov et al.'> and Zou et al.'® have extensively
calculated the effect of dislocation and isotope scattering in
GaN. Kamatagi et al.,'” using a slightly different form'® of
the Callaway model,'® have presented a systematic theoreti-
cal study of the thermal conductivity of GaN. However, their
study is based on an ad hoc form of three-phonon relaxation
time, containing empirically adjustable parameters.

Despite the considerable amount of work on both experi-
mental and theoretical studies of the thermal conductivity of
bulk and films of GaN, accurate estimates of the contribu-
tions of various phonon-scattering events in different ranges
of temperatures in controlling the thermal conductivity is
nearly absent in the literature. The main reasons for this are
the poor understanding of three-phonon umklapp processes
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and normal (N) processes, and a complete negligence of the
N-drift term in the evaluation of Callaway’s conductivity ex-
pression. In all previous works on thermal conduction in
GaN, including the work by Kamatagi et al.,'” the phonon
relaxation rate for umklapp and normal processes have been
treated in an ad hoc manner and several adjustable param-
eters are present in the expression for three-phonon anhar-
monic relaxation rate. In some cases, the contribution of nor-
mal processes are completely neglected. In earlier work on
thermal conductivity of Ge,?® Srivastava used the full form
of Callaway’s expression with an expression for the three-
phonon anharmonic interaction derived systematically from
the anharmonic continuum theory?! and showed that the
N-drift term provides a significant contribution. In recent
studies on thermal conductivity of diamond,”? GaAs
nanobeam,?? and AIN,2* the authors have shown that the con-
tribution of the N-drift term can be as high as 50% of the
total conductivity result.

In this paper, we have employed Srivastava’s expression
for the three-phonon scattering rate containing Griineisen’s
constant as the single adjustable parameter for all allowed
three-phonon processes.?! With these expressions, we sys-
tematically include the contribution from the N-drift term in
Callaway’s expression for thermal conductivity.'” The theory
is applied to explain the experimental measurements of the
thermal conductivity of bulk GaN and GaN films of different
thicknesses grown under different conditions using different
techniques. We have quantified the role of different phonon-
scattering mechanisms including the impurity scattering in
limiting the thermal conductivity over a large range of tem-
perature.

II. THEORY

The phonon transport in thick semiconductor films, such
as those studied in this work, is well described from a solu-
tion of the Boltzmann equation. The Boltzmann equation sat-
isfied by the phonon distribution function has been solved
either by applying variational methods or by assuming the
concept of phonon relaxation time.?!

A. Callaway’s expression for thermal conductivity

The most famous relaxation-time expression for the lat-
tice thermal conductivity is due to Callaway.'® A generalized
version of Callaway’s expression can be written, within the
isotropic continuum model, as?!
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where ¢, is the phonon speed for polarization branch s, 7 is
the Bose-Einstein distribution function, gp, is the Debye ra-
dius, x=¢/qgp is the reduced wave vector, 7 is the phonon
relaxation time, and 7y is the phonon relaxation time due to
normal phonon-phonon scattering processes. The first and
second terms in the above expression represent the Debye
term Kp and the N-drift term Ky_gqp, respectively. Ky
represents a contribution originating from momentum-
conserving nature of three-phonon N processes.

B. Expressions for relaxation time

The lifetime (7) of a phonon is controlled by its interac-
tion with other phonons, grain boundaries, walls of the crys-
tal, chemical impurities, vacancies, dislocations, isotopes,
and charge carriers. Assuming independence of these inter-
action processes, we can write within the Matthiessen’s rule,

~1=3.77!, where 7;' is the contribution from the ith process.
For the GaN samples studied here, we consider the following
forms.

For boundary scattering,

o c
Tb_;l=z’ (3)

where c is the phonon speed and L is the phonon mean-free
path determined by the crystal size.
Phonon scattering by grain boundary can be expressed

as?

7o = Bapo”, (4)

where Bgg is the grain-boundary coefficient if the spacing
between dislocations is much smaller than the phonon wave-
length, and as®

TE}%?.:BGB(U"’ (5)

where 0=n=1, if the spacing between dislocations is larger
than the phonon wavelength. However, for the systems under
study in this work, the minimum phonon wavelength is
larger than grain sizes so phonon relaxation rate due to grain-
boundary scattering has been calculated using Eq. (4).

For isotopic mass-defect scattering,

(3 ph) = qDYZE cc/lf X' 2{1 - e+ €(Cx + Dx’ )}
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s S5 €

Here x'=q'/qp, x> =Cx*=Dx’ and n’.=n(x"), C=c,/cg, D
=cy/cgn, €=1 for momentum-conserving (normal or N) pro-
cesses, and e=—1 for momentum nonconserving (umklapp or
U) processes. The first and second terms in the above equa-
tion are contributed by class 1 events qs+q's’ —q"s” and

(Mgs+1) 2
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=Aw4, (6)

where () is the volume of a unit cell, ¢ is the average phonon

M, . .
speed, and F=EJ,-7 is the mass-defect scattering param-
eter. f; is the percentage of ith isotope present in the crystal,
M is the average atomic mass of all the isotopes present in
the crystal, oM ;= V|, where M, is the mass of ith iso-
tope. Phonon scattering from other kinds of point defects can
be included by a suitable choice of the parameter A. In GaN
film samples grown by the HVPE or high-temperature and
high-pressure (HT/HP) technique, phonons can also be scat-
tered from the agglomerates of point defects (vacancies or
interstitials) such as V,-Oy, Mg-O, or Mg-Vy complexes,
and grain boundaries. Such extended-sized defects can scat-
ter small wavelength phonons geometrically (i.e., such as
boundaries) and long-wavelength phonons such as point de-
fects (i.e., Rayleigh-type). These two possibilities can be ex-
pressed as?627

nad®w*/4c’
newd?/4

for qd <1,
for gd=1,

-1 _
Taggregate -

()
where d is the effective diameter of the defect region and 7 is
the concentration of the aggregates.

For low donor or acceptor concentration, the phonon re-
laxation rate due to scattering from carriers (electrons or
holes) can be expressed as?®

o nee  |mmcd - m*c?
Teph= 2 exp , (8)
pc2kpT N 2ksT 2y T

where n, is the charge-carrier density, » is the deformation
potential, and m™ is the charge-carrier effective mass.

While considering phonon-phonon interaction we will re-
strict ourselves to only three-phonon processes. Since the
scattering rate for four-phonon processes is two to three or-
ders of magnitude smaller than that for three-phonon
processes,” the contribution of four-phonon processes to-
ward the conductivity is insufficient compared to three-
phonon processes. We consider the three-phonon relaxation
rate of a phonon in mode (q,s) in Srivastava’s scheme?! as

(ﬁ"+ 1) 1 n, n_
+—f 'x'2"{1 - e+ €(Cx — Dx')}—=

Tgs

class 2 events qs—q's’+q"s”, respectively. The integration

limits on the variable x’ for the various combinations of the
polarization branches s, s’, and s” of the three phonons in-
volved in the interactions have been presented in Ref. 21. In
the above expression, we have expressed three-phonon inter-
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TABLE 1. Constants used in the calculation of the thermal con-
ductivity of GaN.

Mass density: p=6.15%10°> kg m™>
Lattice constant: a=4.52 A

Longitudinal phonon velocity: ¢; =6.9X 103 m s~
1

1

Transverse phonon velocity: cr=5.02X 103 m s~
Electron effective mass: m,=0.2m,

Hole effective mass: m;=0.19m,

Deformation potential: 7=9.2 eV.

Debye radius: gp=1.73 X 10! m

Debye temperature: 912 K

Griineisen constant: y=0.9

actions in terms of the Griineisen constant vy, and will regard
this as an adjustable parameter.

We would like to mention here that there are discrepan-
cies in the value of 7y available literature. The calculated
from shell-model molecular-dynamics method varies from
0.6 to 1.05 depending upon the molar volume.*® Witek et al.”
calculated y=0.74 from thermal-expansion data and specific-
heat measurement. We have used y=0.9 which is within the
range of available value of y. The presently chosen value is
slightly different from that used (y=0.8) in our previous
work on phonon lifetime in bulk GaN.3!

III. RESULTS AND DISCUSSION

Here we analyze the experimental results obtained for
GaN samples grown under different growth conditions over a
wide range of temperature. The nature and amount of defects
present in these samples actually depend on both the growth
condition and substrate material. In our numerical calcula-
tions, we have considered extended defect scattering in ad-
dition to isolated point impurity. The presence of grown-in
extended defects in GaN single crystals grown by the HP/HT
method were observed and investigated by Lefeld-
Sosnowska and Frymark.3?> Their study, using x-ray projec-
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tion topography, revealed three types of crystal lattice imper-
fections: (a) large circular defects (extended defects), (b)
boundaries, dividing the crystal into two disoriented parts, or
shorter lines, and (c) line defects (straight dislocations). We
have performed numerical calculations for samples grown by
the HVPE, metal-organic chemical-vapor deposition, and
LEO methods, under high temperature and high pressure.
The constants used for the present calculations are taken
from Ref. 33 and are listed in Table I. The scattering param-
eters are listed in Table II.

For convenience, the bulk GaN sample S1 studied by
Slack et al.,” the sample studied by Sichel and Pankove,” the
sample studied by Kamano et al.,% #1 from Ref. 8, #2 from
Ref. 8, #3 from Ref. 8, #4 from Ref. 8, sample 2 from Ref. 9,
sample 3 from Ref. 9, the 18.5 um film from Ref. 12, and
the LEO film® are marked in our study as samples 1, 2, 3, 4,
5,6,7,8,9, 10, and 11, respectively.

We have summarized the available experimental measure-
ments by various groups in Table III. The last column indi-
cates the power n in the expression K=AT" at 300 K. From
this compilation, it is clear that different samples have dif-
ferent values of the room-temperature conductivity. The
value of n at room temperature also varies between samples.
Estimation of n at room temperature is important to confirm
whether the thermal conductivity at this temperature is
purely governed by three-phonon scattering or not. If the
total phonon-scattering rate is due to pure anharmonic scat-
tering, n at room temperature and above room temperature
should be equal to —1. In other cases, n will deviate from —1,
depending upon the percentage contribution of other scatter-
ing mechanism at this temperature. Table IV shows that ex-
cept for the purest quality samples, point-impurity scattering
plays a major role in controlling thermal conductivity over a
large range of temperature. We also note that when the point-
defect concentration is high, the percentage contribution of
point-impurity scattering is reasonably high throughout the
whole temperature range irrespective of the presence or ab-
sence of other defects. Srivastava’s scheme for three-phonon
processes allows us to accurately determine the three-phonon
scattering processes for a large range of temperature. As a
result, we are able to accurately quantify the impurity scat-

TABLE II. Parameters used in this work.

L A NED dep Bgp ne
Sample no. Sample Ref. (um) (107% §3) (10" em™)  (A) (1077 s) (107 em™)

1 S1 of 7 500 5

2 2 50 5 600 2.1 5
3 6 0.17 11.5 1
4 #1 of 8 850 1.5 0.6 2.6 0.01 1
5 #2 of 8 100 15 12 2.15 1
6 #3 of 8 170 20 9 2.83 1
7 #4 of 8 1500 10 1.2 4 1.7 35
8 #2 of 10 100 1.5 0.9 3

9 #3 of 10 100 11 12 2.15
10 12 18.5 65
11 UCSB LEO of 5 30 10
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TABLE III. Experimental measurements.

PHYSICAL REVIEW B 81, 195320 (2010)

Impurity-type, Carrier Knax
Sample Growth condition, concentration density K300 k) (Wm™' K™, Power n
No. Ref. substrate Dimensions (em™3) (em™)  (Wm 'K Tmax(K) at 300 K
200 um (thick), 0(2.1X10'9),
1 7 HVPE, Sapphire 3000 um (wide) Si(0.37 X 10'%) 227 2000, 30 -1.22
GaCl+NH3;, 950 °C 5X2.65X0.31 Grain boundary,
2 2 sapphire mm? ~10"8 3x 10" 130 170, 200 -0.76
HVPESi doped
3 6 (n type) 122 um (thick) 1x10'8 170, 180 -0.6
High temp and Mg, C, H, Si,
pressure 3X0.05X0.04-0.05 0, Ga-V

4 8 #1 (n type) mm? ~1020 5% 10" 230 1600, 45(#1) ~—1.43

5 #2 (p type) ~10%0 160 ~500 (#2,3)

6 #3 (p type) =10"

7 # 4 HVPE layeron ~1020 <107

bulk
GaN 100 wm (thick)

8 9and 10 #2(n type) 188 1050, 60

9 #3(n type) 160 590, 60
10 12 HVPE, sapphire 18.5 um (thick) 125

Dislocation (cm™2)

11 5 LEO (MOCVD) 5 pum =5x10° 3-5%10'8 >155 1000, 80

tering throughout the temperature range, viz., not only for
the temperature range for which experimental results are
available but also beyond that.

A. Bulk GaN

Figure 1 presents the results for the thermal conductivity
of the GaN sample (S1) studied by Slack er al.” This sample
was grown on a sapphire substrate by HVPE and contained
oxygen and silicon as major impurities which act as sources
of point-defect scattering. Our calculated boundary scattering

parameter of 500 wm matches with Slack’s prediction and
the original sample dimensions. Though there is a consider-
able amount of point impurities present, there is neither sug-
gestion of the presence of extended defects nor did we need
to consider these in our calculations. Our theoretical work
reproduces the experimental results over the entire tempera-
tures, and shows that the conductivity peak occurs at 30 K.
The contribution of point-impurity scattering toward thermal
resistivity is as high as 90% at 50 K, and is reasonably sig-
nificant up to 500 K. Table III shows that the experimental
measurement provides the highest thermal conductivity at

TABLE IV. Calculated percentage contribution of point-impurity scattering to the total thermal resistivity for different GaN samples

grown under different growth technique.

Sample no.

T
(K) 1 2 3 4 5 6 7 8 9 10 11

10 12.1 0.2 0.02 1.9 0.6 4.5 0.1 0.7 3.9 7.1 2.2

20 52.4 0.3 0.25 5.6 1.9 8.9 0.3 4.1 11.2 36.1 18.4

30 81.9 0.3 1.2 10.9 34 14.5 0.7 11.8 16.8 61.4 42.4

50 89.1 0.9 6.8 28.3 16.0 43.9 1.9 25.1 41.0 85.6 75.9

70 61.7 35 18.8 27.8 23.0 60.9 3.7 22.9 55.0 84.7 68.6
100 355 8.6 214 14.9 14.4 56.1 6.6 13.9 46.6 75.0 48.2
200 16.2 11.6 21.5 5.7 5.7 39.4 10.4 5.6 28.0 62.4 26.7
300 10.9 9.6 17.4 3.6 3.6 30.6 10.0 3.6 20.4 54.7 19.1
500 6.7 6.8 12.2 2.1 2.1 21.2 8.1 2.1 13.2 43.8 123
700 4.8 52 9.4 1.5 1.5 16.2 6.6 1.5 9.8 36.6 9.1
1000 34 39 7.0 1.1 1.1 12.1 5.2 1.1 7.1 294 6.5
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FIG. 1. (Color online) Temperature variation in the thermal con-
ductivity of sample no. 1 [sample S1 studied by Slack er al. (Ref.
7)]. The solid lines represent our theoretical results and the symbols
represent the experimental data for sample S1 presented in (Ref. 7).

the peak (i.e., at T,,,) and at room temperature. Therefore,
Slack er al.’s. sample [marked as sample 1 in the present
study] can be considered to present the best value of thermal
conductivity for bulk GaN.

Figure 2. shows the results for the 400-um-thick GaN
sample of Sichel and Pankove” [marked as sample 2 in the
present study] grown by vapor-phase growth technique®* on
a 50-um-thick sapphire substrate. Our numerical results
have reasonable agreement with Sichel and Pankove’s ex-
perimental results. Our fitted results of electron concentra-
tion and point-defect scattering parameter are similar to that
reported in Ref. 2. However, in order to fit the experimental
results at low temperatures, we had to scale the boundary
scattering length to a value which is about six times smaller
than the lowest dimension of the sample. This suggests that
grains are present in the sample which eventually make the
boundary scattering length smaller than the original dimen-
sion of the sample. We find that the effective grain size is
50 um. Our calculations also show that the extended defect
concentration is very high. This is consistent with the ex-

S

Thermal conductivity (W m’ K'l)

101 1 * * IIIIIIIZ

10
T (K)

FIG. 2. (Color online) Temperature variation in the thermal con-
ductivity of sample no. 2 (the GaN film grown by Sichel and Pank-
ove [Ref. 2]). The solid lines represent our theoretical results and
the symbols represent the experimental data presented in Ref. 2.
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FIG. 3. (Color online) Temperature variation in the thermal con-
ductivity of sample no. 3 (the 122-um-thick GaN sample grown by
Kamano et al. [Ref. 6]). The solid lines represent our theoretical
results and the symbols represent the experimental data presented in
Ref. 6.

pected amount of defects to be present in samples grown by
the vapor-phase growth technique. Table III shows that the
thermal conductivity at room temperature is smaller than that
of other samples studied here, and also the conductivity peak
occurs at a higher temperature compared to other samples.
Therefore, it is clear that the presence of large amount of
defects is responsible for the attenuation of the value of ther-
mal conductivity and the shifting of 7,,,, toward higher tem-
perature. Table IV shows that the contribution of point-
impurity defect scattering toward the total thermal resistivity
is ~10% and ~4% at 300 K and 1000 K, respectively.

Figure 3 presents the results for the 122-um-thick GaN
sample of Kamano et al.® [marked as sample 3 in the present
study] along with our numerical results. In the absence of
low-temperature data for this sample, it is difficult to accu-
rately predict the boundary scattering length. However, our
calculations show that the effective boundary length is very
small compared to the dimension of the sample, indicating
the presence of small grains inside the sample. We find that
there was no extended defect in the sample. Since the sample
is doped with Si, considerable amount of point defects are
expected to be present in the sample. Our fitted results also
indicate the same. The experimental data in Table III shows
that 7., and K., are similar for the samples studied in
Refs. 2 and 6. A comparison of our calculated point-defect
parameters for both the samples are similar to those expected
from the experimental data.

In all the previously discussed works, GaN samples were
grown on foreign substrates and the lowest temperature at
which the thermal conductivity was measured was larger
than 10 K. Driven by these two facts, Jezowski et al.8-10
have carried out measurements of the thermal conductivity
of different GaN samples in the temperature range 4-300 K.
In their work, Jezowski er al® have studied the thermal
conductivity of four GaN samples. Sample #1, #2, #3, and
#4 of Jezowski et al., are referred as sample 4, 5, 6, and
7, respectively, in the present study. The results of the
thermal conductivity of these samples are presented in
Fig. 4. As reported by Jezowski et al.®'0 all the samples
had the same dimensions of 3X5X0.04 mm® (Ref. 9)
[3X5%0.05 mm?® (Ref. 10)].
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FIG. 4. (Color online) Temperature variation in the thermal con-
ductivity of samples no. 4-7 (samples #1-#4 in the work by Je-
zowski et al. [Ref. 8]). The solid lines represent our theoretical
results and the symbols represent the experimental data presented in
Ref. 8.

The first sample (sample #1) in Ref. 8 [sample 4 in the
present study] was a highly conducting n-type bulk GaN
crystal grown using the HP/HT method.’> Among the four
samples, this sample exhibited the best thermal conductivity.
At low temperatures, the results show the T3 behavior, indi-
cating the dominance of boundary scattering at low tempera-
tures. We find that the concentration of point impurities and
of extended defects are small. Therefore, the impurity scat-
tering does not significantly modify the results at room tem-
perature and the anharmonic phonon interaction remains the
dominant mechanism. In a later work,3® the authors have
extrapolated the experimental data for this sample for T
>300 K and compared the temperature dependence of their
results at 7> T,,,, with the temperature dependence of the
results obtained by Mion et al.’” in the temperature interval
300-450 K. They have claimed the same temperature depen-
dence (i.e., T-'%) in the temperature range 200-500 K and
concluded that the thermal conductivity for 7>T,,,, is deter-
mined by point-defect scattering and the umklapp processes.
In contrast to this conclusion, our calculations reveal that
the influence of point-impurity scattering in controlling the
thermal conductivity of this sample is not significant beyond
100 K.

At this point, it will be useful to draw a comparison be-
tween the results obtained from Slack and co-workers’
sample [sample 1 in the present study] and Jezowski and
co-workers’ best sample [sample 4 in the present study].
While these two samples provide similar values of the room-
temperature conductivity, the maximum conductivity exhib-
ited by samples 1 and 4 are, respectively, 3000 W m~' K~
and 1600 W m~! K~! at 30 and 45 K. According to our fitted
results, the point-impurity content in Slack’s sample is five
times larger than that in Jezowski et al.’s sample. This is in
contrast with the reported values® of point-defect concentra-
tion. Jezowski et al.’s samples contain very small amounts of
large defect. Table IV shows that percentage contribution of
point-impurity scattering toward thermal resistivity in
Slack’s sample is as high as 90% around the peak region. In
case of Jezowski et al.’s, point-impurity scattering contrib-
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FIG. 5. (Color online) Comparison between the thermal-
conductivity measurements reported in Ref. 7 for sample S1 (dia-
monds) with those reported in Refs. 8—10 for sample #1 (circles).

utes 15-28% around the peak region in. In Jezowski et al.’s
sample, the lower amount of point-impurity scattering is
compensated by the small amount of extended defect scatter-
ing. In both samples, the N-drift contribution is saturated at
around 50%. The magnitude of N-drift term is essentially
controlled by the concentration of point defects.

The results for samples #2, #3, and #4 of Jezowski and
co-workers [samples 5, 6, and 7, respectively, in the present
study] show a clear deviation from the 7~ conductivity de-
pendence at high temperatures. Since samples #2 and #3
[samples 5 and 6 ] have much lower thermal conductivity
compared to sample #1 [sample 4], we are interested to see
the difference in defect concentration among #1 [sample 4]
and (#2, #3) [samples 5 and 6]. Table II shows that both the
point impurities and extended defect concentration are much
higher for #2 and #3 [samples 5 and 6], compared to that for
#1[sample 4]. Point impurities and extended defect concen-
tration increase due to the Mg dopant and the formation of
Mg-O complexes in #2 and #3 [samples 5 and 6].

Though our calculated results for #2 and #3 [samples 5
and 6] agree well with the experimental data at low tempera-
tures and around the conductivity peak, the agreement is
poor at higher temperatures. The experimental measurements
by Jezowski et al.® show a steeper slope compared to other
experimental results’ and our numerical calculations. The
concentration of point impurities and boundary scattering
length used in our calculations are within the expected limit
for p type and HVPE samples of the given dimensions. We
also find that considerable amount of extended defects are
present in the sample. Our calculation for the presence of
extended defects is supported by Sosnowska and Frymark.*?

The temperature dependence beyond the conductivity
peak for #2 and #3 [samples 5 and 6] is also different from
experimental measurements for the other samples prepared
and measured by other groups. To show the difference in the
temperature dependence of the thermal conductivity with
other experimental measurements, we have plotted the re-
sults of Jezowski et al.® (sample #1) and Slack’ in Fig. 5. We
observe that the experimental results by Jezowski et al.3-10
(for sample #1) are higher than those by Slack et al.” in the
temperature range 70<<7<<200 K, the range where our the-
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FIG. 6. (Color online) Temperature variation in the thermal con-
ductivity of sample no. 8 and 9 from Jezowski et al. The solid lines
represent our theoretical results and the symbols represent the ex-
perimental data presented in Ref. 10.

oretical results did not match with, i.e., are lower than, the
experimental data by Jezowski et al. Therefore, we believe
that the experimental results by Jezowski et al. may have
been modified due to some artifacts. Table IV shows that for
samples #2 and #3 [samples 5 and 6], point-defect scattering
contributes at least 9% to thermal resistivity at 1000 K.
Between 300 K and the Debye temperature, impurity-
scatttering contribution is significant.

The reported characteristics of samples #2 and #3 in Refs.
9 and 10 [samples 8 and 9] suggested that they were not only
identical to each other but also to sample #1 [sample 4]. The
three samples have been grown under the same conditions
using the same growth technique. They also had the same
dimensions and the same impurities levels.>'© However,
these samples exhibited different thermal-conductivity val-
ues. We have found from our calculations that different
defect-scattering strengths had to be used in order to explain
the reported conductivity spectrum of these samples. Thus,
we ascribe the differences in the measured thermal conduc-
tivity to possible differences in the structure and distribution
of impurities in these samples, in addition to possible differ-
ences in the concentrations of these impurities. For samples
#2 and #3 in Refs. 9 and 10 [samples 8 and 9], the boundary
limit for phonon mean-free path was found to be 100 um,
which is on the order of the smallest dimension of the
samples. The results of the thermal conductivity of these two
samples are shown in Fig. 6. The higher conductivity for
sample #2 [sample 8] indicates that phonon-defect scattering
in this is lower than that in sample #3 [sample 9]. Table 1T
shows that sample #2 [sample 8] has much lower point im-
purity and extended defect concentration compared to
sample #3 [sample 9]. Table IV shows that the contribution
of point-impurity scattering in sample #2 [sample 8] is simi-
lar to that of other HVPE samples discussed earlier.

B. GaN films

The fourth sample (sample #4) in Ref. 8 [sample 7] con-
sisted of two different HVPE films grown on bulk GaN sub-
strate. Results for this sample are shown in Fig. 4. This
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FIG. 7. (Color online) Temperature variation in the thermal con-
ductivity of sample no. 10 from Liu and Balandin (Ref. 12). The

solid lines represent our theoretical results and the symbols repre-
sent the experimental data presented in Ref. 12.

sample shows a lower thermal conductivity compared to
other samples studied in Ref. 8 throughout the whole tem-
perature range, and it shows a clear deviation from the char-
acteristic boundary T3 dependence at low temperatures. This
deviation can be attributed to the combination of strong
grain-boundary scattering and scattering from very large ex-
tended defects as shown in Table II. Between room tempera-
ture and the Debye temperature, impurity-scattering contri-
bution to the thermal resistivity is significant. This
contribution is about 5% at 1000 K as shown in Table IV.

In Fig. 7, the thermal-conductivity results of the
18.5-um-thick GaN film [sample 10] grown and studied
by Liu and Balandin'? are presented. The film was grown
on the c-plane sapphire substrate by a modified HVPE
technology. Since no measurements were taken below
80 K, we considered the boundary limit to be equal to the
thickness of the sample (18.5 wm) in our calculations. In
order to obtain the best fit with the experimental results,
as displayed in Fig. 7, very high level of point-impurity
concentration was chosen [see Table II]. The experimen-
tally measured room-temperature thermal conductivity was
125 W m~! K™, which is lower than that of bulk (in the
range 130-230 W m~! K™!). Extended defects are found to
be absent in the sample. We find that this sample does not
contain any other types of defect, except point impurities.
The contribution of impurity scattering toward the total ther-
mal conductivity is found to be quite high throughout the
whole temperature range studied here. Even at 1000 K, the
point-impurity contribution to thermal resistivity is as high
as 30%.

Figure 8 presents the results for the GaN sample grown by
Luo et al. [sample 11]. This sample was grown using the
LEO technique. This is the thinnest film sample studied in
this work with sample thickness of 5 um. Similar to the
18.5 um film grown by Liu and Balandin,'? this sample also
contains only point defects. We find that the point-impurity
concentration in this sample is low, with the impurity-
scattering factor A=10X 1076 s in Eq. (6). Though our nu-
merical results at low-temperature range fits well with the
experimental data, the fitting is poor beyond the conductivity
peak. The experimental result from the third harmonic
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FIG. 8. (Color online) Temperature variation in the thermal con-
ductivity of sample no. 11 (the LEO GaN sample). The solid lines
represent our theoretical results and the symbols represent the ex-
perimental data presented in Ref. 5.

method was corrected for finite geometry effects. Interface
effects are very important for determination of thermal con-
ductivity of samples of such dimension. Effects of reflection
of thermal waves from interfaces were corrected by invoking
the presence of a series of image heat sources.’ For the un-
coalesced LEO structure, the simplest assumption is that the
distance r is much shorter than thermal diffusion wavelength
and it does not take into account the effect of multiple im-
ages. Table III in Ref. 5 shows that even in the case of five
mirror images are taken into account, the image correction
scheme does not converge to the analytical solution. There-
fore, the simplest image correction scheme underestimates
the thermal conductivity of the LEO sample. This may be
one of the main reasons behind the poor fitting of our nu-
merical result with the experimental data in the temperature
range where the point-impurity scattering dominates. More-
over, we have used the continuum approximation in our
theory. For such films, phonon-dispersion curves are likely to
deviate significantly from the continuum relation employed
here. Considerations of such changes may result in better
fitting with experimental measurements both in the tempera-
ture range where phonon-impurity scattering and phonon-
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phonon scattering dominates. In the case of 5-um-thick film
also, similar consideration of deviation of phonon-dispersion
relations from the continuum approximation is very likely to
alter the contribution of phonon-impurity scattering and
phonon-phonon scattering toward the overall thermal resis-
tivity.

C. Comparison of results for films grown by different methods

As discussed previously, in this study we have investi-
gated the thermal conductivity of three GaN films (samples
7, 10, and 11) grown using two techniques (HVPE and
LEO). In Table V, the values of the thermal conductivity
calculated at temperatures 77, 300, and 912 K (liquid nitro-
gen temperature, room temperature, and Debye temperature)
have been presented. These results suggest that there is a
huge spread of conductivity results at any low temperature.
The room-temperature values range from 118 W m~! K~
(for the HVPE film) to 251 W m~! K~! (for the HT/HP bulk
samples). We also note that at room temperature, sample 11
(the LEO film by Luo et al.’) shows a conductivity value of
211 W m~! K~! which is higher than that exhibited by some
bulk samples. The other two film samples (samples 7 and 10)
exhibited room-temperature conductivity values lower than
that of bulk samples. These results are consistent with the
knowledge that the LEO method produces materials with
lower dislocation density compared to the HVPE method.
Therefore, the room-temperature thermal-conductivity value
of the LEO film is similar to that of thermal conductivity of
bulk GaN.

The experimentally reported results along with our calcu-
lated results indicate that the thinnest film grown by Luo et
al’® [sample 11] is more suitable than other films for high-
temperature thermal device applications. This can be under-
stood clearly, as high-temperature thermal-conductivity re-
sults for this sample are almost exclusively controlled by
phonon anharmonic interactions, and are not affected by size
and purity of samples.

Clearly, suitability for thermal applications depends on
the processing (i.e., growth technique) of GaN films, as types
and concentration of defects, as well as sample size, become
increasingly important at room temperature and below.

TABLE V. Range of thermal-conductivity values for the various GaN samples studied here. The param-

eters used are taken from Table II.

Our sample numbering ~ Ref. (growth technique and sample type) 77 K 300 K 912 K(Op)
7 (HVPE, bulk) 1098 233 85.4
3 6 (HVPE, bulk) 77.6 160.4 75.0
10 12 (HVPE, film) 335.2 118.3 60.1
7 8 #4(HVPE film on bulk GaN) 136.4 135.3 68.8
8 (HT/HP)
#1 (Bulk, n type) 1310.6 250.8 87.5
5 #2 (Bulk, p type) 1105.4 250.2 87.5
#3 (Bulk, p type) 4974 179.8 76.9
11 4 (LEO, film) 756.6 211.4 82.3
2 2 (GaCl+NH3;, 950 °C, bulk) 154.6 180.4 78.7
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sample number 10]. For samples with smaller amounts of FIG. 10. (Color online) Phonon mean-free paths in the GaN

defects, this contribution is as large as 50%, indicating that ~ samples studied in this work.
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the N-drift term should not be ignored in theoretical studies
of phonon transport in semiconductors.

E. Mode-average phonon mean-free path

Phonon mean-free paths in the eleven GaN samples stud-
ied in this work are shown in Fig. 10. Mode-average phonon
mean-free path has been calculated using the following

expression:®

> wchTﬁ(ﬁ+ H > C%J dex*m(i+ 1)
qs s

=T _ .9
c%wn(ﬂ+1) 5§dex4ﬁ(ﬁ+1)

where ¢ is the average phonon speed and other symbols have
been explained before. At room temperature, the mean-free
path in the samples ranges between 20 and 40 nm. Due to the
gradual dominance of anharmonicity with increase in tem-
perature, the phonon mean-free path in all the samples starts
to converge above room temperature. Above Debye tempera-
ture, phonon mean-free path reaches the same limit, with
typical values in the range 7-9 nm at 1000 K. It can be seen
that at low temperatures, the phonon mean-free path in most
of the samples is limited by the boundary length. In some of
the samples, the phonon mean-free path is lower (but of the
same order) than our theoretically fitted boundary length.
This is because the calculated phonon mean-free path in this
work is the statistically mode-average mean-free path
whereas the total phonon relaxation rate is in general the sum
of contributions from various scattering processes. For some
samples, at low temperatures, the phonon relaxation rate due
to impurity scattering or grain-boundary scattering at some
points is nearly equal to or higher than the phonon relaxation
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rate due to boundary scattering. This results in an increased
average relaxation rate and a smaller average mean-free path
compared to that due to boundary scattering.

IV. SUMMARY

Using 11 samples (eight bulk and three films), a system-
atic theoretical investigation of the thermal conductivity of
GaN grown under different growth techniques has been
made over a large temperature range. Callaway’s relaxation-
time theory in its full form has been utilized, and calculations
of the Debye term and N-drift term have been made by in-
corporating a detailed description for all allowed normal and
umklapp three-phonon processes. Contributions of various
phonon scatterings mechanisms in producing the wide range
of thermal-conductivity results obtained for samples grown
by different methods has been explained in a consistent man-
ner. The analysis of results presented in this work indicates
that for high-temperature thermal applications, GaN films
grown by the LEO method can be considered as good as pure
bulk GaN. It is found that impurity scattering plays a signifi-
cant role in determining the thermal conductivity of all
sample at room temperature and below, except for those con-
taining very low contents of point impurities. For the
samples studied, above room temperature, the contribution of
the often ignored N-drift term in the Callaway’s theory varies
from 30% (for samples with large amounts of defects) to
50% (for samples with the minimum amount of defects).
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