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The thermal conductivity (�) of wide-band-gap semiconductors GaN and SiC is critical for their application
in power devices and optoelectronics. Here, we report time-domain thermoreflectance measurements of � in
GaN, 71GaN, and SiC between 150 and 850 K. The samples include bulk c- and m-plane wurtzite GaN grown
by hydride vapor phase epitaxy (HVPE) and ammonothermal methods; homoepitaxial natural isotope abundant
GaN and isotopically enriched 71GaN layers with thickness of 6–12 μm grown on c-, m-, and a-plane GaN
substrates grown by HVPE; and bulk crystals of 4H and 6H SiC. In low dislocation density (<107 cm−2) bulk and
homoepitaxial GaN, � is insensitive to crystal orientation and doping concentration (for doping <1019 cm−3);
� ≈ 200 W m−1 K−1 at 300 K and ≈50 W m−1 K−1 at 850 K. In 71GaN epilayers at 300 K, � is ≈15% higher
than in GaN with natural isotope abundance. The measured temperature dependence of � in GaN is stronger than
predicted by first-principles based solutions of the Boltzmann transport equation that include anharmonicity up
to third order. This discrepancy between theory and experiment suggests possible significant contributions to
the thermal resistivity from higher-order phonon scattering that involve interactions between more than three
phonons. The measured � of 4H and 6H SiC is anisotropic, in good agreement with first-principles calculations,
and larger than GaN by a factor of ≈1.5 in the temperature range 300 < T < 850 K. This paper provides
benchmark knowledge about the thermal conductivity in wide-band-gap semiconductors of GaN, 71GaN, and
SiC over a wide temperature range for their applications in power electronics and optoelectronics.
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I. INTRODUCTION

Wide-band-gap GaN and SiC are emerging as the next-
generation power semiconductors for conversion and control
of electrical energy [1–3]. Owing to their high breakdown
strength, electron mobility, and thermal conductivity, power
devices based on GaN and SiC significantly outperform tra-
ditional Si-based devices by providing a smaller footprint,
higher frequency of operation, and lower switching losses
[1–4].

Thermal management is a critical factor in power devices
especially when operating at high junction temperatures and
output power. The device lifetime and the chip area—which in
turn determine the number of dies per wafer and contribute to
cost—depend on the thermal conductivity of the materials that
make up the device and heat sink [5–7]. Accurate knowledge
of the temperature dependence of the thermal conductivity
(�) of GaN and SiC, as epilayers and as bulk substrates for
vertical devices [8–13], is crucial for deriving scaling laws and
cost models for the design of new devices.

The majority of commercially available wurtzite GaN
bulk substrates are grown using hydride vapor phase epi-
taxy (HVPE) [14] on a foreign substrate, such as sapphire,
SiC, or GaAs, which is removed after growth [15]. This
method offers a relatively fast growth rate and high purity,
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but suffers from bowing of crystallographic planes [15–18].
More recently, the ammonothermal method has emerged as
an alternative approach for the mass production of large GaN
crystals [19,20]. This technique employs a polar solvent of
supercritical ammonia to dissolve and recrystallize GaN on
GaN seeds. Ammonothermal GaN has high crystalline quality
with low dislocation density and small substrate curvature,
but relatively high concentration of unintentional dopants
[15,21,22]. Commercial SiC wafers are mainly grown by
physical vapor transport which involves seeded sublimation
at >2000 ◦C [23].

In GaN and SiC, heat is carried by phonons; � is limited by
both intrinsic phonon-phonon scattering and extrinsic phonon
scattering due to isotope disorder, dopants and unintentional
impurities, charge carriers, point defects, and dislocations.
Data for � of GaN and SiC with low dislocation density
(104–106 cm−2) at elevated temperatures, T > 500 K, are
limited. The currently available data also show significant
scatter, potentially due to differences in the sample quality
but also because of the challenges that are inherent in con-
ventional measurements of thermal conductivity at elevated
temperatures. The highest � values were measured in free-
standing thick GaN (>100 μm) with relatively low dislo-
cation density; the reports of room-temperature � of these
materials range between 220 and 270 W m−1 K−1 [24–29].
In heteroepitaxial GaN/sapphire (0001) with thicknesses of
5–75 μm, � at room temperature varies between 110 and
195 W m−1 K−1 due to variations in dislocation densities of

2475-9953/2019/3(1)/014601(14) 014601-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.014601&domain=pdf&date_stamp=2019-07-22
https://doi.org/10.1103/PhysRevMaterials.3.014601


ZHENG, LI, RAI, LEACH, BROIDO, AND CAHILL PHYSICAL REVIEW MATERIALS 3, 014601 (2019)

200 300 500 1000
50

100

200

300

400

500

6H
out Müller

6H
out Qian

4H
out Qian

4H
out Ziade 

4H
out Wei 

4H
out this work 

 4H
out Protik (cal.)

 6H
out Protik (cal.) 

ou
t
(W

 m
-1

 K
-1

)

T (K)
200 300 500 700

100

200

400

800

4H
in  Morelli

 4H
in  Protik (cal.)

 6H
in  Protik (cal.)

6H
in  Morelli

6H
in  Qian

4H
in  this work

in
(W

 m
-1

 K
-1

)

T (K)

4H
in  Qian

6H
in  Slack

)c()b()a(

100 200 300 500 1000

50

100

200

400

 in and outLindsay (cal.) 

out Rounds

in -2

in -1

Mion 

Simon 

out Shibata 

out Slack 

out this work (AM1)

(W
 m

-1
 K

-1
)

T (K)

out Paskov

FIG. 1. (a) Thermal conductivity of bulk GaN from literature, from experiments [24–27,29,35–37], and from first-principles calculations
[39], in comparison with representative results of this paper for c-plane bulk GaN (AM1) (blue solid triangles). The calculated �in and �out

overlap with each other. (b) In-plane and (c) out-of-plane thermal conductivity of bulk 4H and 6H SiC from previous experimental [49–55]
and theoretical [56] studies. Data from this paper are shown for comparison (blue solid triangles and squares).

107–1010 cm−2 [30–33]. In free-standing HVPE GaN, dislo-
cation densities on the order of 108–109 cm−2 are reported
to reduce � at room temperature from ≈230 W m−1 K−1 by
30–60% [34,35]. Dopants or impurities with concentrations
on the order of 1019–1020 cm−3 are also found to reduce � by
≈20–70% in ammonothermally grown bulk GaN [29,36,37].

In Fig. 1(a) we compare prior measurements of bulk GaN
to our measurement of a representative bulk c-plane GaN
crystal grown with the ammonothermal method. We draw two
main conclusions from this comparison. At T < 500 K, the �

we measured is within the range of the scattered data of high-
est values from prior measurements; and our � data in 500 <

T < 850 K is consistent with the sole prior report at these
high temperatures [24]. We attribute the steep temperature
dependence of � in [35] [dark red symbols in Fig. 1(a)] and
observation of higher � with higher Si doping concentration
in [27] [violet symbols in Fig. 1(a)] to inadequate electrical
isolation between the metal line and the sample in the three-
omega measurements.

Previously published reports of � predicted by first-
principles based solution of the Boltzmann transport equation
(BTE) for bulk GaN are 210–240 W m−1 K−1 along the c

axis at 300 K [38–40]. These calculations predict a large
isotope effect, i.e., a 50–65% increase at 300 K of � with
isotopic enrichment of Ga [38–40]. The predicted size of the
isotope effect in GaN is much stronger than the isotope effects
observed in Si and Ge [41–44] and comparable to the isotope
effects observed in diamond (≈50%) [45,46]. An experimen-
tal study of the effect of isotope enrichment on � of GaN is an
important test of theory and can help evaluate the tradeoffs be-
tween costs and benefits of isotope enrichment for enhancing
the thermal management of GaN-based high power devices.

In wurtzite GaN, the anisotropy in �, i.e., the difference
between �in along the in-plane direction (perpendicular to the
c axis) and �out along the cross-plane direction (parallel to
the c axis), is relatively small at >300 K. The first-principles
BTE calculations in Refs. [38,39] predict a difference between
�in and �out of ≈1 and ≈14%, respectively, for GaN with
natural abundance, and 4 and 12% in isotopically pure GaN,

respectively. (In all cases, �in at 300 K is predicted to be larger
than �out.)

There has been a growing interest in the growth of GaN
in nonpolar directions, e.g., m plane (1-100) and a plane
(11-20), which are free of electrostatic fields [47,48]. To the
best of our knowledge, measurement of � of bulk m-plane
GaN has not been reported previously. Such a study could
resolve the discrepancy in the theoretical predictions and
provide benchmark knowledge for the applications of GaN
with nonpolar surface orientations.

Similar to GaN, previously reported measurements of �

for the two common hexagonal polytypes of SiC, 4H, and
6H show significant scatter. First-principles calculations [56]
predict a larger anisotropy in � for SiC than for GaN; at
300 K, the predicted anisotropy is ≈20 and ≈30% for 6H and
4H SiC, respectively. Figures 1(b) and 1(c) show a comparison
between � data of 4H and 6H SiC along the in- and out-
of-plane directions from literature and our measurements of
4H SiC. � calculated from first-principles based solution of
the BTE shows better agreement with experimental results
in SiC than GaN. Prior measurements of �in at 300 K are
between 390 and 490 W m−1 K−1 for 6H SiC [49,50,54,57],
and between 340 and 470 W m−1 K−1 for 4H SiC [51,54].
Prior measurements of �out at 300 K are between 270 and
310 W m−1 K−1 for 6H SiC [54,55], and between 300 and
350 W m−1 K−1 for 4H SiC [52–54]. Impurities and doping
that lead to high carrier concentration (>1019 cm−3) are found
to reduce � by 30–50% [49–51,57].

Here, we report a time-domain thermoreflectance (TDTR)
study of the temperature-dependent thermal conductivity of
GaN and SiC between 150 and 850 K. We investigate low-
dislocation-density bulk c- and m-plane GaN grown with
HVPE and ammonothermal methods with different doping
concentrations from several industrial suppliers as well as
homoepitaxial layers of GaN with natural isotope abundance
(referred to as GaN hereafter) and isotopically enriched
71GaN (referred to as 71GaN hereafter) grown on bulk c-,
m-, and a-plane GaN substrates. In-plane and out-of-plane
� of bulk semi-insulating high-quality 4H and 6H SiC are
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TABLE I. Bulk GaN substrates. Sample ID, orientation, thickness, thermal conductivity at 300 K, doping type, carrier concentration
(estimated by the Hall effect measurement on similar samples from the supplier, nH, and by Raman spectroscopy of the same piece that was
measured by TDTR, nR), estimated major dopant and impurity concentration by SIMS from the supplier, XRD rocking curve FWHM, β [(002)
peak for c-plane GaN and (100) peak for m-plane GaN], and dislocation density from the supplier, ρ (by CL on similar samples), and directly
measured by CL (KM6) and XRD (other samples), ρs. The AM and XYZ samples are grown by the ammonothermal method and the rest are
grown by HVPE.

Thickness �300 K nH/nR Major dopant, β ρ/ρs

Sample ID Orientation (μm) (W m−1 K−1) Doping type (1018 cm−3) impurity (1018 cm−3) (arc sec) (105 cm−2)

SEI c 342 200 N 1.6/1.7 86 1–10/

AM1 c 343 197 N 0.2–2/0.6 O ≈ 1, H ≈ 1 32 ≈0.5/<21
AM2 c 341 155 SI Mn ≈ 15, H ≈ 20, O ≈ 5 47 ≈0.5/<44
KM1 c 602 193 P Mg ≈ 3 263 <100/

KM5 m 518 206 SI Fe ≈ 1 166 <100/

KM6 m 519 203 N+ ≈1/0.7 Si ≈ 0.7 166 <100/<75 (CL)
KM7 m 408 209 N (UIDa) /4.0 O ≈ 0.1, H ≈ 0.1 151 <100/

XYZ c 270 175 N+ 10/5.4 O ≈ 10 35 /<24

aUID, unintentionally doped.

also reported. The crystal quality of the bulk samples is
characterized by x-ray diffraction (XRD) and the dislocation
density of the epilayers is estimated by cathodoluminescence
(CL). The carrier concentrations in bulk GaN are estimated
using Raman spectroscopy. We also perform first-principles
based BTE calculations of � in GaN and study its dependence
on mass disorder introduced by isotopes and impurities. The
disagreement between experiment and theory for GaN at ele-
vated temperatures suggests that phonon scattering processes
beyond third order may be significant in GaN. This paper
provides knowledge about the temperature-dependent � in
low dislocation density bulk and homoepitaxial GaN and bulk
SiC with different crystal orientations. We investigate the
potential of using 71GaN to achieve higher �.

II. EXPERIMENTAL

The bulk GaN substrates studied in this paper are provided
by Kyma Technologies, Inc. (referred to below as KM); Sum-
itomo Electric Industries, Ltd. (SEI); Ammono (AM); and a
fourth company that elected to remain anonymous (XYZ).
The KM and SEI samples are grown by the HVPE method.
The KM sample growth is done along the [0001] GaN crys-
tallographic directions on c-plane sapphire substrates. The m-
and a-plane bulk GaN are cut from thick c-plane boule of GaN
along (1-100) and (11-20) crystal planes, respectively. The
AM sample is grown by ammonothermal method as described
in Ref. [20], and the XYZ sample is also ammonothermally
grown. The thickness of the bulk GaN samples is 270–600
μm. The top surface of the bulk GaN substrates (Ga face of
the c-plane samples) is prepared with chemical mechanical
polishing by the suppliers. Descriptions and properties of the
bulk GaN samples at room temperature are summarized in
Table I.

The GaN/GaN and 71GaN/GaN thick epitaxial layers pro-
vided by Kyma are grown by HVPE using natural Ga (Neo
rare Metals (Utah), LL. 99.99999%, total impurity <1.5 ×
1016 cm−3) or isotopically enriched 71Ga (Trace Sciences
International, Inc. 99.6% 71Ga, 0.4% 69Ga, 2.6 × 1019 cm−3

Al, and a total of 1.2 × 1019 cm−3 of other metal impurity)

on bulk GaN substrates including the substrates cut from the
bulk wafers listed in Table I. Epilayers with m-plane and a-
plane orientation are grown on Kyma HVPE GaN substrates.
(These substrates are not listed in Table I.) Descriptions and
properties of epilayer GaN/GaN and 71GaN/GaN samples at
room temperature are summarized in Table II.

Semi-insulating bulk c-plane 6H and 4H-SiC wafers are
from TankeBlue grown by a physical vapor transport method.
Both samples have a thickness of 330 μm, have a disloca-
tion density <4500 cm−2, and are doped with 1 × 1018 cm−3

vanadium.
A PANalytical Phillips X’pert Materials Research Diffrac-

tometers (MRD) system with a two-bounce monochromator
that selects Cu Kα1 (0.15406 nm) and a PIXcel line detector
is employed to perform x-ray diffraction and x-ray reflectivity
(XRR) measurements. XRR is used to determine the thickness
of the Al or Pt transducer layer for TDTR. (Further details of
the measurement of the transducer thickness are given below.)

CL is used to measure the density of threading dislocations.
For CL measurements, we use a JEOL JSM 7000F field
emission scanning electron microscope (SEM) outfitted with
a Gatan MonoCL3 detector with a wavelength resolution of
2 nm full width at half maximum (FWHM). The electron
beam current is 0.1–3.2 nA and the beam energy is 5 kV,
which yields an electron penetration depth of approximately
100 nm [58]. The same SEM is also used to measure the
epitaxial GaN and 71GaN layer thickness by imaging the cross
section of the samples.

Raman spectroscopy measurements are performed using
an Acton Insight spectrometer (Princeton Instruments). The
excitation wavelength is 488 nm from a Spectra-Physics Cyan
solid-state laser. The laser power is ≈3 mW. The backscat-
tered signal is collected through a factor-20 objective (N.A. =
0.4) with laser spot size ≈10 μm at the sample surface and
dispersed by a 1200-g mm−1 grating with a spectral resolution
≈4 cm−1 [59]. All Raman experiments are performed in a
backscattering geometry with the incident light perpendicular
to the sample surface.

TDTR is used to measure the thermal conductivity of GaN
and SiC [60,61]. To remove surface contamination, especially
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TABLE II. Sample ID, orientation, film thickness, thermal conductivity at 300 K, threading dislocation density (ρs from CL), and
the substrate information of GaN/GaN with natural isotope abundance (KMF series) and 71GaN/GaN (KMiF series) isotopically enriched
homoepitaxial layers. All samples are grown by Kyma Technologies using HVPE with no intentional doping.

Sample ID Orientation of substrate Thickness (μm) �300 K (W m−1 K−1 ) ρs (105 cm−2) Substrate

KMF1 c 7.6 195 KM (SI)
KMF2 c 203 <10 AM1
KMF3 c 203 <40 SEI
KMF4 c 8 194 <10 AM2
KMF5 m 6.4 153 KM
KMF6 c 190 <50 KM (N-type)
KMiF1 c 237 AM2
KMiF2 c 8 240 <400 KM (UID)
KMiF3 c 246 <60 AM1
KMiF4 a 11.6 234 <200 KM (N-type)
KMiF5 m 7.6 218 <60 KM (N-type)
KMiF6 c 7.5 240 KM (SI)
KMiF7 c 7 233 <20 SEI

hydrocarbons, the samples are first cleaned by O2 plasma
under 18-W rf power at 500 mTorr for 80 s using a Har-
rick PDC-32G Basic Plasma Cleaner. The samples are then
transferred to a vacuum chamber (within 5 min) and coated
with an Al or Pt transducer layer with a thickness of approxi-
mately 80 or 60 nm, respectively, by dc magnetron sputtering.
Aluminum thin films are used for measurements in the range
150 < T < 600 K; Pt thin films are used for measurements at
high temperatures up to 850 K. The O2 plasma treatments are
found to be effective for generating a consistent interface ther-
mal conductance of 180 < G < 230 MW m−2 K−1 for both
Al/sample and Pt/sample interfaces at room temperature. For
temperature-dependent measurements, samples are mounted
on an Instec vacuum microscope stage using PELCO graphite
paint. The stage chamber is pumped with a turbomolecular
pump to maintain a pressure within the vacuum stage of <8 ×
10−4 Torr. The measurement for SiC along the in- and out-of-
plane direction is performed on the cleaved cross section and
polished top surface, respectively. On the cleaved surfaces,
we select an area of the sample surface with an optical
reflectivity >95% of the optical reflectivity of a silicon wafer
coated with the same transducer metal. Specular surfaces are
needed to avoid artifacts in the TDTR measurements that are
sometimes generated by thermoelastic modulation of diffuse
light scattering.

In a TDTR measurement, a train of 785-nm optical pulses
at a repetition rate of 74.86 MHz, generated by a mode-locked
Ti:sapphire laser, is split into pump and probe beams with
the optical path of the pump beam controlled by a mechan-
ical delay stage [60,61]. The pump beam is modulated at a
frequency of f = 9.3 MHz by an electro-optical modulator.
The pump and probe beams are typically focused on the
sample through a factor-5 objective lens to a 1/e2 intensity
radius of w0 ≈ 10.2 μm. Objective lenses with magnification
larger and smaller than factor 5 are used to determine the
dependence of the apparent thermal conductivity on the laser
spot size. The steady-state temperature rise created by the
average laser beam power of 25 mW is <0.01 T for all
measurements. Changes in the intensity of the reflected probe

beam due to the thermoreflectance of the Al transducer and
pulsed heating created by the pump beam are measured using
lock-in detection. The ratio of the in-phase (Vin) and out-of-
phase (Vout) signal from the lock-in amplifier is then fit to a
thermal diffusion model obtained from an analytical solution
for heat flow in a layered structure based on Fourier’s law [60].

The diffusive thermal transport model used for TDTR
data fitting includes parameters for the thermal conductivity
�, heat capacity CP , and thickness of the metal transducer
and the sample (GaN, 71GaN or SiC) as well as the ther-
mal conductance of the transducer/sample interface (and the
GaN/GaN or 71GaN/GaN interface for epilayer samples). The
accuracy of the � measurement is estimated by calculating
the square root of the sum of the squares of errors propagated
from uncertainty in each parameter of the model as well as
the phase difference between the thermoreflectance signal and
the reference channel input to the lock-in amplifier [62]. We
define the sensitivity of the fit Sα as the logarithmic derivative
−Vin/Vout with respect to each of the parameters α, i.e.,
Sα = ∂ ln(−Vin/Vout )

∂ ln(α) , to gauge how each parameter influences
the output of the model. For example, the typical sensitivity
for � of GaN is ≈0.5 at >300 K, which means that a 10%
change in the � results in 5% change in the ratio signal. The
error from measurement uncertainty σα for a parameter α that
propagates into the measured � is then σαSα/S�. The typical
measurement uncertainty of � is approximately 7%.

Since all epitaxial GaN and 71GaN layers in this paper
have thickness >6 μm, thicker than the maximum TDTR ther-
mal penetration depth dp = √

�/(πf CP ) ≈ 3 μm reached
at 150 K, the GaN/GaN (71GaN/GaN) interface thermal con-
ductance is not detected (sensitivity <0.001). Consistent with
prior work on a wide variety of single crystals [63,64], we
do not observe modulation frequency dependence in the ap-
parent thermal conductivity when we change the modulation
frequency in the range 1.1 < f < 9.3 MHz.

With a relatively large laser spot size of w0 ≈ 10.2 μm, the
TDTR measurement is insensitive to heat transfer in the in-
plane direction. For GaN, the maximum sensitivity to � along
the direction parallel to the sample surface (which occurs at
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the lowest temperature of 150 K) is <0.1. Since the difference
between �in and �out is <5% at all temperatures according to
our first-principles calculation, we ignore the anisotropy of �

in the analysis. In TDTR analysis of c-plane GaN, changing
the anisotropic ratio of �in/�out from 1 to 1.14 (the ratio in
[38]) at 150 K only leads to ≈2% difference in the fitting
result of �out. This is smaller than the typical measurement
uncertainty of approximately 7%. The difference becomes
negligible at higher temperature, <1% at >300 K.

In SiC, �in is ≈28% larger than �out at 300 K according
to first-principles calculations [56]. For 4H SiC, changing the
ratio of �in and �out from 1 to 1.28 would cause the fitting
result of �out measured from the top surface and �in from
the cross section to change by ≈3% at 300 K. The difference
becomes smaller at higher temperature. Considering the small
effect of anisotropy on the analysis of the TDTR data for 4H
and 6H, we treat � as isotropic in the analysis.

The thickness of the Al thin film is obtained from pi-
cosecond acoustics using a longitudinal speed of sound
6.42 nm ps−1 [65] which is consistent with x-ray reflectivity
measurement within 2%. A small correction to the Al film
thickness in the TDTR analysis is made by adding an extra 3
nm to the thickness derived from picosecond acoustics to ac-
count for the heat capacity of a layer of native oxide. The � of
the Al thin film is calculated using the Wiedemann-Franz (W-
F) law and the electrical resistance of the Al film deposited on
a 500-nm SiO2 on Si reference sample placed next to the sam-
ple during sputtering. � values for Al at temperature different
from 300 K are estimated from the electrical resistivity at 300
K, the assumption of a constant residual resistivity added to
the intrinsic electrical resistivity, and the W-F law [66] with a
constant Lorenz number. The analysis is relatively insensitive
to the Al transducer layer thermal conductivity [62]. The heat
capacity of Al is taken from literature values [67]. For Pt trans-
ducers, the film thickness is measured by x-ray reflectivity.
The � of Pt is also derived from electrical resistivity and the
W-F law [68], similar to Al. The heat capacity of Pt is taken
from [69]. The thermal expansion of the transducer layers is
also considered (see Supplemental Material [70]).

The volumetric heat capacity at constant pressure of GaN
and SiC, Cp, is calculated using Cp = Cv + α2BT , where Cv

is the constant volume heat capacity, B is the bulk modulus,
and α is the volumetric thermal expansion coefficient. Cv is
obtained by integrating the phonon density of states (DOS)
derived from our first-principles calculations. We use experi-
mental values of B for GaN [71] and SiC [72] and α (derived
from α = 2αa + αc) for GaN [73] and SiC [74,75]. As shown
in Fig. S1 in Supplemental Material [70], the calculated Cp

of GaN is in good agreement with the measurement results by
Kremer et al. [76] between 150 and 850 K with deviation of
less than 3% while the calculated Cp of 6H and 4H SiC agrees
well with prior work [77–82]. We note that the experimental
data of Cp for GaN [83–89] show relatively large deviations.
The difference in Cp between 71GaN and GaN is negligible
above 150 K [76].

For TDTR measurements of high thermal conductivity
crystals, we must consider deviations from Fourier’s law
[63,64]. Such deviations result from ballistic phonon transport
in the sample and from a mismatch in the distribution of
phonons that carry heat across the metal transducer/sample

interface and the distribution of phonons that carry heat in the
sample. A reduction in the characteristic length scales of the
temperature gradient by decreasing the laser spot size (w0)
or increasing the pump modulation frequency (f ) increases
the percentage of low-frequency phonons with long mean free
paths that are not in local equilibrium with high-frequency
phonons. Such effects cause the apparent thermal conductivity
(�A) derived from the thermal model using a small char-
acteristic length scale to be less than the apparent thermal
conductivity derived from the thermal model using a large
characteristic length scale [63]. The laser spot size dependent
�A for representative GaN and SiC samples at room temper-
ature is shown in Fig. S2 in Supplemental Material [70]. For
GaN, 71GaN, and SiC, the difference between �A measured
with w0 = 10.2 and 30 μm is ≈2–5%, smaller than the typical
uncertainty of TDTR measurements.

The first-principles lattice thermal conductivity is com-
puted using an iterative solution of the phonon Boltzmann
transport equation (PBE), the details of which can be found in
previous publications [90,91]. This approach requires the ab
initio calculation of the harmonic and anharmonic interatomic
forces (IFCs). Harmonic IFCs are calculated within the local
density approximation and using density functional perturba-
tion theory (DFPT) as implemented in QUANTUM ESPRESSO

[92]. We use the ultrasoft pseudopotentials by Garrity et al.
[93] with a plane-wave cutoff of 60 Ry and a charge density
cutoff of 300 Ry. A 20 × 20 × 10 k grid and a 5 × 5 × 5 q
grid are used in the DFPT calculations. The crystal struc-
tures are determined by minimizing the free energy in the
quasiharmonic approximation at each temperature. Thus, both
the zero-point motion of the atoms and thermal expansion
are included. This yields the 300-K lattice constants and
internal parameter as a = 3.1653 Å, c = 5.1618 Å, and u =
0.3767. The lattice constants are within 1% of measured
room-temperature values [94]. The anharmonic IFCs were
calculated using a supercell/finite difference scheme [95].
Forces are calculated in a 108-atom supercell with a 2 × 2 ×
2 k grid. Anharmonic IFCs up to the sixth-nearest neighbors
are retained. The phonon frequencies, phonon eigenmodes,
and three-phonon scattering rates are then computed from the
harmonic and anharmonic IFCs, and the PBE is solved on a
30 × 30 × 30 q grid, which is sufficient to obtain converged
thermal conductivity values. The phonon-isotope scattering is
modeled within the mass variation approximation as formu-
lated by Tamura [96].

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show representative x-ray rocking
curves (ω scan) for symmetrical reflections of bulk c- and
m-plane GaN. The HVPE samples (black lines) with both c-
and m-plane orientation show broader FWHM than the am-
monothermal samples (blue lines). The significant curvature
of free-standing GaN grown by HVPE on foreign substrates
and the relatively high dislocation density lead to the broad-
ening of XRD rocking curves in HVPE GaN compared with
ammonothermal samples (see Table I) [17,18]. The FWHM of
the rocking curves in ammonothermal c-plane GaN are on the
same order of magnitude as that of the (004) peak of Si single
crystal wafer, 18 arc sec, comparable to the XRD instrumental

014601-5



ZHENG, LI, RAI, LEACH, BROIDO, AND CAHILL PHYSICAL REVIEW MATERIALS 3, 014601 (2019)

)b()a(

5 µm

(c) (d)

-1.0 -0.5 0.0 0.5 1.0
0.1

1

10

100

1000

AM1
AM2

In
te

ns
ity

 (
10

3  c
ou

nt
s)

 (deg) 

XYZ
SEI

KM1

-1.0 -0.5 0.0 0.5 1.0
0.1

1

10

100

1000 KM6

In
te

ns
ity

 (
10

3  c
ou

nt
s)

 (deg) 

KM7 KM5

-0.4 -0.2 -0.0 0.2 0.4 0.6

0.1

1

10

100

1000

10000
6H SiC (006)

In
te

ns
ity

 (
10

3  c
ou

nt
s)

 (deg)

4H SiC (006)

FIG. 2. XRD rocking curves of (a) c-plane [(002) peak] and (b) m-plane [(100) peak] bulk GaN grown by HVPE (black lines) and
ammonothermal method (blue lines). The curves are shifted along the ω axis for better visibility. (c) XRD rocking curve of 4H and 6H SiC
(006) peaks. (d) Representative cathodoluminescence of the 71GaN epilayer of KMiF2 with dark spots corresponding to the locations of
threading dislocations.

broadening. The FWHM of the 4H and 6H SiC (006) rocking
curves are also small, ≈21 arc sec, consistent with the low
dislocation density of around 4500 cm−2 specified by the
supplier.

With radius of curvature on the order of 102–103 m [17],
the tilt and twist of mosaic crystals in ammonothermal GaN
can be correlated with dislocation densities. The tilt of (001)
oriented GaN layers can be correlated to the density of screw-
type threading dislocations (TDs) with Burgers vector bs =
〈0001〉 (with magnitude bs = 0.5186 nm) [97,98]. Assuming
the geometric misfit to be compensated by screw-type TDs
which are randomly distributed, the screw-type TD density is
given by [97,99]

ρs = β2

4.53b2
s

(1)

where β is the FWHM of the (00l) ω scan and bs is the
length of the screw TD Burgers vector. The estimation does
not consider edge-type dislocations and tends to overcount
the screw dislocation density. The results for ammonothermal
c-plane GaN are listed in Table I. All samples we measured
should have dislocation density lower than 107 cm−2. We
also perform x-ray reciprocal-lattice mapping on the epilayer
samples. The results confirm that the epilayers have the same
orientation as the substrates and do not show significant
broadenings or splittings that correspond to a large change
in lattice constant or mosaic spread compared with the sub-
strates.

We further utilize the cathodoluminescence to estimate the
TD density ρ in GaN [100]. The low coordinated bonds in
the dislocation core induce a one-dimensional band that is

split off from the valence or conduction band; this split-off
band is partially filled with majority carriers, causing band
bending around the dislocation. This makes the dislocation an
attractive site for minority carriers and nonradiative recombi-
nation [101]. In homoepitaxial c-plane GaN and 71GaN layers,
the TDs appear as dark spots and can be relatively easily
visualized and counted. A representative CL image of 71GaN
epilayer KMiF2 is shown in Fig. 2(d) which has the highest
ρ among all samples measured. The TDs in each sample are
counted in three different regions with an area of 32 × 40 μm
and the largest ρ of the three regions is listed in Table II. For
most of the epilayer samples the ρ is on the order of 106 cm−2.
In m-plane epilayers, we observe long dark lines that may
result from parallel step edges or from subsurface screw
dislocations; these features create large uncertainties in our
measurements of the dislocation density. In most bulk GaN
and SiC samples, the ρ is too small to determine with good ac-
curacy using CL. (Sample KM6 is an exception, see Table I.)

The Raman spectra of bulk GaN samples are shown in
Fig. 3. The strong A1(LO) peak at 734 cm−1 [102] in c-plane
GaN and the strong A1(TO) peak at 531 cm−1 in m-plane
GaN agree with the expected frequencies and selection rules
[103] for a backscattering geometry [104]. The appearance of
the weak, usually forbidden, A1(TO) mode in c-plane GaN
and E1(LO) mode in m-plane GaN is a result of mixing of
A1 and E1 modes when the incident or scattered light is not
strictly parallel or perpendicular to the optical axes due the
finite solid angle of the collecting objective lens [105,106].
The Raman spectra of the GaN homoepitaxial layers are not
shown because we cannot easily separate the signal generated
by the homoepitaxial layer from the signal generated by the
substrate [107].
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FIG. 3. Raman spectra of bulk c-plane (a), (b), and m-plane (c), (d) GaN in the low- and high-frequency range. The acoustic and optical
combination modes for GaN are labeled by black triangles. The representative peak fittings of the LPP+ modes are shown in (b) and (d). The
first-principles calculated phonon density of states (DOS) with frequency expanded by a factor of 2 is included in (c) for comparison.

SiC polytypes exhibit a number of distinct folded modes
in the one-phonon Raman spectra of the TA and TO phonons
(Fig. 4) which can be explained by folding of the Brillouin
zone relative to 3C-SiC [108,109]. For these modes, we follow
the definition in the literature: phonons with atomic motion
parallel or perpendicular to the c axis are designated “axial”
or “planar,” e.g., axial acoustic mode = AA [110,111]. The
frequencies of LO and folded one-phonon Raman modes
labeled in Fig. 4 agree with literature values within 2 cm−1

[110,111]. The background from 200 to 1200 cm−1 in the Ra-
man spectra is also in good agreement with the first-principles
calculated phonon DOS [56] with the frequency multiplied by
2. This suggests that the Raman background is correlated with
two-acoustic phonon scattering, consistent with [110]. Since
phonon-plasmon coupling is not included in the calculation of
the phonon DOS, it also implies that these samples have low
carrier concentration. The calculated phonon DOS in GaN,
Fig. 3(c), also matches the background in the Raman spectrum
of the semi-insulating sample KM5, which implies a low
carrier concentration in KM5 compared with other samples.
The frequencies of the combination modes in GaN samples
are also in agreement with the expanded phonon DOS.

We also use Raman spectroscopy to estimate the carrier
concentration in bulk GaN and SiC. In these polar semicon-
ductors [112], collective excitations of free carriers (plas-
mons) interact with the polar longitudinal optical phonons
giving rise to Raman-active coupled longitudinal phonon-
plasmon (LPP) modes [112–114]. The LPP modes comprise
upper (LPP+) and lower (LPP–) branches which are above
and below the uncoupled LO phonon frequency. With increas-
ing carrier concentration, the LPP+ mode shifts to higher fre-
quencies, broadens, and weakens in intensity. The dielectric
function includes contributions from plasmons and phonons
[102,115–117]:

ε(ω) = ε∞

(
1 + ω2

L − ω2
T

ω2
T − ω2 − iω�

− ω2
p

ω(ω + iγ )

)
(2)

where ωT and ωL are the uncoupled A1(TO) and A1(LO)
frequencies, for c-plane GaN and c-plane SiC, and E1(TO)
and E1(LO) frequencies for m-plane GaN, respectively. ε∞
is the high-frequency dielectric constant, � is the phonon
damping constant, γ is the plasmon damping constant, and
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FIG. 4. Raman spectra of the (a) 4H and (b) 6H SiC. The corresponding first-principles calculated phonon density of states with frequency
expanded by a factor of 2 is included for comparison.
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ωP is the plasmon frequency, given by

ω2
p = 4πnRe2

ε∞m∗ (3)

where m∗ is the band-edge effective mass of the electron and
nR is the free-carrier concentration. For GaN, ε∞ = 5.23 and
m∗ = 0.2me [118–120]. The positions of the LPP frequencies
are the roots of the equation ε(ω) = 0. To simplify the
calculation, we neglect the damping terms [30,117,119], and
obtain

ω2
LPP± = 1

2

{(
ω2

L + ω2
p

) ± [(
ω2

L + ω2
p

)2 − 4ω2
T ω2

p

]1/2}
. (4)

For N -type GaN, we fit the experimental LPP+ modes
with Lorentz functions with the weak combination modes
considered [see dashed lines in Figs. 3(b) and 3(d)]. The
carrier concentration is then estimated using ωLPP+ and Eq. (4)
to solve for ωP . The results of ωLPP± versus nR for the N -type
samples are plotted in Fig. S3 in Supplemental Material [70],
where the solution is compared with the model curves. nR

values are also summarized in Table I. They are comparable
with the values obtained from the Hall effect measurements
done on similar samples from the suppliers. The LPP modes
derived from the Raman data show agreement with the calcu-
lated model curve, serving as a check of the validity of Eq. (4).
In P -type GaN (KM1), due to the heavy damping of the
hole plasmon, the coupling between the LO phonons and the
plasmons is relatively insensitive to the carrier concentration
[121].

For SiC, the position and shape of the A1(LO) peak at
≈964 cm−1 in 4H and 6H SiC (Fig. 4) indicate weak LPP
coupling and confirm the relatively low carrier concentration
(<1018 cm−3) in these samples based on comparison with the
literature [110,122]. Thus, we are unable to use Eq. (4) to
estimate the carrier concentration in our SiC samples.

The temperature-dependent � of bulk GaN between 150
and 850 K is shown in Fig. 5(a). For all samples with dopant
and impurity concentration <1019 cm−3, the measured � are
consistent with each other across the entire range of the
temperature. At 300 K, � ≈ 200 ± 10 W m−1 K−1. At 850 K,
� ≈ 50 W m−1 K−1 in sample AM1 and SEI. The difference
between � of c-plane and m-plane bulk GaN is less than the
experimental uncertainties. Thus, we do not distinguish �in

and �out in the plot.
Relatively low � was found in sample XYZ with high O

impurity concentration and in sample AM2 with high Mn,
O, and H doping. High O impurity concentration is known
to reduce � in ammonothermal GaN [29,36]. A recent the-
oretical calculation pointed out that in addition to phonon
scattering by O impurities and the doping induced free carriers
the associated compensating Ga vacancy may also play an
important role in reducing � [40]. Mn atoms in GaN tend
to form substitutional Mn-N-Mn bonded embedded clusters
[123] and distort the lattice [124], which may also strongly
scatter phonons.

The consistent results for samples with different car-
rier type and concentrations but similar dislocation densities
(e.g., samples KM5–7) suggest that the phonon scattering by
free carrier densities of <1018 cm−3 and the corresponding
dopants are not important in reducing the �. Although HVPE
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FIG. 5. (a) Thermal conductivity of bulk GaN from 150 to 850 K
measured with TDTR using 1/e2 laser spot size w0 ≈ 10.2 μm. The
first-principles BTE calculation of �in and �out including three-
phonon and phonon-isotope scattering of GaN (mass-disorder pa-
rameters gGa = 2.0 × 10−4, solid lines) is presented for comparison.
(b) Same thermal conductivity data as in (a), multiplied by tempera-
ture and divided by 300 K to highlight the deviations from a 1/T

temperature dependence. The solid lines have the same meanings
as in (a). In both (a) and (b), the TDTR results obtained with Al
transducers are plotted as open symbols; TDTR results obtained with
Pt transducers are plotted as solid symbols. Representative error bars
are shown in (a).

bulk GaN samples have crystal curvature and higher dislo-
cation density, � does not show a significant dependence on
growth method. We conclude that when the TD density is
<107 cm−2 the influence of TD on � in the bulk is weak,
consistent with a previous study [34].

We plot � of homoepitaxial GaN and 71GaN layers in
Figs. 6(a) and 6(b). For all c-plane GaN epilayer samples,
the � values are approximately the same as in bulk GaN
with moderate doping, e.g., AM1, between 150 and 850 K.
(See the 300-K data in Table II.) In addition, it also suggests
that the application of low TD density GaN substrates with
different doping and curvature does not influence the � of
HVPE homoepitaxial layers. The m-plane GaN epilayers,
which are grown side by side with the c-plane epilayers
using HVPE on m-plane substrates, show relatively low �.
We tentatively attribute the reduction in thermal conductiv-
ity to the higher impurity incorporation rate in the m-plane
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FIG. 6. (a), (b) Thermal conductivity of homoepitaxial GaN and 71GaN from 150 to 850 K measured with TDTR using 1/e2 laser spot size
w0 ≈ 10.2 μm. The first-principles BTE calculation results of �in and �out including only three-phonon scattering (gGa = 0) [dashed lines in
(b)] and three-phonon scattering combined with a total gGa = 2.0 × 10−4 [solid lines in (b)]. Data for the bulk sample AM1 are included for
comparison. (c), (d) Same data as in (a) and (b), respectively, multiplied by temperature and divided by 300 K [solid and dashed lines have
the same meanings as in (a) and (b)]. In all panels, the TDTR results obtained with Al transducers are plotted as open symbols while results
obtained with Pt transducers are plotted as solid symbols. Representative error bars are shown in (a) and (b).

homoepitaxial growth compared with c-plane growth, which
can lead to two-orders-of-magnitude higher O impurity con-
centration (reaching high 1019 cm−3) and higher concentra-
tions of Si impurities [125]. We note that the bulk m-plane
GaN is cut from the same boule as the c-plane bulk rather
than grown along the m-plane direction directly.

For the 71GaN epilayer at 300 K, � is ≈15% higher
than GaN (Table II). The experimental value for the isotope
effect is therefore much smaller than the predicted 50–65%
enhancement at 300 K [38,39]. We used secondary ion mass
spectroscopy to characterize the impurity concentration in the
71GaN layer and found a relatively high concentration of Al
impurities, 1.5 × 1018 cm−3, a spatially varying O concentra-
tion (≈1017–1018 cm−3), and residual 69Ga between 0.1 and
1 at.% of the total Ga (data not shown). The higher TD density
in the 71GaN epilayers compared with the GaN epilayer may
also have some effect on reducing �, but it should be weak
considering the consistent values of � in 71GaN with different
TD densities (Table II). Similar to the m-plane GaN epilayer,
the m-plane and a-plane epilayers of 71Ga have lower �,
presumably due to the higher incorporation rate of impurities
for HVPE growth along these crystallographic directions.

The results of first-principles BTE calculations of �in

and �out including three-phonon and mass-disorder phonon
scattering [96] are shown in Figs. 5 and 6. The calculated
� has weak anisotropy, with the difference between �in

and �out of less than 5% at >300 K, consistent with the
experimental data and previous first-principles calculations
[34,35]. We used the general form for the isotope disorder
scattering in our calculation based on Tamura’s mass variation
approximation as formulated in Eqs. (1), (3), and (4) of [96].
The mass-disorder phonon scattering rate is proportional to
the parameter

gσ =
∑

i

fi (σ )

(
1 − Mi (σ )

M (σ )

)2

(5)

where Mi (σ ) and fi (σ ) are the atomic mass and atomic
fraction of the ith atom at site σ and M (σ ) is the average
mass of the σ site atom, M (σ ) = ∑

i fi (σ )Mi (σ ).
In GaN with natural isotope abundance, the mass-disorder

parameters are gGa = 2.0 × 10−4 and gN = 1.8 × 10−5. The
much larger value of gGa compared to gN stems from the large
isotope mix on the Ga atoms (60.11% 69Ga and 39.89% 71Ga)
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while N atoms are 99.64% 14N. Including gN has negligible
effect on � since it only slightly affects the N atoms which
has negligible effect on changing the heat-carrying acoustic
phonons due to the large Ga to N mass ratio. We consider
only gGa in the BTE calculations for natural GaN.

The room-temperature experimental � of natural
samples with low doping and impurity concentrations
(≈200 W m−1 K−1) is ≈15% smaller than the BTE
calculation for GaN with natural isotope mix on the Ga atoms
(gGa = 2.0 × 10−4). More importantly, the measured � has
a much stronger temperature dependence than predicted by
theory. On average, � ∝ T −1.2 in the range 300 < T < 600 K
and � ∝ T −1.5 in the range 600 < T < 850 K. The
temperature dependence above the Debye temperature in
GaN (�D ≈ 636 K [126]) is weaker than that in AlN,
which has � ∝ T −1.7 [127]. For the 71GaN epilayer, the
measured � is 35% smaller than the calculated prediction at
300 K [Fig. 6(b)], which is expected considering the large
amount of impurities in the 71GaN samples. Adding a mass
disorder scattering with gGa = 2.0 × 10−4 in the calculation
reduces the difference near 300 K but causes an even
larger difference in the slope of the temperature dependence
between the calculation and experiment. In addition, resonant
phonon-impurity scattering, which typically causes a dip
at well below the Debye temperature and suppresses the
�, should also lead to weaker temperature dependence in
dielectric crystals at relatively high temperature as has been
shown in many prior works [37,128–130]. This suggests
that phonon scattering mechanisms other than scattering
by residual isotopes and other impurities may need to be
considered.

In Figs. 5(b), 6(c), and 6(d), we plot the measured � scaled
by temperature and divided by 300 K, i.e., �(T/300 K), to
compress the range of the data and more clearly present the
differences between theory and experiment. In these figures,
a � ∝ T −1 dependence would appear as a horizontal line.
The slopes of our experimental data are steeper than the
typical high-temperature three-phonon limited scattering T −1

behavior of insulating crystals, which is expected for tempera-
tures above approximately one-half of the Debye temperature
[131]. The more rapid rise than T −1 seen in the measured
data below 600 K is in part a consequence of the decrease in
resistive umklapp scattering which gives a steeper temperature
dependence. At >600 K, on the other hand, the slope of the
experimental data increases further (� ∝ T −1.5), which is
significantly different from the relatively flat theoretical curve.

We attribute this result to possible significant contributions
from four-phonon scattering processes to the thermal con-
ductivity of GaN. In GaN, the large frequency gap (≈6 THz)
between the acoustic and optic phonon branches, and the high
phonon frequency scale, lead to unusually weak anharmonic
three-phonon scattering between acoustic and optic phonons
in a narrow frequency range [39,132,133], as seen in the sharp
dip in three-phonon scattering rates in the 5–7-THz range at
300 K (see Fig. S4 in Supplemental Material [70]; also shown
in Fig. S4 are the phonon-isotope scattering rates). Note that
the phonon-isotope scattering rates are comparable to the
three-phonon scattering rates in the region of the dip, thus
strongly suppressing the three-phonon limited �. Figure S5 in

Supplemental Material shows the main spectral contributions
to � for isotopically pure GaN (red curve) and GaN with
natural isotope mixture (blue curve) at 300 K. Note the sharp
peak in contributions for the isotopically pure case in the
5–7-THz range, which is strongly suppressed by phonon-
isotope scattering. This suggests that four-phonon scattering
should be more important for isotopically pure 71GaN than
for natural GaN. This conclusion is consistent with the larger
differences between measured and calculated � for the latter
case, although the relatively higher impurity concentrations
in 71GaN compared to natural GaN may also suppress the
measured � in 71GaN slightly.

Four-phonon scattering has been predicted to play a role
in determining the thermal conductivity in Si and Ge at high
temperature [134]. In zinc-blende structured boron arsenide
(BAs), which also have weak three-phonon scattering due
in part to the large frequency gap between acoustic and
optic phonons, four-phonon scattering processes have a strong
effect on suppressing � above 200 K, because the phonon
frequency gap limits three-phonon scattering but does not
restrict the phase space of the four-phonon scattering [135–
137]. At 300 K, the predicted � from a calculation including
three-phonon, four-phonon, and phonon-isotope scattering,
1260 W m−1 K−1, is about half that obtained without four-
phonon scattering (2330 W m−1 K−1), and is close to the ex-
perimentally measured values [137]. In the high-temperature
limit, the four-phonon scattering rate τ−1

4 is expected to scale
with T 2, giving rise to a stronger temperature dependence
of � than the T −1 dependence expected when three-phonon
scattering is dominant [134]. The increasingly steep tempera-
ture dependence of the measured � at elevated temperatures
suggests that four-phonon scattering is important in GaN, and
that inclusion of higher-order phonon scattering processes in
the first-principles calculations for GaN may be necessary.

The � and the scaled �(T/300 K) of 4H and 6H SiC
between 300 and 850 K are shown in Fig. 7. Across the
full temperature range, 4H SiC shows higher � than 6H
SiC; for both polytypes, �in is larger than �out, consistent
with previous studies [54,56]. At 300 K, �out = 345 and
320 W m−1 K−1; at 850 K, �out = 85 and 78 W m−1 K−1 for
4H and 6H SiC, respectively. At 300 K, �in = 415 and
390 W m−1 K−1; at 600 K, �in = 150 and 140 W m−1 K−1

for 4H and 6H SiC, respectively. (We fitted the measured �

of GaN and both 4H and 6H SiC with an empirical equation
for engineering usage in Table SI in Supplemental Material
[70].) The Debye temperature of SiC is high, �D ≈ 1200 K
[49]. Thus, � of SiC shows a change of slope at T < 600 K in
these log-log plots due to the onset of exponential temperature
dependence of umklapp scattering rates at low temperatures.
At 600 < T < 850 K, � ∝ T −1.2 and � ∝ T −1.1 for 4H and
6H SiC, respectively, which is less rapid compared with
� ∝ T −1.5 in GaN in this temperature range. This can also
be seen in the relatively flat curve at high temperature in
Fig. 7(c) compared with Figs. 5(b), 6(b), and 6(c). Across the
temperature range 300 to 850 K, � of GaN is 60–70% of the
value of thermal conductivity of 4H and 6H SiC. This suggests
that SiC is more advantageous than GaN in terms of thermal
management in high power devices and special devices for
aircraft and spacecraft applications operating at high ambient
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FIG. 7. (a), (b) Thermal conductivity of 4H and 6H SiC along in- and out-of-plane directions from 300 to 850 K measured with TDTR
using 1/e2 laser spot size w0 ≈ 10.2 μm. The first-principles BTE calculations from [56] are shown for comparison. (c), (d) The same data as
plotted in (a) and (b), respectively, multiplied by temperature and divided by 300 K. Solid and dashed lines have the same meaning as in (a)
and (b). Representative error bars are shown in (a) and (b).

temperature. Note that other factors, especially the electronic
properties of SiC and GaN as well as the design of the power
dissipated inside the device and the cooling system, need to
be considered to determine the thermal stability and ultimate
performance of a real device.

Data for 4H and 6H SiC show good agreement with the pre-
dictions of first-principles BTE calculations that consider only
three-phonon scattering [56]. At the L point in the Brillouin
zone, the gap between the highest-frequency acoustic phonons
and the lowest-frequency optical phonons in hexagonal SiC is
≈4 THz. This gap is significantly smaller than in GaN (6 THz
at the M point). The smaller gap in SiC is expected to lead
to stronger three-phonon scattering in SiC than in GaN in the
frequency region that gives the largest contribution to �. The
agreement between experiment and theory is better for �out

than for �in, especially for 4H SiC. We speculate that there is
a greater importance of four-phonon scattering in the in-plane
direction relative to the out-of-plane direction which is not
captured in the calculation [56].

IV. CONCLUSION

In GaN substrates and epilayers with a low dislocation den-
sity (<107 cm−2) and doping and impurity concentration, the

thermal conductivity is nearly isotropic without observable
dependence on the exact dislocation and doping conditions. In
71GaN epilayers, the measured � at 300 K is approximately
15% higher than GaN with natural isotope abundance which
is smaller than the isotope effect predicted by first-principles
calculations. The measured � of 4H and 6H SiC is 60–70%
larger than that of GaN at all temperatures, which suggests
that SiC is advantageous for thermal management of high-
power devices even at elevated temperatures. A compari-
son between the measurement results and our first-principles
calculations shows that the temperature dependence of �

in GaN is significantly stronger than the prediction con-
sidering only three-phonon scattering, while the agreement
in SiC is relatively good. These results combined with
the calculated unusually weak three-phonon scattering indi-
cate the possible importance of higher-order phonon scat-
tering in determining the thermal conductivity of GaN
particularly for 71GaN. This paper provides benchmark
knowledge about the thermal transport properties and the
wide-band-gap semiconductors of GaN, 71GaN, and SiC es-
pecially in the high-temperature range and contributes to
the understanding of phonon scattering mechanism in these
materials.
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