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ABSTRACT

The impact of impurities on the thermal conductivity of halide vapor phase epitaxy gallium nitride (GaN) was studied. Phonon resonances
with impurities, modeled as Lorentz oscillators, were used to explain the much lower thermal conductivity than predicted by the
Debye–Callaway model. The resonance energies for the oscillators were determined by Raman spectroscopy for Mn and by mass difference
approximation for C and Fe. Employing the obtained resonance energies and proportionality factors extracted as fitting parameters, the
modified model showed a good agreement with the experimental data. While the doping decreased thermal conductivity for all
temperatures, the room temperature values started decreasing significantly once the doping levels approached �1019 cm�3. Consequently,
required doping levels to achieve certain GaN-based devices may reduce the thermal conductivity of GaN by as much as 1/3.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018824

Single crystal gallium nitride (GaN) as a wide bandgap semicon-
ductor has a broad range of applications in optoelectronics and
electronics.1–3 The demonstration of ideal Schottky and p–n diodes,4,5

high electron mobility, and low on-resistance, along with a high break-
down field (3.65MV/cm), make GaN a promising candidate for power
devices.6,7 Thermal conductivity is one of the key material properties
as it facilitates effective dissipation of heat, enabling lower cooling
requirements and longer device lifetimes.8 Thermal energy is in semi-
conductors and insulators transferred primarily by phonon transport
and is limited by phonon scattering processes. In addition to
phonon–phonon and Umklapp scattering, scattering centers, such as
point defects (ionized or neutral) and higher dimensional defects, like
dislocations, can limit thermal conductivity.9 The dominant scattering
mechanism depends on temperature: in the low temperature regime,
dislocation and grain boundary scattering play important roles, while
closer to the Debye temperature, point defect scattering becomes the
predominant mechanism.10 In this case, phonon scattering is a conse-
quence of the breakdown of the crystal periodicity due to the presence
of point defects. Point defects include the dopant atoms/ions, resulting
in compensators that may be other impurities or vacancies, and their

complexes, which give rise to localized impurity states resonating with
phonons. In general, point defect scattering is proportional to the cor-
responding defect size, mass, charge, and distribution and depends on
their nature, i.e., substitutional or interstitial, impurities or vacancies,
and isolated defects or defect complexes.11–13 At higher temperatures,
phonon–phonon scattering mechanisms determine the thermal con-
ductivity, which converges to a single value almost independent of
defects;14 typically, this happens above the room temperature, when
the relaxation time is limited by phonon–phonon scattering rather
than non-trivial phonon-defect scattering.15,16 Consequently, the
impact of point defects on the material’s thermal performance during
device operation has not been considered as a challenge. However,
recent work has demonstrated that impurities play a significant role in
determining the thermal conductivity even at room temperature. Zou
et al. reported a decrease in the GaN thermal conductivity from
177W/mK to 86W/mK by increasing the Si concentration from
7� 1016 to 5� 1018 cm�3.17 Jezowski et al. showed a maximum ther-
mal conductivity of 1600W/mK at 45K in GaN with low concentra-
tions of C, Si, and Mg.9 Kamatagi et al. investigated and modeled the
influence of point defects on the thermal conductivity of GaN using
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the Callaway model.18 Rounds et al. reported on the effects of different
growth techniques and the corresponding incorporated point defects
on the thermal conductivity of GaN.15 The room temperature thermal
conductivity of GaN reported in the literature varies over a wide range,
from 130 to 269Wm�1 K�1,15,19–21 and depends on the growth meth-
ods and dominant impurities or defects.

Therefore, it is necessary to investigate the impact of point defects
on the thermal conductivity of high-quality GaN single crystals to
establish the influence of specific point defects or related mechanisms.
Halide vapor phase epitaxy (HVPE) is an established growth tech-
nique, which yields high crystal quality GaN substrates with intended
applications in high power electronics.22–24 Due to their high purity,
HVPE crystals also exhibit a relatively high thermal conductivity, and
in a recent comparison, unintentionally doped crystals exhibited the
highest room temperature conductivity when compared to other
growth techniques.15 Hence, HVPE GaN provides an ideal template to
study the impact of doping with specific impurities on thermal con-
ductivity due to a low background of unintentional impurities.

In this work, we describe a systematic study on the impact of spe-
cific impurities on the thermal conductivity of HVPE-grown single
crystal GaN with an analysis based on the Debye–Callaway model that
includes a Lorentzian oscillator-based impurity phonon resonance
scattering. Substitutional impurities perturb the local potential energy,
as they introduce a slight asymmetry in the host lattice. The changed
potential energy landscape leads to modified interatomic forces that,
in turn, induce observable resonances.25,26 In the first part of this
work, we study the impact of different impurities on the thermal con-
ductivity with C, Fe, and Mn as dopants, followed by a study on the
impact of the impurity concentration with a detailed study of Mn
doping.

Bulk GaN samples were grown by HVPE on ammonothermal
GaN substrates with a dislocation density (DD) of 5� 104 cm�2 and
were intentionally doped with C, Mn, and Fe with concentrations
ranging from 1017 to 1019 cm�3.27,28 The 3x method was employed to
measure the thermal conductivity of GaN over a temperature ranging
from 30K to 350K. The measurement procedure is described else-
where.29,30 A Horiba XploRa PLUS Confocal Raman spectroscope
with a laser wavelength of 532 nm along with a Horiba Scientific CCD
detector was used to investigate the vibrational modes of specific
impurities.

The thermal conductivity of GaN single crystals grown by HVPE
and intentionally doped with C, Mn, and Fe was investigated to distin-
guish between the effects arising due to the nature of the impurity and
those related to the concentration. Table I shows the impurity concen-
trations, as measured by secondary ion mass spectroscopy (SIMS), and
the corresponding thermal conductivities measured at room tempera-
ture for various dopants. Several general observations may be made:

(1) as discussed above, undoped HVPE GaN has a low concentration
of background impurities (�3� 1016 cm�3), enabling controlled dop-
ing in a wide range to isolate the influence of the intended dopant; (2)
undoped and low-doped GaN crystals exhibit similar thermal conduc-
tivity values at room temperature, independent of the impurity type or
concentration; and (3) in contrast to room temperature, low tempera-
ture thermal conductivity values vary over a wide range, as shown
in Fig. 1.

Figure 1 shows the measured thermal conductivity for various
dopants in GaN, Mn (1� 1018 cm�3), Fe (2� 1017 cm�3), and C
(1� 1018 cm�3), in the temperature range of 30–350K. To understand
the effects of dopants on GaN thermal conductivity, the
Debye–Callaway model was utilized as described below,14,31

j ¼ k4BT
3

2p2v�h3

ðhD
T

0

sCx4ex
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dx þ

ðhD
T

0

sCx4ex

sNðex � 1Þ2
dx

 !2

ðhD
T

0

sCx4ex
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0
BBBBB@

1
CCCCCA; (1)

where x ¼ �hx
kBT

, � is the average speed of sound in the material, and

hD ¼ �hxD
kB

and xD are the Debye temperature and frequency, respec-
tively. sC , sN , and sR are combined, normal, and resistive relaxation
times, respectively. The total resistive scattering rate is the sum of scat-
tering rates from grain boundaries, s�1

B , impurities, and vacancies—
based on the mass difference, impurity concentrations,31 s�1

I , and
Umklapp processes, s�1

U ,

TABLE I. SIMS concentrations (cm�3) and RT thermal conductivity (W/mK) of HVPE GaN samples with different dopants.

Sample C Mn Fe Other impurities Total j at RT (W/mK)

Undoped … … … <3� 1016 4� 1016 2116 5
Mn-doped 6� 1016 1� 1018 … <2� 1017 1.3� 1018 2126 3
Fe-doped … 3� 1014 1� 1017 <6� 1016 1.6� 1017 2236 4
C-doped 1� 1018 2� 1016 … <5� 1017 1.5� 1018 2226 4

FIG. 1. Thermal conductivity curves for undoped, Mn-, Fe-, and C-doped HVPE
GaN single crystals. Solid lines represent the Debye–Callaway-model. Error bars
show the experimental error.
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s�1
R ¼ s�1

B þ s�1
I þ s�1

U ; (2)

s�1
B ¼ �

d
; (3)

s�1
I ¼ V

4pv3

�
kB
�h

�4

x4T4Cisotopic; (4)

s�1
U ¼ �hc2G

M�2hD

�
kB
�h

�2

x2T3 exp � hD
3T

� �
; (5)

where V, d, cG, and M are the volume per atom, characteristic length
of the crystal, Gr€uneisen parameter, and average atomic mass of an
atom in the host crystal, respectively. Cisotopic is the mass-fluctuation
phonon-scattering factor taking into the account the mass difference
of the impurity atom and the host.31 The scattering rate due to the
vacancies resembles s�1

I considering the absence of atoms.12 Normal
and combined scattering rates are

s�1
N ¼ k3Bc

2
GV

M�h2v5

�
kB
�h

�2

x2T5; (6)

s�1
C ¼ s�1

R þ s�1
N : (7)

Another scattering mechanism is phonon-point defect scattering due
to the disturbance of the host lattice by substitutional impurities. The
scattering rate due to the elastic strain of impurities in the crystal
mainly consists of the isotopic scattering factor (Cisotopic) and differ-
ences in stiffness constants and Pauling ionic radii of the impurity and
the host atom.32,33 However, the latter parameters are negligible in
comparison to the isotopic scattering factor for C, Fe, and Mn in
GaN.34,35 Therefore, phonon-point defect scattering due to the stain
field of impurities is mainly determined using Eq. (4), which is consid-
ered in the Debye–Callaway model.

The main contributions to the boundary scattering rate are the
crystal dimensions and dislocations. The latter may be neglected due
to the low threading dislocation density of 5� 104 cm�2.36 Hence,
with known crystal dimensions (Table II), impurity kind, and concen-
tration, the boundary and impurity scattering rates can be calculated
and the thermal conductivity can be predicted using the
Debye–Callaway model. This is represented by the solid lines in Fig. 1.
More details on the calculation procedure are found elsewhere, and
the parameters used to predict thermal conductivity values based on
the Debye–Callaway model are shown in Table II.15 The estimated
vacancy concentrations in the range given in Table II and the variation
of impurity concentrations (61� 1017 cm�3) had an insignificant

impact on thermal conductivity predicted using the Debye–Callaway
model.

Figure 1 shows that the Debye–Callaway model represents the
thermal conductivity of undoped GaN relatively well over the whole
temperature range. However, there is a significant deviation from the
experimental data for the doped samples at low and intermediate tem-
peratures. This deviation is more pronounced for Fe- and Mn-doped
GaN. As discussed earlier, thermal conductivity at high temperatures
is limited by Umklapp scattering, resulting in similar values for differ-
ent samples. However, at lower temperatures, where thermal conduc-
tivity strongly depends on impurities, the Debye–Callaway model
significantly overestimates the thermal conductivity of doped samples.

To better understand thermal conductivity at low temperatures,
phonon resonances with specific impurities were considered.37 In gen-
eral, phonon scattering by impurities occurs due to (1) a time indepen-
dent perturbation arising from the mass difference (also known as
isotope scattering) and (2) time dependent oscillating harmonic per-
turbations arising from the vibrational modes associated with impuri-
ties. The latter is known as phonon-resonance scattering and can be
modeled using a single Lorentz oscillator, which is expressed as
follows:37

s�1
PR ¼

A
x0c
2p2

� �
x2

ðx2
0 � x2Þ2 þ

�
c
p

�2

x2x2
0

; (8)

where constants A, x0, and c are a proportionality factor, the resonant
angular frequency, and a damping factor, respectively. The resonant
angular frequency, x0, depends on the localized impurity state in the
host and is a function of the mass difference between the impurity and
host atom proportional to 1ffiffi

l
p , where l is the reduced mass.38,39 The

proportionality factor, A, is a function of the impurity concentration
(density of oscillators) and the mass of the oscillator.37 The phonon
resonance scattering rate s�1

PR is considered as an added resistive
scattering rate in Eq. (2), and its contribution to the thermal conduc-
tivity can be calculated using the Debye–Callaway model [Eq. (1)].

As seen from Eq. (8), phonon resonance scattering is character-
ized by the phonon resonance frequency that corresponds to the local
vibrational mode associated with a particular point defect, which, in
this case, is an intentional impurity. Raman spectroscopy was
employed to directly determine the resonance angular frequency for
the mode of interest. Raman spectra of undoped and Mn-doped
HVPE GaN single crystals, showing EH2 and A1(LO), which are the
characteristic GaN phonon modes, are shown in Fig. 2. A broad peak
centered at 300 cm�1 and corresponding to a localized energy resonant
state (�hx¼ 35meV) was observed for Mn-doped GaN, consistent
with previous identifications.40,41 It is assumed that this energy
approximates the phonon-defect resonance energy x0 for Mn-doped
GaN. Other peaks in the Raman spectrum are GaN-related and inde-
pendent of Mn.40 Fe and C-related local vibrational modes were deter-
mined relative to the observed Mn-related Raman peak using the
mass-difference approximation and assuming either Ga or N site
occupation, respectively.42 This procedure was used since no C- or Fe-
related peaks were observed in the Raman spectra.39 Accordingly,

xC

xMn
/

ffiffiffiffiffiffiffiffiffiffiffi
lMnN

lGaC

r
(9)

TABLE II. Parameters used in the Debye–Callaway model for HVPE GaN.15

Parameter Value for HVPE GaN

Vacancy concentration (cm�3) 1� 1017–1� 1019

Phonon velocity (ms�1) 4759
Debye temperature (K) 650
Characteristic length (lm) 400–900
Scattering factors Based on impurity concentrations
Gr€uneisen parameter 1.35
Umklapp process rate constant, b 2
Normal process coefficient 0.2
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and

xFe

xMn
/

ffiffiffiffiffiffiffiffiffiffiffi
lMnN

lFeN

r
; (10)

where 1
lij
¼ 1

mi
þ 1

mj
is the reduced mass. It is clear that metals occupying

the Ga site, MnGa (mMn¼ 54.94 g/mol and l¼ 11.16 g/mol) and

FeGa (mFe¼ 55.84 g/mol and l¼ 11.2 g/mol), are expected to show
similar localized vibrational modes at 35meV, which is similar to the
Mn localized state and close to the experimental values previously
reported for the Fe impurities in GaN.43 CN (mC¼ 12.01 g/mol and
l¼ 10.25 g/mol), with a slightly lower reduced mass, is expected to
have a vibrational mode at 37meV. Based on the measured and esti-
mated resonance energies for the single oscillator Lorentz model and
employing the proportionality factor (dependent on the impurity con-
centration and oscillator strength) as a fitting parameter, the experi-
mental thermal conductivities were fitted using a modified Callaway
model, as shown in Fig. 3. The damping factor, c, was considered as a
constant equal to one as it does not significantly influence the fitting
results.37 The oscillator strength, f¼A/(impurity concentration), for
different impurities is shown in Fig. 4. Since the reduced masses for
Mn and Fe are similar, they have similar oscillator strengths. As
expected, C, with the lowest oscillator strength, shows the smallest
impact of phonon resonances on thermal conductivity. Although, C is an
amphoteric impurity, CGa with mC¼ 12.01 g/mol and l¼ 6.466g/mol,
resulting in a resonance energy of 45meV, would have a much lower
influence on thermal conductivity than CN.

Finally, the effect of the impurity concentration on thermal con-
ductivity is investigated for HVPE GaN doped with Mn in the range
of 1� 1018–2� 1019 cm�3. All Mn-doped crystals showed broad
Raman peaks centered at 35meV, independent of the doping level.
Table III shows Mn concentrations and corresponding RT thermal
conductivities. Low-doped GaN crystals exhibit similar thermal con-
ductivity values at room temperature as the samples in Table I. Only

FIG. 3. Fitting curves for the modified Callaway model considering single mode
Lorentz oscillators to account for phonon resonances with 37, 35, and 35meV as
resonance energies for C, Mn, and Fe, respectively. The proportionality factor, A, is
the fitting parameter.

FIG. 4. Oscillator strength f extracted from proportionality factor A by considering
phonon resonances in the Callaway model. Error bars indicate the propagation of
uncertainty due to the fitting parameter A and variation of impurity concentrations
(61� 1017 cm�3).FIG. 2. Raman spectrum of undoped and Mn-doped HVPE GaN with a Raman shift

at 300 cm�1, indicating a Mn localized state.

TABLE III. SIMS impurity concentrations (cm�3) of Mn-doped HVPE GaN samples and corresponding thermal conductivity values at RT.

Sample C Mn Fe Other impurities Total j at RT (W/mK)

Mn-doped 1 6� 1016 1� 1018 … <2� 1017 1.3� 1018 2126 3
Mn-doped 2 2� 1016 2� 1018 … <2� 1017 2.3� 1018 2226 3
Mn-doped 3 … 1� 1019 1� 1016 <5� 1016 1� 1019 1806 4
Mn-doped 4 … 2� 1019 … <6� 1016 2� 1019 1516 2
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when the impurity concentration exceeds �1019 cm�3, a significant
reduction in RT thermal conductivity ensues. As seen in Fig. 5,
increasing the Mn concentration reduces the thermal conductivity for
all temperatures, showing the importance of phonon resonances at
practical device operating temperatures and doping levels. A small
deviation of the modified model from experimental results seems to be
due to the presence of other Mn-related states.

Similar to Fig. 3, the proportionality factor, A, was extracted as
the best fit to the experimental data using the resonant 35meV transi-
tion. The oscillator strength remained constant, within the experimen-
tal error, for all Mn concentrations, and the proportionality factor was
proportional to the oscillator density.

In conclusion, the thermal conductivity of GaN strongly depends
on the type of dopants and concentration. The influence of dopants
was modeled using a modified Debye–Callaway model, wherein the
impurity scattering was described using a Lorentz oscillator. Based on
Raman measurements, the resonance energy for Mn was found to be
35meV; the corresponding resonant frequencies for C and Fe were
calculated using the mass-difference approximation. While room tem-
perature thermal conductivity remained high for the low-doped sam-
ples, increasing the Mn doping concentration to 2� 1019 cm�3

decreased TC to�2/3 of the original value.
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