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Gallium nitride (GaN) has emerged as a quintessential wide band-gap semiconductor for an array of high-
power and high-frequency electronic devices. The phonon thermal resistances that arise in GaN thin films can
result in detrimental performances in these applications. In this work, we report on the thermal conductivity
of sub-micrometer and micrometer thick homoepitaxial GaN films grown via two different techniques (metal
organic chemical vapor deposition and molecular beam epitaxy) and measured via two different techniques
(time domain thermoreflectance and steady state thermoreflectance). When unintentionally doped, these ho-
moepitaxial GaN films possess higher thermal conductivities than other heteroepitaxially grown GaN films of
equivalent thicknesses reported in literature. When doped, the thermal conductivities of the GaN films de-
crease substantially due to phonon-dopant scattering, which reveals that the major source of phonon thermal
resistance in homoepitaxially grown GaN films can arise from doping. Our temperature-dependent thermal con-
ductivity measurements reveal that below 200 K, scattering with the defects and GaN/GaN interface limits the
thermal transport of the unintentionally doped homoepitaxial GaN films. Further, we demonstrate the ability to
achieve the highest reported thermal boundary conductance at metal/GaN interfaces through in situ deposition
of aluminum in ultrahigh vacuum during molecular beam epitaxy growth of the GaN films. Our results inform
development of low thermal resistance GaN films and interfaces by furthering the understanding of phonon
scattering processes that impact the thermal transport in homoepitaxially grown GaN.

I. INTRODUCTION

Gallium nitride (GaN) is a wide band-gap semiconductor
suitable for power electronics, high frequency devices, and
light emitting diodes [1, 2]. The relatively high phonon ther-
mal conductivity of single crystal GaN has made it particu-
larly appealing for these aforementioned applications due to
its potential to effectively dissipate heat from hot spots and
active regions [3–6]. However, this benefit of high phonon
thermal conductivity is diminished in most relevant device ap-
plications due to phonon scattering from size effects, dopants,
isotope disorder, vacancies, and dislocations that result in in-
creased thermal resistances [7–10]. Clearly, the characteris-
tic length scales of GaN films in devices, the required doping
for device functionality, and the defects arising from hetero-
geneous integration of GaN on substrates and submounts can
all lead to undesirable phonon scattering and thermal resis-
tances. These, in turn, can lead to device underperformance
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and failure. Thus, understanding of the dominant phonon scat-
tering processes and origins of reduced thermal conductivities
in GaN thin films is of utmost importance to further both ma-
terial processing and integrated device design initiatives for
GaN-based electronics.

There is an extensive list of prior experimental measure-
ments on the thermal conductivity of GaN thin films [11–13].
In general, at room temperature, for GaN films with thick-
nesses greater than a few micrometers, phonon boundary scat-
tering and resulting size effects do not play a dominant role
in any observed reduction in thermal conductivity. At these
length scales, dislocations or grain boundary scattering from
heterogeneous growth and isotope or dopant scattering can be
the dominant thermal resistances [6, 14, 15]. At sub-micron
thicknesses, however, boundary scattering can play a signifi-
cant role and size effects can reduce the thermal conductivity
of GaN films at room temperature [12]. However, isolating the
role of size effects on the thermal conductivity of GaN films
at these thicknesses can be obfuscated from other defect scat-
tering processes that arise from heterogeneous growth (e.g.,
dislocations, grain boundaries, etc) [16]. Similarly, separat-
ing the contribution of doping on the thermal conductivity of
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sub-micrometer thick GaN films can be challenging due to the
difficulty of growing high-quality thin films [12].

In this study, we report on a series of experimental mea-
surements on the cross-plane thermal conductivity of 0.25–
2.1 µm thick homoepitaxial GaN films grown on GaN sub-
strates or GaN templated sapphire substrates via metal organic
chemical vapor deposition (MOCVD) and molecular beam
epitaxy (MBE). Unlike prior works, we focus on GaN films
grown on GaN substrates/templates to better isolate the role
of size effects and doping on reductions in the thermal con-
ductivity of GaN thin films. Two different techniques: time
domain thermoreflectance (TDTR) [17–21] and steady-state
thermoreflectance (SSTR) [22–24] are employed to measure
the thermal conductivities. At room temperature, our uninten-
tionally doped (UID) homoepitaxially grown GaN films ex-
hibit some of the highest thermal conductivities reported to
date for GaN films of equivalent thicknesses. We attribute
this to the lower point-defect concentrations and dislocation
density of the homoepitaxially grown films as compared to
those of heteroepitaxially grown GaN. As the temperature de-
creases below 200 K, the dominant source of thermal resis-
tance in the UID films shifts from phonon-phonon scatter-
ing to phonon-defect and phonon-boundary scattering. When
doped with Mg, the thermal conductivities of the GaN films
reduce substantially due to phonon-dopant scattering exhibit-
ing the high influence of doping on GaN thermal resistance.
Increasing the dopant concentration from 1018 to 1019 cm−3

decreases the electrical resistance from ∼0.85 to 0.30 Ω-cm,
but results in negligible changes in thermal conductivity. We
further demonstrate that high thermal boundary conductance
at metal/GaN interfaces can be achieved through in situ de-
position of aluminum (Al) in ultrahigh vacuum during MBE
growth of the homoepitaxial GaN films. Our results indicate
that elastic phonon scattering is dominating the thermal trans-
port at this high-quality Al/GaN interface.

II. GROWTH DETAILS OF THE GaN THIN FILMS

Six UID GaN thin films of varying thicknesses (0.25–
2.1 µm) are grown on n-doped hydride vapor phase epitaxy
(HVPE) GaN wafers by MOCVD using a 6×2” Veeco D-
180 reactor refurbished by Agnitron, Inc. We use a V/III ra-
tio of 3000, pressure of 200 Torr, and temperature of 1030
◦C with trimethylgallium and ammonia sources for growing
these films. Secondary ion mass spectroscopy (SIMS) is used
to characterize the impurity concentrations of the films. The
silicon (Si), carbon (C), and oxygen (O) impurity concentra-
tions of the GaN films range from 1015 to 1016 cm−3, as de-
scribed in detail by Hite et al. [25]. The dislocation density of
the films is estimated from transmission electron microscopy
(TEM) to be on the order of 108 cm−2. All the MOCVD-
grown films are cleaned with isopropanol, acetone, methanol,
and oxygen plasma [26] prior to ex situ Al deposition via
electron beam evaporation for TDTR and SSTR transduction
[16, 27–30].

Six additional samples of 0.4 and 0.8 µm UID and Mg-
doped GaN films are grown on HVPE semi-insulating Fe-

doped GaN templates on sapphire substrates in a Riber 32
system by metal modulated epitaxy (MME) at the Georgia
Institute of Technology. MME is a modified MBE growth
technique achieving high crystalline wafer-scale reproducible
films by modulating the metal fluxes while keeping the nitro-
gen flux constant. SIMS characterization at Evans Analyti-
cal Group (EAG) reveals the Si, C, and O impurity concen-
trations of the UID GaN films to be ∼1 × 1015, 1 × 1016,
and 2 × 1017 cm−3, respectively. The Mg-doped GaN films
are grown at two different p-type conductivity levels of 1018

and 1019 cm−3. The electrical resistivity of the doped films is
characterized by 4-point probe [34]. The dislocation density
of the MBE-grown GaN films is not characterized, however,
based on related literature [35–37], it can be estimated to be in
the range of 105–108 cm−2. Contrary to the MOCVD-grown
films, Al is deposited atop the MBE-grown films in situ un-
der ultrahigh vacuum. Additional details regarding the clean-
ing procedure and Al deposition technique of the MBE-grown
films are provided in the Supplemental Material [31].

Al transducer

GaN thin film

GaN substrate

Al transducer

GaN thin film

GaN template

Sapphire substrate

(a) MOCVD-grown (b) MBE-grown

FIG. 1. Schematics of the (a) MOCVD-grown and (b) MBE-grown
GaN thin film samples measured in this study.

Figure 1 shows the schematics of the GaN samples used
in this work. Altogether twelve thin film samples grown by
two different techniques are studied here. Detailed specifica-
tions of the samples along with the TDTR-measured room-
temperature thermal conductivities are provided in Table I.

III. RESULTS AND DISCUSSION

The TDTR-measured room-temperature thermal conduc-
tivities of the homoepitaxial GaN films as a function of film
thickness are presented in Fig. 2. For comparison, we also
include the thermal conductivity of other homoepitaxially [6]
and heteroepitaxially [15, 38] grown GaN films from litera-
ture, and first-principles lattice dynamics (FPLD) predictions
of pristine GaN thermal conductivity as a function of thick-
ness (see Supplemental Material for details [31, 39–41]). The
measurements presented in this figure allow us to isolate the
role of size effects and doping on the thermal conductivity of
homoepitaxial GaN films.

The silicon, carbon, and oxygen impurity concentrations of
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TABLE I. Specifications and room-temperature thermal conductivities of the GaN thin films used in this work. Details of the uncertainty
calculations are provided in the Supplemental Material [31].

Growth Film thickness Doping type Substrate/template Thermal conductivity
technique (µm) (W m−1 K−1)

MOCVD

0.25

UID

150 ± 50
0.5 158 ± 40
1 n-doped HVPE 176 ± 30

1.9 GaN substrate [32] 196 ± 20
2.03 203 ± 16
2.1 195 ± 20

MBE

0.4 UID 168 ± 18
0.8 UID 167 ± 23
0.4 1018 cm−3 Mg-doped 1.8 µm Fe-doped 81 ± 14
0.8 1018 cm−3 Mg-doped GaN template [33] 72 ± 14
0.4 1019 cm−3 Mg-doped on sapphire substrate 59 ± 11
0.8 1019 cm−3 Mg-doped 55 ± 14

FIG. 2. Room-temperature thermal conductivity as a function of film
thickness for MOCVD-grown (red symbols) and MBE-grown (blue
symbols) GaN thin films of this study. For comparison, we also in-
clude the literature reported thermal conductivities of other homoepi-
taxially [6] and heteroepitaxially (GaN/sapphire [15] and GaN/4H-
SiC [38]) grown GaN films. The dashed line represents the FPLD
predictions of defect-free and single-crystalline GaN. Solid and open
symbols represent measurements taken in this work and literature
values, respectively.

our UID GaN films range from 1015–2×1017 cm−3. In addi-
tion, the films have a dislocation density on the order of ∼108

cm−2 or less. At room temperature, these concentrations of
defects and dislocations are not expected to have a significant
effect on GaN thermal conductivity [8, 14, 42, 43]. As a result,
the thermal conductivities of the UID GaN films are higher
than other heteroepitaxially grown GaN films [38] of equiv-
alent thicknesses reported in literature. Such heteroepitaxial
GaN films can contain high concentrations of point defects

and dislocations [15, 38, 44]. Within uncertainty, the thermal
conductivities of our UID GaN films are in agreement with the
FPLD predictions of pristine GaN. The higher mean thermal
conductivities of the GaN films compared to the FPLD pre-
dictions indicate that scattering at the GaN/GaN interface may
not be completely diffusive as assumed in the first-principles
calculations [45, 46].

When the MBE-grown GaN films are doped with 1018 and
1019 cm−3 Mg, the thermal conductivity decreases by more
than 50%. This is in alignment with the findings of Zou et
al. [8]. The concentrations of Mg-dopants used in this study
are not enough to cause a large lattice strain that can lead to
significant phonon scattering [47–51]. Therefore, the large
thermal conductivity decrease provides evidence that at room
temperature, phonon-dopant scattering is dominating the ther-
mal resistance of the homoepitaxial Mg-doped GaN films. 4-
point probe measurements reveal that the electrical resistivity
of the GaN films decreases from ∼0.85 to 0.30 Ω-cm as the
dopant concentration increases from 1018 to 1019 cm−3, re-
spectively. However, the corresponding changes in the ther-
mal conductivity for the two dopant concentrations are negli-
gible showing the phonon dominated nature of thermal trans-
port in GaN thin films.

In addition to TDTR, we have also used the recently
developed pump-probe technique SSTR to measure the
room-temperature thermal conductivity of several control
GaN samples as discussed in the Supplemental Material [31].
Within uncertainty, the TDTR- and SSTR-measured values
are in excellent agreement as exhibited in Table S1. Details of
our TDTR and SSTR setups, measurement procedures, and
analyses are provided in the Supplemental Material [31].

In Fig. 3, we present the TDTR-measured temperature-
dependent thermal conductivity of the 1.9 µm MOCVD-
grown UID GaN, 0.8 µm MBE-grown UID and Mg-doped
GaN films. For the MBE-grown films, we have limited the
measurements down to 200 K, as below this temperature,
TDTR measurements become highly sensitive to the Fe-
doped GaN template. As the temperature (T) approaches the
Debye temperature, the thermal conductivity of a high-purity,
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FIG. 3. Temperature-dependent thermal conductivity of the 1.9 µm
UID GaN, 0.8 µm UID and Mg-doped GaN films. The dashed line
represents the A/T1.35 (A = 4.4 × 105) function used to fit the 1.9
µm GaN thermal conductivity from ∼200 to 495 K. The red and
bule symbols represent MOCVD-grown and MBE-grown samples,
respectively.

bulk, crystalline material can be expected to follow a 1/Tm

(m = 1–1.5) trend due to the dominance of phonon-phonon
scattering [6, 61–63]. As shown in Fig. 3, a 1/T1.35 relation
fits the thermal conductivity of the 1.9 µm UID GaN (Debye
temperature ∼636 K [64]) film reasonably well from ∼200
to 495 K. We attribute the deviation below 200 K to the
dominance of phonon-boundary scattering at the GaN/GaN
interface and phonon-defect scattering in the film that
becomes more prominent at low temperatures [16, 54]. Simi-
larly, due to size effects [12, 65, 66], the thermal conductivity
of the 0.8 µm UID GaN film is lower compared to the 1.9 µm
film at nearly all temperatures. The thermal conductivities
of the Mg-doped GaN films are also significantly reduced
because of phonon-dopant scattering and size effects. This
figure provides evidence that phonon-boundary scattering can
limit the thermal transport in homoepitaxially grown GaN
thin films, particularly below 200 K.

Contrary to the MOCVD-grown GaN films, in MBE-grown
films, Al is deposited atop the GaN in situ under ultrahigh vac-
uum. We measure the thermal boundary conductance at this
interface with TDTR. Our measured data along with other lit-
erature reported metal/GaN thermal boundary conductances
are presented in Fig. 4(a) as a function of metal elastic mod-
ulus. As evident here, the thermal boundary conductance at
different metal/GaN interfaces does not exhibit any visible
trend with elastic modulus. Donovan et al. [56] also noticed
a similar phenomena with metal Debye temperatures. These
provide evidence that instead of the intrinsic properties of the
metallic layers (e.g., elastic modulus, sound speed, and Debye
temperature), extrinsic factors such as interface quality and

chemistry most likely contributed to prior reports on the ther-
mal boundary conductance across the metal/GaN interfaces
[56, 67–69]. As the Al deposition on the MBE-grown films
is done in situ under ultrahigh vacuum, the effects of such ex-
trinsic factors are relatively minimal in our data. Therefore,
the thermal boundary conductance at this Al/GaN interface is
the highest reported to date among metal/GaN interfaces. We
have limited our measurements to the MBE-grown films here
as the MOCVD-grown films can suffer from the aforemen-
tioned extrinsic factors.

In Fig. 4(b), we present the temperature-dependent Al/GaN
thermal boundary conductance of the MBE-grown thin films.
For comparison, we also include Al/GaN and Al/Ti/GaN ther-
mal boundary conductances from Donovan et al. [56], and
predictions of modal nonequilibrium Landauer method for
an Al/GaN interface (see Supplemental Material [31, 70]).
Due to the extrinsic interfacial factors and quality consid-
erations, the Al/GaN and Al/Ti/GaN thermal boundary con-
ductances from Donovan et al. [56] are lower than our mea-
sured Al/GaN values. In addition, our Al/GaN thermal bound-
ary conductances are in agreement with the predictions of
modal nonequilibrium Landauer method. This modified Lan-
dauer approach considers only the elastic phonon scatter-
ing process at the Al/GaN interface. Thus, the agreement
shown in Fig. 4(b) indicates that the thermal transport at the
Al/GaN interface has negligible contributions from inelastic
electron or phonon processes [69]. Similar elastic phonon
dominated thermal boundary conductances have also been
observed at Al/sapphire, Ru/sapphire, and Co/sapphire inter-
faces in our previous publication [69]. The fundamental in-
sights provided here into the thermal transport mechanisms at
the metal/GaN interfaces are of significant technological im-
portance [56, 71, 72].

IV. CONCLUSIONS

In summary, we report on the thermal conductivity of a
series of homoepitaxially grown GaN films with thicknesses
ranging from 0.25 to 2.1 µm. The films are grown by two
different techniques: MOCVD and MBE. The homoepitax-
ial UID GaN films possess lower concentrations of point de-
fects and dislocations resulting in higher thermal conductivi-
ties as compared to other heteroepitaxially grown GaN films
of equivalent thicknesses reported in literature. Doping with
Mg results in thermal conductivity reductions by more than
50% revealing that the dominant source of phonon scattering
in homoepitaxially grown GaN films is the dopants. Scat-
tering with the defects and GaN/GaN interface also starts to
play an important role in limiting the thermal conductivity of
the UID GaN films below 200 K. Furthermore, due to in situ
deposition of Al in ultrahigh vacuum, the Al/GaN thermal
boundary conductance of the MBE grown films is the high-
est reported to date among metal/GaN interfaces. The interfa-
cial thermal transport at this Al/GaN interface is dominated by
elastic phonon scattering. The findings presented in this study
are of crucial importance in isolating the role of size effects
and phonon-dopant scattering on limiting the thermal conduc-
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FIG. 4. (a) Room-temperature metal/GaN thermal boundary conductance as a function of elastic modulus for different metals. The solid
symbol represents the MBE-grown GaN films measured in this study and open symbols represent different metal/GaN interfaces [52–56]
compiled from Donovan et al. [56]. For cases where an adhesion layer is present at the interface (Au/Ti and Au/Cr), the elastic modulus [57–
60] corresponds to the layer in contact with the GaN. (b) Temperature-dependent Al/GaN thermal boundary conductance for the MBE-grown
films. For comparison, we also include the Au/Ti/GaN and Al/GaN thermal boundary conductances from literature [56]. The dashed line
represents the thermal boundary conductance predicted by the modal nonequilibrium Landauer method for an Al/GaN interface.

tivity of sub-micrometer and micrometer thick GaN thin films.
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