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Abstract. This paper reviews the theoretical and experimental works concerning one of the most important parameters of
wurtzite gallium nitride — thermal conductivity. Since the heat in gallium nitride is transported almost exclusively by phonons,
its thermal conductivity has a temperature behavior typical of most nonmetallic crystals: the thermal conductivity increases
proportionally to the third power of temperature at lower temperatures, reaches its maximum at approximately 1/20 of the Debye
temperature and decreases proportionally to temperature at higher temperatures. It is shown that the thermal conductivity of
gallium nitride (depending on fabrication process, crystallographic direction, concentration of impurity and other defects, isoto-
pical purity) varies significantly, emphasizing the importance of determining this parameter for the samples that closely resemble
those being used in specific applications. For isotopically pure undoped wurtzite gallium nitride, the thermal conductivity at
room temperature has been estimated as high as 5.4 W/(cm-K). The maximum room temperature value measured for bulk-
shaped samples of single crystal gallium nitride has been 2.79 W/(cm-K).
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B.C. Boauék, M. C. bapanosa, B. P. Cremnunkui

benopyccruii 2cocyoapcmeennulii ynusepcumem ungpopmamuxu u paouosnekmponuxu, Munck, Pecnybnruxa beaapyco
TEILIOITPOBOJHOCTDh HUTPUIA IAJJINS C KPUCTAJVIMYECKOM CTPYKTYPOM THITA BIOPIIUTA

AHHOTaUMs. BRIOTHEH aHAN3 TEOPETHUECKUX U HKCIIEPIMEHTATbHBIX HCCIIETOBAHNN OHOTO U3 BaKHEHIINX mapa-
METPOB HUTPHJIA TAIIUS C KPUCTAIINYIECKOH CTPYKTY POl THIa BIOPIHUTA — TEMJIONPOBOJHOCTH. Tak Kak MepeHoc Tera
B HUTPH/IC FaJUINSI OCYIIECTBISSTCS IJIaBHBIM 00pa30M C MOMOLIbIO ()OHOHOB, €r0 TEIJIONPOBOJHOCTE HMEET TeMIepaTyp-
HYI0 3aBUCUMOCTH, XapaKTEPHYIO JUIsl OOJNBIIMHCTBA HEMETAININYECKUX KPUCTAJIOB: YBEIUYHBACTCS ITPONOPIIHOHAIBHO
TpPEeTheil CTENEeHN TeMIepaTyphl B 00JaCTH HU3KHX TEMIEepaTyp, JOCTUTACT CBOEI0 MAKCHMAJIbHOTO 3HAUEHUS IIPU TEM-
neparype, NpuOIU3UTENbHO paBHOW 1/20 oT mebaeBCKOM, M yMEHBIIAeTCS MPOMOPIUOHAIBHO TeMIleparype B 00JacTu
BBICOKUX TemmepaTyp. [loka3aHo, 4TO B 3aBUCHMOCTHU OT yCIOBUH (TEXHOJIOTHS MU3rOTOBIEHHUS 00pasua, KpUCTaiorpa-
(uyeckoe HampaBiIeHUe, KOHICHTPALUS IPUMECH U IPYTUX Ie(eKTOB, N30TOMHBIH COCTaB) TEIJIONPOBOIHOCTh HUTPHIA
raJius MOKET HaXOAUTHCS B OOJIBLIOM JHalia30He 3HAYCHHH, YTO yKa3bIBaeT Ha BAXXHOCTD OIPEACICHUS ITOTO Iapame-
Tpa UMEHHO TeX 00pa3loB MaTepuaa, KOTOPbIe HCHOIb3YIOTCS B KOHKPETHBIX NMPHJIOKCHHUSIX. TeIIONpOBOAHOCTH Helle-
THPOBAHHOTO W30TOMHO-YHCTOTO HUTPU/A TAJUIHs IIPU KOMHATHON TeMIIepaType oleHuBaeTcs Ha ypoBHe 5,4 B1/(cm - K).
MaxkcuManbpHas TeII0NPOBOJHOCTE, JOCTUTHYTAs s 00BEMHOr0 00pasiia U3 MOHOKPHUCTAIINIECKOT0 HUTPU/A TajIns,
pasHa 2,79 Br/(cm - K).
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Introduction. Over the last decades, a lot of attention has been focused on gallium nitride (GaN) as
a promising material for the application in high-power radio-frequency electronic and optoelectronic de-
vices [1, 2]. The intense interest in this semiconductor arises from the following factors. First, the wide
band gap of GaN yields a high breakdown voltage, which is valuable for high-power device operation.
Second, the saturation velocity of electrons in GaN is over a factor of two larger than that in silicon,
which enables high-frequency operation. Furthermore, the natural structure of GaN is wurtzite — a he-
xagonal crystal structure where electrical polarization effects play a major role [3]. At heterojunctions
formed by group III nitrides the polarization induces a very high electron concentration, providing
a large current density.

Although the structural, electronic and optical properties have been extensively studied, relatively
little work, both analytical and experimental, has to date been reported on the thermal conductivity
k of GaN. Meanwhile, this thermoelectric parameter — a measure of the ability to conduct heat — is
significant from both fundamental and applied aspects. One of the critical issues in the development
of the nitride high-power technology is self-heating. A non-uniform distribution of the dissipated
power and a rise of the average temperature that lead to the formation of a hot spot near the active
area and result in the degradation of the drain current and output power are characteristic of GaN
high electron mobility transistor — a device considered for broadband/multiband communication ap-
plications, radar systems and electronics in harsh environments [4, 5]. For this reason, the monitoring
of the average and maximum temperatures inside the device structure is crucial to its efficiency and
reliability. Being an important part of technology computer-aided design, thermal simulation makes it
possible for device engineers to identify the principal cause of thermal problems as well as to create,
optimize and verify the thermal design. The simulation of self-heating implies the addition of a lat-
tice heat flow equation to the set of the fundamental semiconductor device equations — the Poisson
equation and the continuity equations. Standard device simulators implement a thermodynamically
rigorous model of lattice heating that accounts for Joule heating, heating and cooling due to carrier
generation and recombination, the Peltier and Thomson effects [6]. One of the input parameters of
the lattice heat flow equation is thermal conductivity, which can depend on temperature 7 and other
factors. This is critical to take into account in thermal simulation as the result can be highly sensitive
to the thermal conductivity values for certain regions of the device structure. Otherwise, a significant
error may occur. Due to the recent advancements in the ammonothermal and hydride vapor phase ep-
itaxy (HVPE) methods, free-standing GaN substrates have begun to gain in popularity lately. The use
of native electrically insulating substrates enables to improve the crystalline quality of epitaxial layers
by preventing the necessity of growing a nucleation layer, which would act as a thermal barrier for
the heat flow generated in the active area of the device structure [7, 8]. As opposed to other common
substrate materials, particularly sapphire, GaN may provide a sufficient heat dissipation efficiency
without recourse to additional heat-removing elements [9]. From this aspect, the thermal conductivity
of GaN is of interest as a key design parameter.

In this paper, we present a review of the works, both theoretical and experimental, concerning the
thermal conductivity of wurtzite GaN, mainly its dependence on temperature. The problem of determin-
ing the value of this parameter has a long history and has been tackled by many authors. The correlation
and interpretation of the published data is quite challenging as the densities of impurity atoms, vacan-
cies, dislocations and isotopes in various samples are often very different or even unknown. The theo-
retical limit at a temperature of 300 K for isotopically pure undoped wurtzite GaN is estimated as high
as 5.4 W/(cm-K) [10]. However, values lower than 3.0 W/(cm'K) are prevalent for bulk samples grown on
foreign substrates owing to the presence of imperfections in the crystal [11].

Thermal Conduction in Nonmetallic Crystals. The internal energy may be transferred within
a solid by several independent agents. In metals, the heat is carried both by electrons and by lattice
waves, or phonons, although the electronic contribution is predominant. On the other part, in insulators,
the heat is carried almost entirely by phonons. From a thermal conduction point of view, semiconductors
are very similar to insulators, with the compounds listed above being no exceptions. Thus, the transport
of heat in nonmetallic crystals can be interpreted using the concept of a phonon [12].

The atoms of a crystal are not quite stationary and take part in thermal vibrations around their equi-
librium positions. Instead of describing the individual vibrations of the particles, which is unrealistic
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and impractical, their collective motion in the crystal is considered. This approach is based on the fact,
that powerful interatomic forces immediately transmit the vibrations of one particle to other particles
and a collective motion in the form of an elastic wave involving all the particles of the crystal is excited
in it. Such elastic waves are termed normal modes. The quantity of the normal modes equals to the num-
ber of degrees of freedom, which is 3N, where N is the number of particles constituting the crystal. The
frequency o and the wavelength A of a normal mode are linked by

2y
Ow=—, 1
y M
where v is the velocity of wave propagation (of sound). -
Wave processes are usually described by a wave-vector ¢, whose direction coincides with that of

wave propagation and whose absolute value is

2n
¢ @)

The relationship between ® and ¢ is termed the dispersion relationship, which is given by
®=vq. 3)

The lattice waves in a crystal occupy some spectrum of frequencies. The temperature at which the
entire spectrum, including the mode with the maximum frequency, is excited is called the Debye tempera-
ture 0p. A rise in temperature above 0, shall not be accompanied by the appearance of new normal modes.
In this case, the role of the temperature is to increase the intensity, or the energy, of each of the normal
modes. According to the oscillation theory, the energy of a normal mode equals to the energy of an oscilla-
tor with a mass equivalent to the mass of the vibrating atoms and the frequency of the normal mode. Hence,
the total energy of the crystal formed by N atoms taking part in coupled vibrations equals to the energy of
3N independent normal harmonic linear oscillators. The energy of a quantum oscillator is written as

E= (n +%)hm, @

where 7 is a quantum number and 7 is the reduced Planck constant.

The minimum portion of energy that can be emitted or absorbed by a lattice in the process of ther-
mal vibrations corresponds to the transition of the normal mode being excited from the given energy
level to the adjacent level and equals to Zw. This portion, or quantum, of energy is termed a phonon.

The vibrations of the atoms in a crystal can only be treated as the normal modes of the lattice
under certain idealized conditions: the interatomic forces are harmonic (obey Hooke’s law) and the
lattice is structurally perfect, isotopically pure and has no external boundaries. The departure from
these idealized conditions leads to an anharmonic nature of the atomic vibrations. There are two
phenomena caused by the anharmonicity — thermal expansion and thermal resistance. The effect that
the thermal expansion of a lattice has on its vibrational properties is described by the Griineisen con-
stant v. This dimensionless parameter relates the thermal expansion coefficient to the heat capacity
defined by harmonic contribution:

Ba
=—1, ®)
Cy
where B is the bulk modulus, o is the volumetric thermal expansion coefficient and Cy is the volumetric

heat capacity.

Should the vibrations of the atoms be strictly harmonic propagating through a lattice in the form of
noninteracting elastic waves, there could be no thermal resistance in the crystal. In the absence of in-
teraction the waves would be able to spread without scattering — that is, without encountering any resis-
tance — and the thermal conductivity of the crystal would be infinitely high. The anharmonicity deprives
the normal modes of the lattice of their independence and forces them to interact, exchanging energy
and changing the direction of their propagation through mutual scattering. It is just these processes of
interaction between the elastic waves that enable the transfer of energy from the modes of one frequency
to the modes of another and the establishment of thermal equilibrium in the crystal.
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It is well known that the thermal conductivity of silver at room temperature is 4.3 W/(cm - K) — high-
est of any metal. For copper, k = 4.0 W/(cm - K). There are several nonmetallic crystals that exhibit a high
thermal conductivity comparable to or even exceeding that of silver and copper. Many of these crystals
are adamantine, or diamond-like, compounds, such as diamond, boron nitride, silicon carbide, beryllium
oxide, boron phosphide, aluminum nitride, beryllium sulphide, boron arsenide, silicon, aluminum phos-
phide and gallium phosphide. GaN is also included in this category of materials. In all of these crystals
the atoms possess tetrahedral coordination and « in this series decreases from 20 W/(cm - K) for diamond
to 1 W/(cm-K) for gallium phosphide [13].

The dependence of the thermal conductivity on temperature is universal for almost all pure electrically
insulating crystals: k grows as 7° at lower temperatures, reaches a maximum at approximately 0.050,, and
falls off as 7! or faster at higher temperatures [14]. At temperatures below 0, the phonon concentration
reduces dramatically with a fall in temperature. This leads to a sharp increase in the phonon mean free
path — the average distance between scattering events, or collisions — so that at 0.058, it becomes com-
parable to the dimensions of the crystal. As the crystal surface is usually a poor reflector of phonons, any
further reduction in temperature does not result in an increase in the mean free path, for the latter is de-
termined by the dimensions of the crystal only. The temperature dependence of the thermal conductivity
within this range of temperatures parallels that of the heat capacity, which is proportional to 7°.

As the temperature rises, there are two opposing processes occurring at the same time — an increase
in the phonon concentration, which should make the thermal conductivity to grow, and an increase in
the resistive phonon-phonon scattering — three-phonon umklapp scattering or U-process — and a subse-
quent decrease in the phonon mean free path, which should cause the thermal conductivity to drop. For
a low phonon concentration, the first factor is predominant and « increases with temperature. However,
starting with a certain concentration of phonons the second factor becomes prevailing and « after pass-
ing through its maximum decreases with temperature as 7! or faster.

Phonons can also be scattered by point defects, such as impurity atoms, vacancies and isotopes. The
reasons for this are the differences in mass, size and interatomic force constants between the defects and
the host atoms. Having no effect at low temperatures, point defects, however, take on significance at in-
termediate temperatures, where they will depress the peak of the thermal conductivity below that of the
pure crystal. The magnitude of an isotope effect can be determined by

pP= Kpure ’ (6)

Khatural
where K. corresponds to x of the isotopically pure material and Kpaeurar to k with naturally occurring
isotope proportions.

While the influence of most scattering processes on overall thermal conductivity at different tem-
peratures has been well analyzed, the normal three-phonon scattering processes, or N-processes, have
been neglected in many publications. This scattering mechanism conserves phonon momentum and en-
ergy and hence does not contribute directly to thermal resistance. However, the normal processes lead
to a redistribution of momentum and energy among phonons more likely to participate in umklapp pro-
cesses thereby indirectly affecting the overall thermal conductivity.

In many nonmetallic crystals, the electronic component of the thermal conduction is small enough
and can be neglected. Florescu et al. [15] estimated the electronic contribution to the thermal conductiv-
ity of GaN to be about 1.5- 10 W/(cm-K), which is three orders of magnitude smaller than the typical
values of « for GaN.

Theoretical Studies of the Thermal Conduction in GaN. One of the earliest theoretical studies of
the thermal conduction in GaN was carried out by Slack [13], who applied the fundamental theory given
by Leibfried and Schlomann to predict the intrinsic thermal conductivity — the upper limit for k defined
only by crystal anharmonicity. According to this theory, the thermal conductivity of adamantine crys-
tals in a temperature range of T > 0, is proportional to the factor 8m03):

; (7

where 4 is a scaling constant, & is the average volume occupied by one atom of the crystal and m is the
average mass of the atoms in one mole of the compound.
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It must be noted that Eq. (7) is strictly valid only for face-centered-cubic crystals having one atom
per primitive crystallographic unit cell. From the dependencies of k on Sme% plotted for the series of
materials, for which the data was by then available, the scaling constant was estimated at 2.5 s - K>,
For GaN, & = 2.25-10% cm, m = 41.86 g, 0 = 600 K and 3m@}, = 203.44 cm-g-K>. The Griineisen
parameter was omitted as it was yet not known. Thus, the intrinsic thermal conductivity at 300 K was
predicted at 1.7 W/(cm - K).

A similar approach but without using a scaling constant was taken by Witek [16], who formulated
the thermal conductivity of ideal single nonmetallic crystals in terms of the bulk modulus, the Debye

temperature and the Griineisen parameter:
1 dvB
k=128 ®)
3y°T

This equation was derived from the suggestion by Dugdale and MacDonald [17] that the thermal
conductivity should be related to the thermal expansion coefficient. They noticed that the dimensionless
term yo,;, T serves as a measure of the departure of a lattice from harmonicity and proposed that the pho-
non mean free path could be calculated by

)

/= )
you T

©

The substitution of B in Eq. (8) by YV and the insertion of Eq. (9) give another expression for ther-
mal conductivity: ay

K= %lch. (10)

By solving Eq. (8), the Griineisen parameter and the intrinsic thermal conductivity of GaN at
300 K were estimated at 0.74 and 4.1 W/(cm-K), respectively. The latter exceeded considerably any va-
lues that had previously been obtained by experiment. In real lattices, the anharmonicity is not the only
source of the resistive phonon scattering. Macroscopic and point defects scatter phonons independently
on the anharmonicity, decreasing thermal conductivity.

The evaluation of the thermal conductivity of a GaN sample characterized by realistic material pa-
rameters specific for a given growth technique can be made in the framework of Callaway’s phenome-
nological model [18]. It has proved to be a feasible computational tool and has been widely used for tech-
nologically important semiconductors. A long list of the publications in which this model was employed
is presented in [19].

In Callaway’s formulation, the thermal conductivity contains two terms k = k; + k,, where

K = Tdx, (11)
: 27'[27!31) 0 (ex _1)2
2
op/T 4 x
e T
0 (e =1) "W
o KB4T3 (e 1) )
275 233 6p/T 4 x ’
2nhy x'e T

0 (ex _1)2 TNTR

where kp is the Boltzmann constant, 1 is the combined relaxation time, Ty and 1 are the relaxation times
in normal and resistive processes, respectively, and

10
xX=—

(13)

kgl
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This model is derived using Debye-like phonon density of states and under the assumption of one
effective acoustic-phonon dispersion branch and the additivity of the relaxation rates for independent
scattering mechanisms:

1 1 1
—=—t— (14)
T Ty T

The relaxation rates in normal processes become comparable to those in resistive processes only in
high-purity, defect-free samples. Otherwise, the resistive processes are totally dominant and the condi-
tion Ty >> 1 leads to k = k;. Thus, the final expression is often written as

KT Op/T 4,

1 - - -
"2 | ooy T ) 1

where j denotes a specific phonon polarization type.

Using Callaway’s theory, the thermal conduction in GaN has been investigated by a number of
researchers [10, 14, 20, 21]. Kotchetkov et al. [20] considered the three-phonon umklapp scattering
(described by a relaxation time 1)), the scattering on impurity atoms and the scattering on core, screw
and edge dislocations. Given the wide discrepancy in the material parameters reported for GaN,
the calculations were performed with two distinctly different sets of the input data. The solution of
Eq. (15) with T =1, gave the values of 3.44 and 3.70 W/(cm-K) for the intrinsic thermal conductivity
at 300 K. When all of the scattering processes were accounted for, the model showed the reduction of
the thermal conductivity from 1.97 to 1.31 W/(cm-K) as the dislocation line density was raised from
10" to 10" cm 2.

The same research team [10] also investigated separately the influence that is exerted by the doping
density on the thermal conductivity. After making several modifications to the model, including the
addition of a mixed dislocations component, and making corrections to some material parameters, the
intrinsic thermal conductivity values were estimated at 3.36 and 5.40 W/(cm - K). When all of the scatter-
ing mechanisms were taken into account, the thermal conductivity fell off linearly with the natural loga-
rithm of the doping density — about a factor of two decrease in k for every decade increase in the doping
density. As the latter was increased from 107 to 10'® cm™, the thermal conductivity dropped from 1.77
to 0.86 W/(cm-K).

Liu and Balandin [21] accounted for the three-phonon umklapp scattering, the scattering on impurity
atoms and the scattering on external boundaries. The thermal conductivity was equal to 1.57 W/(cm-K)
at room temperature.

Natural gallium (5;Ga) consists of a mixture of two stable isotopes: 60.11 % “Ga and 39.89 % "'Ga.
Natural nitrogen (;N) has also two stable isotopes: 99.63 % “N and 0.37 % '>N. The isotope effect on
the thermal conductivity of high-purity GaN was analyzed by Morelli et al. [14] with Callaway’s model
modified to include the contribution of both transverse and longitudinal phonons explicitly. For deter-
mining the combined scattering rate, the umklapp and normal processes, the phonon-isotope scatter-
ing and the scattering on boundaries were considered. The model predicted an isotope effect of 1.05
at 300 K.

This rather small value of the isotope effect was disputed by Lindsay et al. [22], who applied an
ab initio (or “from first-principles”) formalism to determine the thermal conductivity of GaN de-
fined by the three-phonon umklapp scattering and the phonon-isotope scattering. The first-principles
method combines an exact iterative solution of the phonon Boltzmann transport equation in the sin-
gle-mode relaxation time approximation with accurate computations of the second-order (harmonic)
and third-order (anharmonic) interatomic force constants using the density functional theory and the
density functional perturbation theory. The second-order interatomic force constants are required for
the calculation of the phonon dispersion relation, while the third-order constants are necessary for the
calculation of the three-phonon scattering rates. The advantage of this method is that no adjustable
parameters are invoked as the interatomic force constants are the only input parameters required for
the exact solution [23]. The thermal conductivity obtained by solving the phonon Boltzmann transport
equation can be expressed as
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1 2—(—
Kk=——> (ho) n(n, +1)v,dys,, (16)
KBTZNV%( ) e (mg +1)vicdy:
where N is the number of discretizing :] points in the Brillouin zone, V is the volume of the primitive
unit cell, 7, is the phonon group equilibrium population, v, is the phonon group velocity, d; is the mean

free displacement, o and 3 are the Cartesian directions, { represents the phonon mode (&, j )

Unlike previous estimates [14, 24], Lindsay ef al. showed that the isotope effect in wurtzite GaN is
very large — about 1.65 at room temperature. The upper limit for k was found to be around 4 W/(cm - K)
at 300 K. These features were ascribed to the substantial isotope mixture in gallium, to the large fre-
quency gap between the acoustic and optical phonon branches and to the high frequency scale of the
phonon dispersion in GaN. The latter two points slacken the phonon-phonon scattering and, in particu-
lar, the scattering between the acoustic and optical phonons. Since the phonon-isotope scattering is not
affected by temperature, starting from 500 K with decreasing temperature, the phonon-phonon scat-
tering becomes weaker, causing the thermal conductivity to rise and making the scattering on isotopes
more pronounced. At room temperature, the in-plane «;, (along the [100] direction) and the out-of-plane
Koyt (along the c-axis, or the [001] direction) values of the intrinsic thermal conductivity (Kpure) were 4.01
and 3.85 W/(cm - K), respectively. The corresponding values for GaN with the naturally occurring galli-
um isotope concentrations (Kyagra) Were 2.42 and 2.39 W/(cm - K).

The natural structure of GaN is wurtzite — a crystal structure belonging to the hexagonal crystal sys-
tem, which is the most anisotropic among the other six crystal systems. Several investigations showed
that the thermal conductivity of wurtzite GaN is isotropic around room temperature [24, 25]. On the
other part, in most analytical works, the average value of the three directions or the value of one arbi-
trary direction are often taken as the thermal conductivity, omitting the anisotropy of the material. By
performing non-equilibrium molecular dynamics simulation, Ju et al. [26] recently demonstrated that
« of defect-free wurtzite GaN along the [001] direction, is by a factor of 1.25 higher than that along [100]
at room temperature. The evident anisotropic behavior of the thermal conductivity of wurtzite GaN at
low temperatures was confirmed by Wu et. al [27], Qin et al. [28] and Jiang ef al. [29]. In their research,
Wu et al. developed a full-dispersion Monte Carlo simulation method coupled with the first-principles
technique. According to their combined approach, the phonon dispersion relation and the scattering rates
were computed using the first-principles method and served as the input data for the Monte Carlo solu-
tion of the phonon Boltzmann transport equation by applying the open-source ShengBTE code [30]. The
thermal conductivity at room temperature of isotopically pure GaN along the [001] and [100] directions
was calculated to be 4.04 and 3.62 W/(cm-K), respectively, leading to an anisotropy factor of 1.12. As
the temperature decreased from 500 to 100 K, the factor increased from 1.10 to 1.25, indicating that the
anisotropy of wurtzite GaN cannot be neglected, especially at low temperatures.

Qin et al. and Jiang et al. employed the first-principles method with a plane-wave pseudopotential
formulation in the framework of the density functional theory as implemented in the Vienna Ab in-
itio Simulation Package. The generalized gradient approximation with the Perdew—Burke—Ernzerhof
parameterization was adopted for the exchange-correlation functional. The numerical solutions of the
linearized phonon Boltzmann transport equation were also carried out using the ShengBTE software
package. As was found by Qin et al., the thermal conductivity at room temperature along the [001] and
[100] directions of bulk GaN was evaluated to be 3.25 and 2.80 W/(cm-K), respectively, yielding an
anisotropy factor of 1.16. In excellent agreement with the results obtained by Wu et al., Jiang et al., it
determined the «,, and k;, values to be 4.09 and 3.63 W/(cm-K) at 300 K, respectively, giving an aniso-
tropy factor of 1.13. When the temperature fell off from 800 to 100 K, the factor grew from 1.09 to 1.42.

By employing the first-principles approach to analyze the thermal conductivity of isotopically pure
GaN, Garg et al. [31] recently observed a remarkable feature of the thermal conduction, namely, a spec-
tral focusing of k. It turns out that almost 60 % of the heat is transferred by phonons in a very narrow
frequency range of 5—7 THz, which spans 9 % of the frequency range in GaN. The k., and «;, values
for the isotopically pure material were determined to be 3.73 and 3.90 W/(cm - K), respectively. The cor-
responding values for ka1 Were equal to 2.34 and 2.38 W/(cm-K) — a very good agreement with the
results of Lindsay ef al.



292 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2022, vol. 67, no. 3, pp. 285-297

Over the last few years, the application of machine learning techniques to solid-state physics have
rapidly gained in popularity. The assessment of the thermal conductivity of bulk GaN using the innova-
tive high-dimensional neural-network method developed by Behler and Parrinello [32] was first demon-
strated by Minamitani et al. [33]. The thermal conductivity at room temperature along the [001] and
[100] directions was computed to be 3.10 and 2.76 W/(cm - K), respectively. To estimate the accuracy of
the method, these values were compared to the density functional theory calculation results, which were
Kout = 3.26 W/(cm-K) and «;, = 2.74 W/(cm-K).

The dependence of the thermal conductivity on temperature for wurtzite GaN with naturally occurred
isotope proportions obtained mainly by calculations is shown in Figure 1. For the sake of comparison, the
experimental results of Jezowski ef al. [25] and Simon et al. [34] are also included. The dislocation line
density in “Kotchetkov et al. (2001)” is 10' cm™2. The dislocations in “Zou et al. (2002)” are evenly dis-
tributed among the screw, edge and mixed components. For “Jezowski et al. (2003)”, the best of the highly
conductive samples is taken. The “Simon et al. (2014)” data points are given for the semi-insulating ox-
ygen-magnesium co-doped sample. The “Minamitani et al. (2019) [001]” and “Minamitani et al. (2019)
[100]” curves correspond to the x values derived by the neural-network technique.

The dependence of the thermal conductivity on temperature for isotopically pure wurtzite GaN is
shown in Figure 2.

Experimental Studies of the Thermal Conduction in GaN. The earliest experimental study of the
thermal conduction in GaN was carried out by Sichel and Pankove [35] for a temperature range from 25
to 360 K. The bulk sample was fabricated by HVPE on a sapphire substrate [36]. The process included
a two-hour reaction of gallium monochloride with ammonia at 1223 K. After the substrate was removed,
the two surfaces of the GaN layer with a thickness of 400 um were polished flat and parallel. The ther-
mal conductivity evaluated along the c-axis had a slope of —0.76 around room temperature and a value of
1.3 W/(cm - K). Both of these values were small in comparison to the contemporary estimates [13], which
was attributed by the authors to the high impurity density.

Using a scanning thermal microscope, Asnin et al. [37] performed high spatial resolution measure-
ments of the thermal conductivity at 300 K on different patterned sections of GaN prepared by the lat-
eral epitaxial overgrowth (LEO) technology on a sapphire substrate. The samples were fabricated by
metalorganic chemical vapor deposition (MOCVD) at 1273 K with trimethylgallium and ammonia as
the source precursors. On several sections of GaN, values of 1.7-1.8 W/(cm*K) were registered. Since
the quality of the material obtained by MOCVD is generally better than that of the corresponding HVPE

—— Kotchetkov et al. (2001)
Liu and Balandin (2005)
Garg et al. (2018)
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Figure 1. Thermal conductivity of wurtzite GaN with naturally occurred isotope proportions as a function of temperature
obtained mainly by calculations
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Figure 2. Thermal conductivity of isotopically pure wurtzite GaN as a function of temperature

sample, the higher values of k were believed to be an indication of the reduced defect densities. Using the
third-harmonic (3-w) electrical method, this assumption was soon corroborated by Luo et al. [38], who
obtained a room temperature thermal conductivity in excess of 1.55 W/(cm'K) for the LEO films grown
by MOCVD at 1333 K. In the paper [39], a comparison was drawn between the fully and the partly co-
alesced LEO sections of GaN prepared by MOCVD at 1273 K on a sapphire substrate. The measurements
were taken by a scanning thermal microscope having a spatial resolution of ~ 2—3 pm. On the fully co-
alesced sample, the thermal conductivity lay in an interval from 1.86 to 2.05 W/(cm - K) over a distance of
approximately 50 um. One of the partly coalesced samples had k between 2.00 and 2.10 W/(cm - K).

The thermal conductivity of GaN as a function of the doping density was experimentally researched
by Florescu et al. [15]. The three sets of samples were fabricated by HVPE in a vertical reactor. The
process consisted of two stages. First, gallium monochloride was synthesized upstream by a reaction
of hydrogen chloride gas with liquid gallium at 1073—1173 K. Second, the gallium monochloride was
transported to a sapphire substrate where it reacted with ammonia at 1273—-1373 K forming a GaN lay-
er. In all three sets, the thermal conductivity reduced linearly with the natural logarithm of the doping
density, the variation being about a factor of two decrease in k for every 10-fold increase in the doping
density. For one of the most lightly-doped sample (6.9-10'° cm™), the thermal conductivity was found
to be 1.95 W/(cm-K) at 300 K. As it was mentioned above, the dependence of this kind would later be
confirmed analytically by Zou et al. [10] in a framework of Callaway’s model.

One of the common impurities that affect the thermal conductivity of GaN is oxygen, which enters
the lattice not by the replacement of nitrogen atoms but by the incorporation of gallium vacancies. The
metal vacancies are very effective phonon scatterers [13]. To verify this view, Slack et al. [24] consid-
ered the thermal conductivity of a GaN plate manufactured by HVPE on a sapphire substrate, which was
subsequently deleted. The major impurities were oxygen (2.1 - 10" ¢cm™) and silicon (3.7 10" cm™). The
thermal conductivity was equal to 2.27 W/(cm-K) at 300 K and possessed a slope of —1.22 in a tempera-
ture range from 80 to 300 K.

The first systematic study of the low-temperature behavior of GaN was reportedly carried out by
Jezowski et al. [25] by comparing highly conductive and highly resistive (doped by magnesium) single crys-
tals. The free-standing bulk samples were fabricated from nitrogen solution in liquid gallium at a high tem-
perature and under a high pressure. The measurements were performed by the axial stationary heat flow
method in a temperature range 4.2-300 K. The best of the highly conductive samples showed a thermal
conductivity of 2.26 W/(cm-K) at 300 K, while the magnesium-doped GaN layer had x = 1.60 W/(cm- K).
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The high-temperature thermal properties of GaN were studied by Shibata et al. [40]. The single crystal
sample was fabricated in a conventional vertical HVPE reactor at 1223—-1293 K on a sapphire substrate.
The free-standing sample unintentionally doped with silicon (2.1-10" ¢cm™) was spontaneously separat-
ed from the substrate. The thermal conductivity along the c-axis was obtained for a temperature range
from 300 to 850 K and was equal to 2.53 W/(cm-K) at room temperature. This value was highest among
the previously reported ones for bulk-shaped samples [24, 25, 35]. Another work on the high-temperature
behavior of GaN was presented by Slomski ef al. [11]. The two bulk samples were grown by HVPE on sap-
phire and by the ammonothermal method on GaN, with the substrates subsequently removed. The density
of dislocations laid in a range from 10* to 10° cm 2. Using the 3-o technique, the thermal conductivity was
extracted for a temperature range 300—460 K. The room temperature values of k were equal to 2.65 and
2.79 W/(cm-K), respectively, and the slopes were determined to be —1.43 and —1.38.

Further investigation of the influence that is exerted by impurities on the thermal conductivi-
ty of GaN was made by Jagannadham et al. [41], who examined undoped, n-type (silicon-doped) and
p-type (magnesium-doped) films on a sapphire substrate. The samples were fabricated by MOCVD at
1303 K for different periods of time with trimethylgallium and ammonia as the precursors. The depo-
sition process was common to all three films except the dopant incorporation. The 3-® measurements
were taken at 215, 250 and 300 K. The values of k — 5.4, 4.8 and 2.8 W/(cm-K) — in the undoped film
were much higher compared to those in the n- and p-type samples. This was due to the absence of the
phonon scattering on dopants, the larger thickness of the undoped film and the correspondingly lower
density of dislocations. The presence of silicon and hydrogen in the n-type films was responsible for the
values lower than those in the p-type films doped only by magnesium. Simon et al. [34] investigated the
impact of oxygen and oxygen-magnesium co-doping on the thermal conductivity of bulk crystals with
a low dislocation density (~10* cm™) grown by the ammonothermal method. The 3-® measurements
were performed between 120 and 520 K. The heavily oxygen-doped sample attained the lowest value
of kK — 1.64 W/(cm-K) at 300 K — which was ascribed to the increased phonon-dopant scattering. On
the contrary, the highest value — 2.30 W/(cm-K) at 300 K — was observed for the semi-insulating oxy-
gen-magnesium co-doped sample.

A high thermal conductivity of 2.94 W/(cm-K) was determined by Richter et al. [42] for a cylindri-
cal sample of 3.6 mm thickness and 6.0 mm diameter manufactured by HVPE.

The thermal conductivity of wurtzite GaN as a function of temperature obtained primarily by mea-
surements is presented in Figure 3. For the sake of comparison, the theoretical results of Liu and Balandin
and Garg et al. are also given. The “Slomski et al. (2018)” curve has the slope of —1.38.
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Figure 3. Thermal conductivity of wurtzite GaN as a function of temperature obtained primarily by experiment
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Conclusions. In this review, a number of theoretical and experimental studies of the thermal con-
ductivity of wurtzite GaN, particularly its dependence on temperature, has been described. A compari-
son of the results has also been made.

The heat in GaN is transported almost exclusively by phonons. Its thermal conductivity has a tem-
perature behavior typical of most nonmetallic crystals: « increases as T at lower temperatures, comes
up to a maximum at approximately 0.050,, and decreases as 7' at higher temperatures. At tempera-
tures below 0p, the thermal conductivity is limited by the scattering of the phonons on the external
boundaries. As the temperature rises, the three-phonon umklapp scattering becomes predominant.
The phonons in GaN can also be scattered by different point defects, such as impurity atoms, vacan-
cies and isotopes.

For isotopically pure undoped wurtzite GaN, the value of k at room temperature has been estimated
as high as 5.4 W/(cm'K). The thermal conductivity of the films prepared by the LEO technology using
MOCVD has been determined experimentally to be in a range from 1.55 to 2.10 W/(cm'K) at 300 K.
The maximum room temperature value measured for the bulk-shaped samples of single crystal GaN has
been 2.79 W/(cm'K).

The anisotropy of the thermal conductivity of GaN has remained to be a subject of discussion. While
some investigators have shown that « is isotropic at around room temperature, others have affirmed that
this parameter exhibits a noticeable anisotropy, especially at low temperatures.
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