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Despite wurtzite InN being a widely used semiconductor, its intrinsic thermal conductivity (x) is
still little known. In this work, the « of wurtzite InN is studied from first principles. The calculated
room temperature  is 130 Wm 'K ™' and 145 Wm 'K~ for the in-plane and out-of-plane direc-
tion, respectively, showing an anisotropy of about 11%. The anisotropy increases with decreasing
temperature, and it reaches 20% at 100 K. The evident anisotropy is contrast to the conventionally
used isotropic assumption, and is explained by performing comprehensive velocity analysis. We
also calculate the cumulative x as a function of mean free path, which can help understand the size
dependence of x in the non-bulk forms. The obtained cumulative « is in good agreement with the
experimental x of InN films with thicknesses between 0.5 and 2.1 um, and shows the size effect
can persist up to 10 um thickness at room temperature. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4893882]

Waurtzite InN has attracted considerable attention for its
extremely narrow electronic band gap 0.7e¢V (Ref. 1) and
low electron effective mass 0.05 m,.” Its alloy with wurtzite
GaN, which has emission range from the ultraviolet to the
near-infrared region,” has been widely used as quantum
wells material in the optoelectronic devices, such as light
emitting diodes*™® and laser diodes.” Its high absorption
coefficient (~ 10°cm™') and robustness also make it suitable
for solar cell applications.'®'? In addition, InN is expected
to be used for high electron mobility transistors'>~'> due to
the high mobility and high saturation velocity'® coming
from the low effective mass. Despite the fact, many
researches on the electronic carrier transport properties of
InN have been done,'”** the investigation on the thermal
transport properties, which is critical for the heat dissipation,
is still relatively little. The first reported thermal conductivity
(k) of InN grown by nitrogen microwave plasma chemical
vapor deposition is 45 Wm 'K ~'.** Later measurement on
high-quality InN films with thicknesses between 0.5 and
2.1 um gives a k of 120 Wm™'K~'.% The knowledge for the
intrinsic x of bulk single crystals is still lacking.

Over the past several years, ab initio calculation of
has been developed by combining the first principles techni-
ques to obtain interatomic force constants (IFCs) with
Boltzmann transport equation (BTE). So far, this method has
been applied to many systems,”®™* showing good agreement
with available experimental data. Some of the authors and
coworkers have recently published an open-source code
ShengBTE,*® which allows to calculate the third-order IFCs
using a real-space finite-difference approach®”*® along with
third-party ab initio packages and eventually x using a
locally adaptive algorithm to treat the Gaussian function
approximation for the Dirac delta function.’**® In this work,
we use this ab initio method to investigate the intrinsic x of
wurtzite InN as well as its anisotropy. The contribution of
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mean free paths (MFPs) is also studied, which is used to
understand the k measured from InN films.

The density-functional-theory (DFT) calculations are per-
formed for wurtzite InN. The structure is first optimised for
the unit cell and, then, the harmonic and the third-order anhar-
monic IFCs are calculated by using the real-space supercell
approach. We refer the reader for details of the DFT calcula-
tions to Ref. 46. The Phonopy package®’ is used to obtain the
harmonic IFCs, and the ShengBTE package is used to obtain
the third-order anharmonic IFCs and solve the BTE. The cal-
culated lattice constants are @ =3.5067 A and ¢ = 5.6680 A
which are in good agreement with the experimentally deter-
mined values, a =3.5340 A and ¢ =5.7088 A.*® The phonon
dispersion calculated from the harmonic IFCs along several
high-symmetry directions for wurtzite InN is shown in Fig. 1.
For comparison, the experimental data of Raman scattering
and x-ray scattering are also plotted. It can be seen that both
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FIG. 1. Calculated phonon dispersions for wurtzite InN along several high-
symmetry directions. The solid lines are the results of ab initio calculation.
The solid circles are the Raman data from Ref. 49. The hollow diamonds
show resonant Raman scattering data from Ref. 50. The hollow circles corre-
spond to the x-ray scattering spectroscopies data from Ref. 48.
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the acoustic and optical phonons have excellent agreement
with the experimental data.

In wurtzite structure, the out-of-plane direction is
defined as along the c-axis and the in-plane direction is per-
pendicular to c-axis. The calculated x of wurtzite InN is plot-
ted in Fig. 2. At room temperature, the x is 130 Wm ™' K™
and 145Wm 'K~ for the in-plane and out-of-plane direc-
tion, respectively, giving an anisotropy of about 11%. As
temperature increases, the anisotropy reduces monotonically,
with 20% at 100K to 9% at 500 K. The obvious anisotropy
of x is contrary to previous isotropic assumption.” In the
conventionally isotropic assumption, the main argument is
that the average acoustic phonon velocity in the out-of-plane
direction differs from that of in-plane by only 2%. The
velocities of out-of-plane and in-plane direction are, respec-
tively, extracted from I' — A and I" — M direction at small
wave vector for longitudinal acoustic (LA) and transverse
acoustic (TA) branches. Specifically, the average acoustic
velocities (v;! = [2v;i +v;i]/3) inthe T —A and T - M
direction are, respectively, 3.44 x 10°m/s and 3.39 x 10’ m/s
from experiment,*® while they are 3.25 x 10°m/s and 3.24 x
10> m/s from our ab initio calculation. Both the experiment
and calculation show that the difference is really below 2%.
However, it is too rude to use the average velocity obtained
in this simple way as the average velocity of out-of-plane
and in-plane direction, as only the modes at small wave vec-
tor along one specific direction are included.

Thus, in order to understand the anisotropy, the k as a
function of frequency at room temperature is plotted in
Fig. 3(a). The contribution to the k from the phonons with a
given frequency o can be obtained as r, o = gy fo(l +fo)

(hw)zzzv%ﬂr,zé(w — ;),>* where N is the number of uni-
form ¢ sampling in the Brillouin zone, V is the volume of the
unit cell, f; is the Bose-Einstein distribution function, t; is
the relaxation time of phonon mode 4, and v, , is the velocity
along the o direction. Here, ¢ function is approximated with

1 p—(0—w,;)’ /26
2no
is adaptive broadening parameter depending on the mode

group velocity.*® It can be seen that the distribution of &,
also shows evident anisotropy. As k,, is related to the square

Gaussian function 5(w — ;) & , where o
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FIG. 2. Calculated thermal conductivity as a function of temperature for
waurtzite InN.
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FIG. 3. (a) The contribution to the thermal conductivity from different fre-
quencies for wurtzite InN at room temperature. (b) The average of the square
of group velocities along different directions.

of velocity (v%), the anisotropy of v* can reflect the anisotropy
of k., to some extent though the anisotropy of them is not
necessarily the same. Different from the average velocity
analysis resulting in the isotropic argument, we average the
square of velocity for the in-plane and out-of-plane direction
by including all phonon modes. The average velocity, calcu-
lated with v} () = Y ,v; 0(w — @;)/>,0(w — @;), is plot-
ted in Fig. 3(b). As vi is converged down to 3.5 THz with the
q grid used in our calculation, the average velocities below
3.5 THz are replaced with those for 3.5 THz, considering the
linear dispersion at low frequencies. For low frequency
acoustic phonons, the linear dispersion can be well described
as wp(q, 0, ¢) = v,(0, @) - ¢ by using spherical coordinates
and F = (sin 0 cos ¢, sin Osin ¢, cos 0).** After some alge-
bra, the low frequency average velocity is calculated with

_ Zﬁ j.fvjz)oz [VP(Hv ¢)> . f] - sin 0d0d¢
TS T 0. 9) ] " sin0dode

where p denotes the three acoustic branches. The results show
the v2 at the low frequency limit agree with those for 3.5 THz
within 5%. It can be seen that at low frequency limit, the dif-
ference of the vi is about 30%, with 4.05 (x 10° m/s)2 for the
out-of-plane direction and 3.09 (x10°m/s)* for the in-plane
direction. This large difference is strongly in contrast to the
comparison of the velocities along certain high symmetry
directions. Therefore, wurtzite InN can have evident anisotropy
in k. The anisotropy increases with decreasing temperature, as
low frequency phonons with stronger anisotropy contribute
more to k. We also notice the anisotropy for InN is larger than
other wurtzite compounds such as InAs, AIN, and BeO.**
Since InN is always used in the form of thin films, it is
instructive to examine the distribution of phonon MFP for
the understanding of the size effect on the thermal transport.
The cumulative x as a function of MFP at room temperature
is plotted in Fig. 4. The definition of the scalar MFP for
mode A is A, =F; -v,/|v,| from ShengBTE, where F, is

vy ()
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FIG. 4. The cumulative thermal conductivity as a function of mean free path
at room temperature. Inset: the cumulative thermal conductivity as a func-
tion of mean free path at 100 K.

the mean free displacement obtained by solving BTE.*® It
shows that there is almost no phonons with MFP less than
10nm in wurtzite InN at room temperature, and the x is
mainly contributed by the phonons with MFP less than
10 um, about 100% in the in-plane direction and 98% in the
out-of-plane direction. The cumulative x for the in-plane
direction is almost the same with that of out-of-plane when
the MFP is less than 1 um. This reveals that the larger x for
the out-of-plane direction is associated with phonons with
large MFPs, which have low frequencies. This agrees with
the analysis for x,,. Along the c-axis of wurtzite InN, the cu-
mulative x at 0.5um and 2.1um is 90Wm 'K~' and
126 Wm ™ 'K ', respectively, showing good agreement with
recently experimental value, 120 Wm 'K, for the thin
films with thicknesses 0.5-2.1 um.*> The phonons with MFP
above 2.1 um contribute about 8% and 13% x for the in-
plane and out-of-plane direction, respectively. The cumula-
tive x versus MFP at 100K is also plotted in the inset of Fig.
4. For wurtzite InN at 100K, phonons with MFP above
2.1 um contribute about 45% i for the in-plane direction and
53% i« for the out-of-plane direction.

In summary, the intrinsic k of wurtzite InN is investi-
gated with the ab initio calculation in this work. The room
temperature x is 130 Wm ™ 'K~' and 145Wm 'K~ for the
in-plane and out-of-plane directions, respectively. In contrast
to the isotropic argument, we find evident anisotropy for «,
decreasing from 20% at 100 K to 9% at 500 K. The mean free
path distribution well explains the measured x for films, and
shows the size effect can persist up to 10 um thickness for
room temperature and up to larger size at lower temperatures.

We thank Dr. Natalio Mingo for helpful discussions on
this work and assistance of the relevant IFCs calculation. J.
L. Ma and X. B. Luo acknowledge supports from National
Nature Science Foundation of China (No. 51376070) and in
part by the Major State Basic Research Development
Program of China (No. 2011CB013105).
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