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In this study, we developed a first-principle-based full-dispersion Monte Carlo simulation method
to study the anisotropic phonon transport in wurtzite GaN thin film. The input data of thermal prop-
erties in MC simulations were calculated based on the first-principle method. The anisotropy of
thermal conductivity in bulk wurtzite GaN is found to be strengthened by isotopic scatterings and
reduced temperature, and the anisotropy reaches 40.08% for natural bulk GaN at 100 K. With the
GaN thin film thickness decreasing, the anisotropy of the out-of-plane thermal conductivity is heav-
ily reduced due to both the ballistic transport and the less importance of the low-frequency phonons
with anisotropic group velocities. On the contrary, it is observed that the in-plane thermal conduc-
tivity anisotropy of the GaN thin film is strengthened by reducing the film thickness. And the ani-
sotropy reaches 35.63% when the natural GaN thin film thickness reduces to 50 nm at 300 K with
the degree of specularity being zero. The anisotropy is also improved by increasing the surface
roughness of the GaN thin film. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4945776]

I. INTRODUCTION

With the dimension of electronic devices approaching
nanometer scale, efficient heat removal is of great impor-
tance to their performances and functions. Due to its superior
electronic, thermal, and optoelectronic properties, gallium
nitride (GaN) with a broad band gap of 3.4eV is widely used
in microelectronic and optoelectronic devices such as laser
diodes and light-emitting diodes (LEDs).' As an important
material in GaN-based LED chips, thermal properties of the
wurtzite GaN make a huge difference in LED performances.
It is known that the main heat carriers in semiconductors are
the quanta of energy called phonons generated by the lattice
vibration, rather than electron-hole pairs. Therefore, the pho-
non transport dominates the heat transfer in LED chips.
However, GaN layers in LED chips may have the film thick-
ness less than 100 nm,6 much smaller than the phonon mean
free path (MFP) in GaN at 300 K;7 thus, strong size effect
may exist. Besides, the wurtzite GaN has a hexagonal wurt-
zite lattice structure which is not isotropic and the thermal
conductivity anisotropy of GaN was rarely studied. Thereby,
the study of anisotropic thermal properties in the wurtzite
GaN thin film is extremely required.

Experiments on the thermal transport investigation with
finite size effect in nanometer scale are very hard to handle
and measure, relative to which the theoretical predictions
seem essential. MC simulation, which has the advantages of
simulating within a large range of dimension from several
nanometers to micron sizes with low computational cost, is
an appropriate method to study the thermal transport in thin
films of realistic devices under the phonon level. The method
has been applied to study the phonon transport in silicon,
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germanium, GaN, and other materials successfully.gf14

Mazumder and Majumdar presented a comprehensive MC
method accounting for dual polarizations of phonon propaga-
tion and non-linear relationships,'” but optical phonons were
not included'®'” and phonons were generated isotropically
into the simulation zone. Following researches were gener-
ally based on this method. However, in the method presented
by Mazumder and Majumdar, only partial phonon dispersion
relationships were considered, the isotropic hypothesis was
introduced, and the scattering rates were usually achieved by
semi-empirical formulas. Mei et al. presented a full-
dispersion MC simulation method accounting for all three
acoustic phonon branches to study the phonon transport in
micron-sized graphene nanoribbons.'® Inspired by this work,
if the anisotropic properties of wurtzite GaN thin film are
studied, it is required to take all the phonon modes and prop-
erties into account, since the anisotropy is reflected by pho-
non states in the MC method. On the other hand, accurate
anharmonic properties and the full-dispersion relation can be
obtained by using the first principle method based on
density-functional perturbation theory (DFPT) by calculating
the third-order interatomic force constants (IFCS).19 Lindsay
et al.* calculated the thermal conductivity of GaN using first
principles and got the value of 242 W/mK at 300 K with nat-
urally occurring Ga isotope concentrations (natural GaN), in
agreement with measured room temperature values around
230 W/mK.?! However, the first principle method has a great
accuracy but with a huge computational cost, so it is limited
to investigate systems within several nanometers.

From the comparison of MC and first-principle method,
the advantages of each method are obvious and appealing.
Could we combine these two methods together to make the
best of these advantages (high accuracy and large computa-
tional size range) simultaneously? If so, the combined
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method must have more extensive applications from nano-
meter scale to micron scale with enough accuracy. To
explore the exact answer of this question is the right motiva-
tion behind this study.

In this study, we proposed an improved full-dispersion
MC simulation method coupled with the first-principle
method. The first principle method is applied to calculate the
phonon dispersion relation as well as scattering rates of
intrinsic and isotopic scatterings just for once. The input
phonon states for the MC calculation, including the full-
dispersion relation and anharmonic properties, all come from
the first principle calculation. The anisotropy of the thermal
conductivity in the bulk GaN, and along the in-plane and
out-of-plane directions in GaN film, is discussed and ana-
lyzed in detail. The paper is organized as follows. In Section
II, we present the algorithm for the first-principle-based full-
dispersion Monte Carlo (FMC) simulation method. In
Section III, we analyze the anisotropy of the thermal conduc-
tivity in the bulk GaN (Section III A), the anisotropy proper-
ties of the out-of-plane direction in the GaN thin film
(Section III B), and the anisotropy of the phonon transport of
the in-plane direction in the GaN thin film (Section I C).
Finally, we conclude the whole study in Section IV.

Il. FULL-DISPERSION MONTE CARLO METHOD

Phonons can be treated as semi-classical particles when
the system characteristic size is comparable with the phonon
MFP. MC method solves the Boltzmann transport equation
(BTE) through tracking the phonon drift and interactions.
When phonons are generated into the simulation zone, they
travel through space, have interactions with geometry bounda-
ries, and engage in scattering processes with phonons (intrin-
sic scattering), isotope defects (isotopic scattering), electrons,
dislocations, and grain boundaries. However, we only consid-
ered the intrinsic and isotopic scatterings in this article, which
are the main scattering mechanisms. Phonon properties
including location, group velocity, frequency, polarization,
anharmonic, and isotopic scattering rates should be initialized
at the beginning of the MC method. In this section, we present
our approach to obtain initial phonon properties from first
principle calculation and apply the calculated results into
FMC method. Other details of the MC simulation method can
be found in previous works.'>'%2224

A. First principle calculation

The first principle calculation of thermal conductivity
has been developed by combining accurate calculations of
the harmonic and anharmonic interatomic force constants
using density functional theory (DFT) and DFPT with the so-
lution of BTE. Recently, Li et al. published an open-source
code ShengBTE,25 which is available to calculate the third-
order IFCs using a real-space finite-difference approach.”®
The real-space supercell approach to anharmonic IFC calcu-
lations is implemented by a script, thirdorder.py.25 However,
in order to run the thirdorder.py script, the harmonic IFCs
calculated by the QUANTUM ESPREESO package® are
required. All the expected values of the wurtzite GaN are
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calculated using norm-conserving pseudopotentials in the
Perdew-Wang local density approximation (LDA).

We set the converged lattice constants of the wurtzite
GaN to be a =3.166 A, ¢ =5.124 A, and u = 0.376. These
values, which are in good agreement with experimentally
determined values,?’ Aeyp = 3.190 A, Corp = 5.189 A, and
ey = 0.377, were obtained by optimizing the lattice struc-
ture with the chosen pseudopotentials using the QUANTUM
ESPREESO package. A 4 x 4 x 2 supercell was employed
for second-order calculations and the phonon dispersion cal-
culated from the harmonic IFCs along several high-symmetry
directions for wurtzite GaN is shown in Fig. 1. It can be seen
that the calculated phonon dispersion curves are in good
agreement with the experimental data.”®*° We also employed
a 4 x 4 x 2 supercell containing 128 atoms for anharmonic
calculations and only the interactions up to seventh nearest
neighbors were considered. Thermal conductivities along x, y,
z directions of the lattice, namely, [0110], [2110], and [0001]
directions, respectively, are obtained using the ShengBTE
package.

B. Phonon state determination

The third-order anharmonic calculation of wurtzite GaN
was performed with 32 x 32 x 32 g-point grids, generating
32768 discrete g-points in the reciprocal space and the pho-
non frequencies at each g-point. Due to the fact that four
atoms exist in a primitive cell, there are three acoustic and
nine optical phonon branches, corresponding to 12 phonon
frequencies for each q-point.

Using the data of 32768 discrete points directly as the
input data of the MC method would lead to immensely com-
putational cost. Fortunately, the ShengBTE package calculated
results contain a trail of files including phonon properties of
frequencies, group velocities, anharmonic, and isotopic scat-
tering rates of the irreducible unit cell in the first Brillouin
zone. The irreducible unit cell only consists of 1734 discrete
points in the reciprocal space. According to the symmetric
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FIG. 1. Calculated phonon dispersion of wurtzite GaN along several high-
symmetry directions. The solid lines are the results of our first principle cal-
culation. The filled circles are the measured phonon frequencies by inelastic
x-ray scattering from Ref. 28. The hollow diamonds at ¢ =0 show the
Raman scattering data from Ref. 29.
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properties of the wurtzite GaN lattice structure, each discrete
irreducible point represents a series of phonons with the same
phonon properties except for group velocities. The degenerate
schematic diagram of the x-y plane in the reciprocal space is
shown in Fig. 2. All the points with index “a” and “b” are the
equivalent corresponding reducible points due to twelve sym-
metric axes in the x-y plane, respectively. The irreducible part
of 1734 discrete points is the shaded triangle in the schematic
diagram. Phonon states can be initiated by using the irreduci-
ble information and the group velocity initiation will be dis-
cussed in Section II C.

Phonons are created under thermodynamic equilibrium
with the local temperature 7. The equilibrium phonon distri-
bution function is given by the Bose-Einstein distribution, as

1
exp(iw/kgT) — 1’

[ w,p,T) = ey
where 7 is the reduced Planck constant, kp is the Boltzmann
constant, and p represents the polarization branch. The pho-
non frequency must be determined before the initiation.
Firstly, we select the irreducible point that has the corre-
sponding phonon state and then determine the phonon
branch at this point. The cumulative energy density function
of the irreducible discrete points can be expressed as

i Ny
Fi=Y Y E(wp) /> > Elop), @
=1 p j=1 p
with

Ej(va) = hwjp[feq(wjpava) _feq(wj,pvpa Tref)}
X Gj/(NaiV), )

where N;, is the number of irreducible points, N, is the num-
ber of all the discrete q-points, T, is the selected reference
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FIG. 2. The degenerate schematic diagram of the x-y plane in the first
Brillouin zone. Points with index “a” and “b” are different groups of irreduc-
ible points owing to twelve symmetric axes. The shaded triangle is one of
the twelve equivalent irreducible regions.
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temperature, V is the volume of the primitive cell, and G; is
the weighting factor, i.e., the total number of the equivalent
g-points corresponding to the jth irreducible point. Then, a
random number R, is generated to decide which g-point
should be selected. If F;_; < R, < F; is satisfied, we select
the i th g-point. The polarization probabilities should be
determined by computing the ratio of the phonon energy of
each polarization branch to the total phonon energy at the ith
g-point

J 12
zp, ZE’ Wi p;s Pj /ZEi(wi,pj’pj)' )
k=1 1
Therefore, the phonon frequency w;,,, is initialized and the
phonon state is correlated with the jth polarization branch
of the ith irreducible q-point. Thus, the phonon state data in
the series of first principle output data files can be located.
It has to be noticed that the polarization in this article is
only used to locate the phonon state in the first principle
output data.

C. Phonon generation

Isothermal boundaries emit phonons under thermody-
namic equilibrium at the boundary temperature into the sim-
ulation domain. As the anisotropy is taken into account, a
phonon should have a certain initial group velocity. The
ShengBTE package calculates three dimensional group
velocities, vy, vy, V-, at each g-point for lattice directions of
[0110], [2110], and [0001], respectively (under the lattice
coordinate system).

We consider two different kinds of wurtzite GaN thin
films with respect to various lattice directions as shown in
Fig. 3. We call the situation that the lattice direction [0001] is
along the thin film thickness direction as C-mode and the lat-
tice direction [0110] along the thin film thickness direction as
A-mode. Under the C-mode condition, the phonon group ve-
locity should be assigned to be vy =v., v,=vy, and v.=vy
due to the coordinate system exchange as shown in Fig. 3. v,,
vy, and v. are the three components of phonon group velocities
under the coordinate system defined in the GaN thin film
model, which is different from the lattice coordinate system
as shown at the top left of Fig. 3; i.e., the z-component phonon
velocity obtained from the first principle, which is along the
film thickness direction of the GaN thin film under the
C-mode condition, should be transformed to v, to fit the coor-
dinate system of the model. However, the coordinate system
does not need to change in the A-mode.

In the MC simulation, particles are generated represent-
ing groups of phonons with similar properties.”> Each parti-
cle can have different number of phonons but carry the same
effective energy, given as

N,
(L) >0 Y Eo.p)

ijf = : N, ) )

where Ny, is the number of particles expected to be generated
into the system within each time step. The number of
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particles emitted from a boundary face of the area (L,L.) and
the boundary temperature 7, is given as
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where v, ;;, is the x component of the generated phonon
group velocity corresponding to the jth irreducible q-point
and should be satisfied by vV, - 7 > 0, where vV, is the
group velocity and 77 is the unit normal vector of the isother-
mal boundary which points into the simulation domain, as
shown in Fig. 3. As the simulation domain is on one side of
an isothermal boundary, we only calculate phonons that are
able to be emitted into the simulation system, which means
only half-side group velocities are initialized at each isother-
mal boundary.

D. Phonon scattering

We treated the phonon-boundary interaction as phonon
reflection which is explicitly taken care of during the drift
process. These boundaries are treated as adiabatic walls or
partially specular reflectors, depending on the degree of
specularity d. If d is set to be unit, then phonons are specu-
larly reflected, implying that this boundary is treated as the
periodic boundary condition. Otherwise, phonons might be
reflected diffusely by a boundary with d less than unit.

Phonons’ intrinsic and isotopic scattering rates can be
easily initialized from the first principle results once the pho-
non frequencies are determined. The probability of scattering
after time step At is>°

Pscattering(va) =1- exp(—At ! I;),la](w,p)), (7

where ,,,,, = T3, + T, . 73, and ;" are three-phonon and
isotopic scattering rates, respectively. Then, a random num-
ber R; is created to decide whether the phonon scatters or not
after the time step At. If Ry > Pcqsering, the phonon scatter-
ing event occurs. Then, we should figure out which kind of
scattering process it is by generating another random num-
ber, according to the relative scattering probability given as

Pk - Tk /‘['.iotal7 (8)

Wurtzite GaN Thin Film
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Lx FIG. 3. A sketch map of two different

Film Thickness kinds of wurtzite GaN thin film simu-
i lation domains with two different lat-
Isothermal tice directions along the thin film
Boundary thickness direction. The coordinate
X system of the thin film is presented in
the lower right corner.

where the index k represents the category of different scatter-
ing mechanisms. As intrinsic scatterings help to rebuild the
equilibrium, phonon states are redistributed from equilibrium
distribution at the local temperature. The local temperature
may be different from the temperature corresponding to the
first principle calculated data, but the error can be neglected if
the temperature discrepancies are small enough. In this article,
the maximum temperature difference in the simulation do-
main is assigned to be 10 K. The phonon states’ redistribution
is performed by deleting the scattered phonons and generating
new phonons from the equilibrium distribution. However, the
generated group velocities are not limited by emitting direc-
tion that is only considered under the isothermal boundary
emitting condition. In isotopic scattering processes, phonon
properties remain unchanged except for phonon group veloc-
ity directions. Since phonons are just diffusely reflected by
isotopes, in the isotopic scattering mechanism, new phonon
group velocities are assigned isotropically.

lll. RESULTS AND DISCUSSION
A. Anisotropy in bulk GaN

We calculated thermal properties for isotopically pure
GaN and naturally occurring Ga isotopic GaN. The thermal
conductivity of the bulk GaN between 100K and 500K is
obtained through anharmonic calculations and the results are
shown in Fig. 4. The first-principle calculated thermal con-
ductivity for natural GaN is in good agreement with experi-
ment values measured by Slack et al’' Tn addition, the
isotropic thermal conductivity for natural GaN calculated by
(ky+ ky+ k.)/3, which is drawn as the black dash dot line in
Fig. 4, is in great accordance with experiment values. Thus,
we believe that the anharmonic calculations such as the pho-
non scattering rates are accurate enough. The isotropic ther-
mal conductivity for natural wurtzite GaN at room
temperature is obtained to be 239.26 W/mK.

The discrepancy of thermal conductivity in [0001] and
[0110] directions calculated from the first principle is listed
in Table I. The discrepancy increases with decreasing tem-
perature and the anisotropy of natural GaN is more signifi-
cant than that of the isotopically pure GaN. The discrepancy
reaches 40.08% for natural GaN at 100K and the tempera-
ture influence on the anisotropy of natural GaN is larger than
that of pure GaN.
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FIG. 4. The calculated thermal conductivity of the wurtzite GaN bulk mate-
rial. The dash lines and solid lines are first principle calculations for lattice
direction [0110] and [0001], respectively. The hollow symbols and solid sym-
bols are Monte Carlo calculations for lattice direction [0110] and [0001],
respectively. The solid triangles represent experiment values from Slack ez al.
The black dash dot line is the isotropic thermal conductivity for natural GaN.

The calculated thermal conductivity of pure and natural
bulk GaN from the FMC method is shown in Fig. 4, which
are in agreement with both experiment data and the first prin-
ciple values within the margin of error. These results vali-
dated our FMC method. Thermal conductivity can be
determined by the temperature difference and the heat flux
through the medium according to the Fourier’s law. And the
heat flux along the temperature gradient should be calculated
according to>

1 I
q :m;e,«vg(z) k), )

—

where ¢; is the phonon energy, (V,(i) - k) represents the ve-
locity along the temperature gradient, V,; is the volume of
the model, and N is the number of phonons. Thermal conduc-
tivities obtained by the FMC method are a little lower than
the corresponding first principle results, due to the fact that
the former method solves the BTE by relaxation time
approximation while the latter one by iteration. Values of &,
and k, obtained by the FMC method for natural GaN at
300K are 211.36 W/mK and 244.81 W/mK.

To study the anisotropy in GaN, the frequency dependent
thermal conductivity contribution for pure and natural bulk
GaN at various temperatures is shown in Fig. 5. We define the
frequency between 04 THz, 4-7.74 THz, and 7.74-22.12 THz

TABLE I. The discrepancy of thermal conductivities of x and z direction.
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to be low-, medium-, and high-frequency, respectively, just for
convenience. The contribution of medium-frequency phonons
to thermal conductivity is significant especially at high temper-
atures, which has the percentage of 62.01% and 43.06% at
300K for pure GaN and natural GaN, respectively. With the
temperature decreasing, low-frequency phonons contribute
more, making the anisotropy stronger, owing to the large dis-
crepancy of the phonon group velocity in the low-frequency
region between [0110] and [0001] directions.”> Comparing
Fig. 5(a) with Fig. 5(b), we found that the contribution of
medium-frequency phonons is weakened by isotopic scatter-
ings, so that the low-frequency phonons contribute relatively
more in natural GaN, resulting in stronger anisotropy. From
Fig. 5(c), we can see that the isotopic scattering rate is quite
large in the medium-frequency region (see the green rectan-
gle), and is even larger than the intrinsic scattering rate to the
extent that the isotopic scattering process becomes dominant.
Thereby, the phonon MFP of medium-frequency phonons
shown in Fig. 5(d) is remarkably weakened by the isotropic
scattering process, resulting in lower thermal conductivity. In
spite that the direct contribution of optical phonons with higher
frequencies is extremely small, scattering rates of optical pho-
nons are large, so that there are more possibilities for high-
frequency phonons to change into lower-frequency phonons.

B. Out-of-plane of GaN thin film

Phonon transport in the wurtzite GaN thin film is simu-
lated based on the model as showed in Fig. 3. The upper sur-
face and the lower surface are isothermal boundaries with
temperature difference, so that the thermal conductivities in
the out-of-plane direction for C-mode and A-mode are calcu-
lated. The out-of-plane direction is defined along the film
thickness direction. Results are shown in Fig. 6 and the val-
ues are much smaller than the bulk condition. The thermal
conductivity in the out-of plane direction with film thickness
of 50nm for the C-mode at 300K is only 33.84 W/mK. The
thermal conductivity in this work is the overall equivalent
thermal conductivity calculated by the Fourier’s law. Fig.
6(b) shows that 1/k is not linear with 1/L resulting in that the
approach to predict the thermal conductivity of bulk GaN by
linear extrapolation of 1/k vs. 1/L to the 1/L — 0 limit is not
available. This was also found by Liang et al. using the non-
equilibrium molecular dynamic method.*® Results in Fig.
6(a) indicate that the anisotropy is reduced with decreasing
film thickness and even disappear when the size effect is
very strong. Therefore, changing the lattice direction in the
wurtzite GaN thin film has little effect on the out-of-plane
thermal transport.

Temperature (K) 100 150 200 250 300 350 400 450 500

k,_pure (W/mK) 1387.12 821.56 577.94 444.55 361.64 305.28 264.45 233.45 209.07
k._pure (W/mK) 1733.64 959.07 658.54 500.42 404.14 339.56 293.19 258.22 230.86
Discrepancy (%) 24.98 16.74 13.95 12.57 11.75 11.23 10.87 10.61 10.42
k,_natural (W/mK) 696.51 451.96 336.48 270.55 228.56 199.38 177.75 160.92 147.37
k,_natural (W/mK) 975.68 567.99 401.35 313.78 260.67 224.98 199.13 179.37 163.66
Discrepancy (%) 40.08 25.67 19.28 15.98 14.05 12.84 12.03 11.46 11.06
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Fig. 7 shows the frequency dependent thermal conduc-
tivity contribution of various film thicknesses at 300 K.
When decreasing the film thickness, the contribution of both
low-frequency and medium-frequency phonons decreases.
However, the low-frequency phonons, which have long pho-
non mean free paths, are impacted by the size effect more
heavily, so that the peak in the low-frequency region disap-
pears when the film thickness reduces to 50 nm. As low- and
medium-frequency phonons are confined, the contribution of
high-frequency phonons is nearly independent from size
effect. Their contribution becomes larger with the thickness
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decreased; thus, they would better be taken into account
when the size effect is strong. Isotopic scattering processes
effect mostly on medium-frequency phonons. However, the
low-frequency phonons are not influenced owing to their
large mean free paths and low isotopic scattering rates. As a
result, low-frequency phonons may travel across the film by
ballistic transport without intrinsic and isotopic scattering
events and reach the isothermal boundary resulting in strong
confinements.

Fig. 8 shows the frequency dependent normalized cumu-
lative function of the thermal conductivity contribution.

260

b T e e R e b e A 0.045 & : E':"g:: B

L 0.040 FIG. 6. (a) The curves of the out-of
g =0 s b " plane thermal conductivity of natural
g1 . GaN thin films at 300K changing with
== AERE A the thin film thickness. The up-limits
g %o.ozs 3 ‘/" are calculated in bulk condition. (b)
§ ::2 S ook v The out-of-plane 1/k vs. 1/L for natural
S —— 2P wurtzite GaN thin films both in
E o o out-of-plane(d-mode)|  °V'5F / C-mode and A-mode at 300K. Two
i S g:::il?::':"llll ooto f green straight lines are the schematic

2 (a) oos @ (D) linear fits of partial data points of 1/k

%00 40 600 80 1000 1200 1400 1600 1800 2000 2206 0000 0005 000 001 00m ooz 0030 | 0o3s vs. 1L.

Film Thickness [nm]

1L [nm’]



145706-7 Wu, Hu, and Luo

150
140l —— 50nm_natural
—— 500nm_natural

130 _ ——— 2000nm_natural

120} iy bulk_natural

110 ; L - = = 50nm_pure
1oy - - - 500nm_pure

1001 il 2000nm_pure

90 1 - - - bulk_pure

sof L

70} "

Thermal Conductivity Contribution [Wm"K”l(THz)]

o 2 4 6 8 10 12 14 16 18 20 22
Frequency [THz]

FIG. 7. Frequency dependent out-of plane thermal conductivity contribution
of various film thicknesses for pure and natural wurtzite GaN at 300 K.

Results indicate that the ratio of low-frequency phonons’
contribution to the overall thermal conductivity gets smaller
when thin film thickness is decreased. Thereby, the low-
frequency part with significant anisotropy is less important,
leading to smaller anisotropy in thermal conductivity. In
result, size effect in the temperature gradient direction
strongly confined the anisotropy.

C. In-plane of GaN thin film

The thermal conductivity of the in-plane direction,
which is defined as the direction normal to the film thickness,
is calculated by transforming the boundary conditions in the
FMC method. The left and right boundaries are set to be iso-
thermal with temperature difference using the periodic
boundary condition, so that the heat transfer is normal to the
film thickness. The degrees of specularity d of the front and
back boundaries are assigned to be unit. There is a negative
correlation between the specularity and the surface rough-
ness which is determined through the relation®**
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FIG. 8. Frequency dependent normalized cumulative function of the thermal
conductivity contribution of different thin film thicknesses calculated for
natural wurtzite GaN at 300 K.
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161312
d:exp(— 7?217 >, (10)
A

where A is the phonon wavelength and # is the average sur-
face roughness.

We changed the specularity d from zero to unit and
obtained the in-plane thermal conductivity of the natural wurt-
zite GaN thin film with thickness of 50 nm, as shown in Fig. 9.
Results indicate that the in-plane thermal conductivity reduces
due to stronger phonon-boundary interactions when the sur-
face roughness increases. It was also observed that large ani-
sotropy exists in the in-plane thermal conductivity. With the
specularity reduced, the thermal conductivity discrepancies
remain nearly unchanged in the result of increased anisotropy.
The A-mode in-plane thermal conductivity becomes 35.63%
larger than that of the C-mode with the specularity of zero,
with the value of 112.214 W/mK and 82.736 W/mK for the
former and latter, respectively. Thus, the film surface rough-
ness enhances the anisotropy of the wurtzite GaN thin film.

To figure out the reason why this phenomenon happens,
we calculated the temperature gradient along the in-plane
direction in the wurtzite GaN thin film with thickness of
50nm at 300K for various degrees of specularity d. The cal-
culation domain is divided into five regions and the tempera-
ture of each region can be obtained. Fig. 10 shows the
results. The temperature profiles are approximately linear
indicating that phonons transport diffusively along the in-
plane direction, without ballistic transports caused by the
size effect. Therefore, intrinsic scattering process plays an
important role in the in-plane phonon transport in the GaN
thin film at room temperature. This is totally different from
the phonon transport along the out-of-plane direction when
large temperature discrepancy exists at the isothermal bound-
ary caused by the ballistic phonon transport. Besides, the
boundary interaction only changes the direction of phonons’
group velocity, so the phonon confinement is extremely
weak. Thus, the anisotropy should be nearly the same with
the corresponding bulk condition if the effect of the
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% - | —A—200nm A-mode
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£ T D
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FIG. 9. The in-plane thermal conductivity of the natural wurtzite GaN thin
film with thickness of 50nm at 300K vs. specularity for C-mode and
A-mode. Inset: the discrepancies between the in-plane thermal conductivity
of C-mode and A-mode.
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FIG. 10. Temperature profiles along the in-plane direction in the GaN thin
film with thickness of 50nm at 300K for various degrees of specularity d.
Inset: the temperature profile along the out-of-plane direction in the GaN
thin film with thickness of 500 nm at 300 K.

boundary interactions for the C-thick mode and A-thick
mode are the same. However, we can see in Fig. 11 that the
phonon group velocity of low frequency phonons in the
[0001] direction is obviously larger than that in the [0110]
direction. The larger group velocity component of the film
thickness direction leads to more boundary interactions.’
Therefore, the boundary effect of the A-mode should be
stronger than that of the C-mode. The decreasing of the
degree of specularity d also increases the boundary scattering
rates, which strengthened the boundary effect difference
between the C-mode and the A-mode. Thus, the anisotropy
increases with d decreased.

Fig. 12 shows the in-plane thermal conductivity as a func-
tion of the film thickness. The similar phenomenon is observed
since the decreasing of the film thickness only strengthened
the boundary interaction which is similar to the decreasing of
the degree of specularity. With the film thickness decreased,

25
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FIG. 11. The average of the square of group velocities along [0001] and
[0110] directions calculated in bulk GaN material at 300 calculated using
the FMC method.
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FIG. 12. The in-plane thermal conductivity of the natural wurtzite GaN thin
film with d=0 at 300K for C-mode and A-mode as a function of the film
thickness. The green and blue dash lines are the up-limit calculated under the
bulk condition both for [0001] and [0110] directions, respectively. Inset: the
discrepancies between the in-plane thermal conductivity of C-mode and
A-mode.

the anisotropy of thermal conductivity increases. The finite
size effect in the in-plane direction is much weaker than the
strong size effect in the out-of-plane direction. The thermal
conductivity reaches 95% of the corresponding bulk thermal
conductivity when the film thickness reduced to 4 um.

IV. CONCLUSIONS

We developed a first-principle-based FMC simulation
method to study the anisotropic phonon transport in the wurt-
zite GaN thin film. The first principle method is implemented
to obtain the thermal properties of the bulk wurtzite GaN as
the input data of the FMC method. All the phonon modes are
considered and the scattering rates are obtained without
involving any empirical parameters in the FMC method. We
calculated the thermal conductivity as a function of tempera-
ture for the natural and pure GaN in good agreement with the
first principle results as well as the experimental data. It is
observed that the anisotropy of the thermal conductivity
increases with the temperature decreasing and it is strength-
ened by isotopic scatterings due to relatively more contribu-
tion of the low-frequency phonons which have the anisotropic
phonon group velocity. With the decreasing of the GaN thin
film thickness, the out-of-plane thermal conductivity reduces
to 33.84 W/mK and the anisotropy is also weakened due to
less importance of the low-frequency phonons and the strong
size effect caused by the ballistic phonon transport. On the
contrary, with the film thickness reduced, the anisotropy of the
in-plane thermal conductivity is strengthened caused by heav-
ier boundary interactions. The in-plane thermal conductivities
of the A-mode and C-mode for the wurtzite natural GaN thin
film with thickness of 50 nm at 300K are 112.214 W/mK and
82.736 W/mK, respectively, leading to the anisotropy value of
35.63%. Thus, the lattice direction in the GaN thin film has
great effect on the in-plane thermal conductivity while it has
little effect on the out-of-plane thermal conductivity. Besides,
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the size effect in the out-of-plane direction is much smaller, so
that the out-of-plane thermal conductivity is still 95% of the
bulk situation when the film thickness reduced to 4 ym. What
more, the anisotropy of the in-plane thermal conductivity is
also strengthened by increasing the surface roughness of the
GaN thin film.
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