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Gallium nitride (GaN), the notable representative of third generation semiconductors, has been widely applied to op-
toelectronic and microelectronic devices due to its excellent physical and chemical properties. In this paper, we investigate
the surface scattering effect on the thermal properties of GaN nanofilms. The contribution of surface scattering to phonon
transport is involved in solving a Boltzmann transport equation (BTE). The confined phonon properties of GaN nanofilms
are calculated based on the elastic model. The theoretical results show that the surface scattering effect can modify the
cross-plane phonon thermal conductivity of GaN nanostructures completely, resulting in the significant change of size ef-
fect on the conductivity in GaN nanofilm. Compared with the quantum confinement effect, the surface scattering leads to
the order-of-magnitude reduction of the cross-plane thermal conductivity in GaN nanofilm. This work could be helpful for
controlling the thermal properties of GaN nanostructures in nanoelectronic devices through surface engineering.
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1. Introduction

Semiconductor nanostructures have received a great deal
of attention due to their improved material properties, which
are quite different from those of their bulk counterparts. Since
GaN nanostructures have prominent and enhanced physic-
ochemical properties at high temperatures,!' its nanos-
tructured elements such as nanowires, nanofilms and nan-
otubes, have been widely studied and used in nanoelec-
tronic devices,!”# such as high-electron-mobility transistors
(HEMTs),"! light-emitting diodes (LEDs),'% and biochemi-
cal sensors.[!12] However, the increase of temperature from
heat generation makes the heat dissipation significantly diffi-
cult in devices, leading to a sharp decline in material proper-
ties of GaN-based nanodevices. Therefore, how to improve the
phonon thermal conductivity of GaN nanostructures has cur-
rently become a major challenge in keeping the performance
and reliability of GaN nano-electronic devices.

The thermal conductivity of GaN nanostructures has been
extensively investigated since the first GaN-based transistor
was generated in 1998. For example, Balandin et al.!'*! pro-
posed a new concept of phonon engineering to control the ther-
mal properties of GaN-based nanostructures and pave the way
for future ground-breaking development in nanoelectronic de-
vices. Wang et al."*! calculated the thermal conductivity of
GaN nanowires by applying non-equilibrium atomistic simu-

15]

lation methods. Coincidentally, Guthy et al.!'>! prepared GaN

nanowires with diameters varying from 97 nm to 181 nm,
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grown by thermal chemical vapor deposition (CVD), and mea-
sured the thermal conductivity in a range of 13 W/m-K-
19 W/m-K at 300 K. Zou!'® used the Boltzmann transport
equation (BTE) to predict the lattice thermal conductivity of
GaN nanowires. Zhou and Lil!”l also calculated the phonon
thermal conductivity of GaN nanotubes based on the BTE.
In addition to the elastic continuum models and BTE, first
principles and molecular dynamics simulations were also uti-
lized to analyze the lattice thermal conductivities of GaN bulks
and nanostructures.!3211 Moreover, the influences of certain
dopant or crystal defects on the phonon properties and thermal
properties of GaN have been analyzed in detail.[*>->* Zhu and
Ruan!®! further investigated the effect of a prestress field on
the thermal conductivity of GaN nanostructures. The effect of
a built-in-polarization field on the thermal conductivity of GaN

26.27] On the other hand, some

nanostructure was also studied. |
work has been done to explore the thermal transports in the
semiconductors and thermal management of stretchable inor-
ganic electronics.>-3% However, quantitative understandings
of the surface effect and quantum confinement effect on the
thermal properties of GaN nanostructures are lacking in the
literature.

In this work, the quantum confinement effect and surface
scattering effect are taken into account in simulating the ther-
mal conductivity of GaN nanofilm. The elastic model is ad-
dressed to describe the confinement effect on phonon proper-
ties of GaN nanofilm. The BTE approach is used to analyze
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the contribution of surface scattering to the phonon transport
in the GaN nanofilm. The calculations demonstrate that the
surface scattering effect leads to the more significant size ef-
fect on the thermal conductivity of GaN nanofilm. The depen-
dences of the temperature and parameters on the conductivity
are also analyzed in detail.
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Fig. 1. Schematic diagram of a GaN nanofilm (a) and surface phonon
scattering (b).

2. Theoretical model
2.1. Continuum elasticity theory

The continuum elasticity theory is often utilized to char-

directions and x3 refers to the transverse direction. The vibra-
tion governing equation in the framework of elasticity theory
is expressed as[?%34!

82u,- aGij
P57 = .
ot ax]‘

ey

Here, u; is the displacement vector, p is the density, o;; is the
elastic stress tensor which can be written as

0ij = Cijritty s 2

where C;jy; is the natural second-order elastic constant, and the
strain tensor is given by

o 1 8u,~ auj
uij2<8xj+8x,->' ©)

When the lattice wave propagates along the x; direction, the

displacement of the nanofilm is the function of x; and x3. The
solutions for the displacement of Eq. (1) can be easily given in
the form of

u =1 (x3)exp[i(®f —qo-x1)], “)

where o is the phonon frequency, g is the wave vector, and @
is the amplitude of displacement vector. Substituting Eq. (4)
into Eq. (1), the corresponding eigenvalue equation can be

written as
acterize the acoustic phonon properties of spatially confined
GaN nanostructures.*!=33 The free-standing monolayer GaN Di(x3) = —pw’a (x3), (5)
nanofilm is supposed to be the isotropic material in its natural
state as shown in Fig. 1(a). Here, x| and x, denote the in-plane ~ where
|
- 2 d
Cas—5 —Ciiq} —igo(C13+Caa) —
442 145 igo(C13 +Cua) i
D= 0 C. 2 Ce6q2 0 (6)
= 44 Y 66490 .
iq0(C13+ Caa) d 0 C d? Cuql
_1 — —_——
i qo(C13 44 dxs 33 dx% 444 |
\
A.ccording to the classic acoustic theor?l, 351 there are three Cus d21221 —igo(Cis+Caa) % X [pa)z _ C”qa i, =0,
kinds of phonon confinement modes, i.e., the shear mode dxz dx; @)
SH), the dilatational mode (SA), and the flexural mode d*a; . dity R
(SH) ! ! (SA) ) xu ) C337271q0(c13 +Ca)— + [pw27C44q%} i3 =0.
(AS). For the SH mode, one can substitute the solution up; = dx3 dxs
iy (x3)exp[i(t — go - x1)] into Eq. (5) to obtain the eigenvalue ~ The boundary conditions of free-standing nanofilm for three
equation as independent phonon modes can be expressed as
Juy
d%i, . O3 = =— =0, (9a)
Cu—— + [p@” — Cosdp) 2 = 0. (7) ox3
dx3 up .
013 = 7, ~1qou3 = 0,
For the SA and AS modes, the corresponding eigenvalue equa- dus
tions could be expressed as 033 = C33(97X3 —1igoCi3uy = 0. (9b)
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Here, the boundary condition in Eq. (9a) is utilized to calculate
the dispersion relation for SH mode, and the boundary condi-
tions in Eq. (9b) are for the SA and AS modes. Combining the
corresponding boundary conditions in Eq. (9a) with Egs. (7)
and (8), the dispersion relation of each mode can be figured
out through the finite element difference method.

According to the phonon dispersion relations of vari-
ous modes derived from the above equations for the semi-
conductor nanostructures, the phonon group velocity v, for
the n-th branch of phonon modes can be solved by v, (q) =
dw,(q)/dq, where w, and ¢ denote the phonon frequency and
the phonon wave vector, respectively. Based on Callaway’s
model, the frequency-dependent average phonon group veloc-

ity can be expressed as!3¢]
Y 1 M§)>[SAASSH ]*1 B
V={—— ciinsaai (1)) , (10)
m(a)) Ne=1

where the superscripts SA, AS, SH are the types of polariza-
tion, the subscript n is the quantum number of the modes for a
particular wave vector, and m is the number of the total phonon
branches. The quasi-two-dimensional (2D) phonon density of
state (DOS) can be given as

SMSSH (@) = (1/2Hm)g S (0) A (@),

where H is the nanofilm thickness. The total DOSs for all po-
larizations calculated by a summation over all n’s can then be

given by 30!

FSA,AS,SH

ZfSAAS SH (11)

2.2. Phonon Boltzmann transport approach

The phonon Boltzmann transport equation (BTE) is a
powerful approach to describing the heat energy transports in

micro/nanoscale systems,[!%17:3741 which can be expressed
basically as
d d
o sovifrkvif=(2L) (12)
ot ar ),

where v is the phonon velocity, k is the wave vector, f is the
non-equilibrium phonon distribution function, (9 f/dt); is the
rate of change of f due to scattering, which is often simplified
by the relaxation-time approximation into

afrN _ f—fo
- e

i(n,u)=i*(n,u)

i(mu) =i~ (n.u)=i"(&u)el

where (= cos0) is the directional cosine, 1(=
thickness.

— (0, ) e M —

-n)/u +/§ %e—(n—t)/# dt, (-1<u<0)),
n dt

x3/A) the nondimensional x3coordinate, and & (=

The equation above describes a relaxation process, indicating
that if the external field is removed, the phonon distribution
function f will return to the equilibrium state fy. The Bose—
Einstein distribution function fj can be expressed as

1
E(R)Er) kT

fo(E)= (14)

where E is the wave vector-dependent energy level, Ef is the
Fermi energy, kg is the Boltzmann constant, and 7T is the
temperature. Since the BTE is applicable for describing the
phonon transport in the nanofilms, we give it in terms of the

total phonon intensity defined as!37-3%!

1 Vmax
_ HZ/O Vil v Do (v) dv, (15)

where |V,,| is the magnitude of the phonon group velocity, / is
the Planck constant, and D is the density of states per unit vol-
ume. When the heat conduction is perpendicular to the plane
as shown in Fig. 1(b), the phonon transport equation of the
GaN nanofilm under the relaxation-time approximation can be
transformed into

ol 1—1

0 -— 0=—=——
+sm smq) +co A

o . 16)

sin 0 cos ¢

where [j is the equilibrium phonon intensity acquired by sub-
stituting fo into Eq. (15) with the Bose—Einstein distribution
in Eq. (14), 6 and ¢ are the polar and the azimuthal angles,
respectively. A(= |v| ) is the average phonon mean free path
(MFP). Here, v denotes the phonon velocity, and 7 refers to
the relaxation time. The phonon diffusion transport across
nanofilm can be treated as the phonon radiation transport, and
the phonon ballistic transport across the grain boundary can
also be treated as a similar thermal radiation.3”]

Due to the surface scattering, the phonon distribution
function f only depends on the x3 direction. As a result, the
phonon intensity / is homogeneous in the plane but changes
along the x3 direction. Through introducing a deviation func-
tion i(x3,0) = I(x3,0) — Iy(T), the phonon transport equa-
tion (16) can be rewritten as

L ose 3l (17)

60—
cos 8x3 A dxs

The solution of the differential equation above can be easily
obtained as

m dl
20 -(n

—t)/u dz
dr ’

O<p<l),
(18)

d/A) the nondimensional
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In order to determine the parameters it(0,u) and
i~(&,u), the boundary conditions should be addressed. The
surface scattering models can be divided into the totally dif-
fuse scattering surfaces, the totally specular scattering sur-
faces and the partially diffuse and partially specular scattering
surfaces.3! In this work, the boundary conditions for partially
diffuse and partially specular scattering surfaces are involved.
The specular scattering fraction p is introduced which repre-
sents the fraction of phonons experiencing specular scattering
at the surface. Since the nanofilm is monolayer, the energy re-
flectivity R at the surface should be taken into account. It can
be divided into the specular portion Ry and the diffuse portion
Rg4. The energy transmissivity T is neglected. Therefore, the
energy balance can be written as

I (0,1) = p [Re ()1 (0,—p)]
+2(1—p) |:Rd/2n1(07_”)“d“} ;
I (éa*“) =P [RS (,LL)]+(§“LL)}

+2(1-p) [Rd/MI*(é,u)udu] . (19)

Based on Egs. (18) and (19), the parameters it(n,u) and
i~(n,u) can be determined. Therefore, the heat flux g along

the cross-plane direction of nanofilm can be obtained from[4?!

qg(n) = | IcosBdQ
4n

1
= 2%/0 [ () =i (n,—w)]pdp,  (20)
where dQ (= 2msin6d0) is the differential solid angle.

2.3. Phonon thermal conductivity

Since the flow stress is along the x3 direction as shown
in Fig. 1(b), the cross-plane thermal conductivity k¢, can be
derived from the heat flux ¢ based on the Fourier law as

follows:[43]

q=—KkepVT, @1

where VT is the temperature gradient. Combining Eq. (25)
and Eq. (26), the cross-plane thermal conductivity &, of GaN
nanofilm that is affected simultaneously by the quantum con-
finement effect and surface scattering effect, can be expressed
as

Kep = K1Go, (22)

where k1 is the phonon thermal conductivity accounting for

the quantum confinement effect, and expressed as(**!

1 (kg / xe*
K| = = (= | kT — 1
: 3(h> B Lo (e —1)?

min

= koG1. (23)

(x) V2 (x) F (x) dx

Here, x = i@, (q) /ks T, 7 is the phonon relaxation time, V the
average phonon group velocity, F' the total density of states

(DOSs), and ky the bulk thermal conductivity. Thus, the cross-
plane thermal conductivity of nanofilm &, can be rewritten as

Kep = KoG, (24)

where G(= GG ) represents the ratio of K¢p to the bulk ther-
mal conductivity kp. It is noted that G depends on the surface
scattering parameters, the thickness of nanofilm, and tempera-
ture.

In general, the phonon scattering mechanisms can be
classified as the three-phonon scattering, point-defect scatter-
ing, boundary scattering, and phonon-electron scattering. Ac-
cording to the Klemens’ second-order perturbation theory, the
Umklaap scattering rate at room temperature can be expressed

as [45,46]

2
! _zyzlmlg

U uVo wp’

where 7 is the Grunieisen anharmonicity parameter, T is the

(25)

temperature, u is the shear modulus, Vy is the volume per
atom, and @p is the Debye frequency. The point-defect scat-
tering rate suffering the difference of mass between atoms in

materials can be given as!*4748
1 V()FCO4
T I3 26
T 4nV3 (26)

where V is the phonon group velocity, and I is the measure of
the strength of the point-defect scattering. The relaxation time
for the interaction between acoustic phonons and electron at

low doping levels is given by[49-9]

1 2 *V2 *VZ
e ep (), @)
Tph—e pV kgT 2kgT 2kgT

where n,. is the concentration of conduction electrons, €; the

deformation potential, p the mass density, and m* the elec-
tron effective mass. According to the Callaway and Klemens
formulation!>!-?! the total phonon scattering relaxation time ©

: 1 _ 1 =1
follows the Matthiessen rule T°° = 7, + 7y, + 7.

3. Results and discussion

To give an insight into the influences of the surface scat-
tering effect and quantum confinement effect on the phonon
thermal conductivity of GaN nanofilms with various film
thickness and different temperatures, the numerical calcula-
tions for the wurtzite structured GaN nanofilms under the SH
mode will be presented as an example. The elastic modu-
lus of bulk GaN are C33 = 252 GPa, Ci3 = 129 GPa, Cyy =
148 GPa.The other parameters are selected in Refs. [16], [53]-
[55].

In view of the derivation of the phonon dispersion rela-
tion, the phonon properties of GaN nanofilms, such as phonon
group velocity and phonon density of states (DOS) can be cal-
culated. Figure 2 shows the phonon properties of SH mode
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for GaN nanofilm, in which the nanofilm thickness is 3.19 nm.
The phonon group velocity as a function of the wave vector is
shown in Fig. 2(a). It is noted that the slopes of phonon group
velocity for each order become smaller with the increase of
the wave vector, and then all curves become flat to approach
to a limit value, namely the transverse wave velocity of the
nanofilm. Figure 2(b) shows the DOS of SH mode as a func-
tion of phonon energy. It is clearly found that there exits an
oscillatory behavior of the DOS and each step corresponds to
the oncoming of new phonon branches due to the quantum
confinement effect.

6000

(a)

4000

GaN nanofilm
SH wave

Phonon group velocity/(m/s)

1 2 3 4 5 6 7
Wave vector/(1/nm)

H=3.19 nm (b)

41 GaN nanofilm
SH wave

Phonon density of state/1014

0 5 10 15 20 25 30
Energy/meV

Fig. 2. (color online) Plots of phonon group velocity versus wave vector
(a) and the phonon density of state versus phonon energy (b).

Once the phonon properties such as the phonon group ve-
locity and phonon density of state are determined, the phonon
thermal conductivity then can be calculated numerically for
the GaN nanofilm. As is well known that the surface phonon
scattering leads to the classic size effect of phonon thermal
conductivity in nanostructures. We first simulate the thermal
conductivity of GaN nanofilm which only suffers the surface
scattering effect. Figure 3 shows the plots of the ratio of ther-
mal conductivity versus thickness of GaN nanofilm with dif-
ferent values of phonon mean free path A and different values
of specular scattering fraction p. Here, Ky is the bulk thermal
conductivity at 300 K, and the specular scattering fraction p
is 1. As shown in Fig. 3(a), with the nanofilm thickness in-
creasing from 1000 nm to 5000 nm, the slopes for all curves
of phonon thermal conductivity are very small and then the

whole curves become flat. It means that the size effect of the
thermal conductivity can be neglected when the film thickness
is greater than several micrometers. When the film thickness
falls below around 1000 nm, the thermal conductivity declines
rapidly with the geometrical size of the nanofilm decreasing.
Moreover, the thermal conductivity can be improved with in-
creasing the phonon MFP. However, the influence of mean free
path on the thermal conductivity becomes weaker and ulti-
mately disappears as the film thickness is smaller than sev-
eral hundred nanometers. We also show the size-dependent
phonon thermal conductivities of GaN nanofilm for different
values of specular scattering fraction p in Fig. 3(b). One can
find that the thermal conductivity is independent of the specu-
lar scattering fraction p.

----- A=100 nm (a)
0.6 -- A=200 nm
—-- A =300 nm .
o 04f ST
~ . -
€ i .7
///
02t e
a ) SH wave
k2
0 ; L L L L
0 1000 2000 3000 4000 5000
Thickness/nm
0.5
..... p=0.1
--p=0.5 (b)
04 —--p=09 A =200 nm
R
_ 03t o
= /
< 02t :',
/' SH wave
0.1 /
/
]
0 1 1 1 1
0 1000 2000 3000 4000 5000
Thickness/nm

Fig. 3. (color online) Variations of phonon thermal conductivity with
nanofilm thickness for different values of mean free path A (a) and dif-
ferent values of specular scattering fraction p (b).

‘When the nanofilm thickness varies from 1 nm to 20 nm,
the surface scattering effect and quantum confinement effect
must be taken into account simultaneously. Here, the size-
dependent phonon thermal conductivities are calculated in the
three cases, namely (i) only affected by the quantum confine-
ment effect (QCE); (ii) only affected by the surface scatter-
ing effect (ISE); (iii) affected simultaneously by the quantum
confinement effect and the surface scattering effect (QCE +
ISE), as shown in Fig. 4. One can note from the figure that the
phonon thermal conductivity decreases with the film thickness
decreasing in all cases. With considering only the quantum
confinement effect, the phonon thermal conductivity drops
sharply and manifests the size effect dramatically only when
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the film thickness drops to a few nanometers. While consider-
ing only the surface scattering effect, the phonon thermal con-
ductivity reduces more rapidly with the film thickness decreas-
ing. When the quantum confinement effect and the surface
scattering effect both are considered, the surface scattering
effect is more intense, leading to a two-orders-of-magnitude
reduction of the thermal conductivity of GaN nanofilm com-
pared with that of the bulk counterpart.

0.20

..... QCE
[- - -Boltzmann SH wave
0.16 = -QCE+Boltzmann T=400 K
~oazf
¢
Ny L
2 -
0.08 e _
0.04f T
N
2 4 6 8 10 12 14

Thickness/nm

Fig. 4. (color online) Influences of the quantum confinement effect and
the surface scattering effect on the phonon thermal conductivity.

0.016 @
a) QI wave H=6.38 nm
i SH wave =957 om
= —.-H=12.76 nm
0.012} ~ -
i Tt~ p=1
£ o008} T
S e T
0.004f o
0 L L L L
300 400 500 600 700 800
Temperature/K
0.014
® p=0.1
RS ---p=0.5
- ~
TT~L N —--p=0.9
0.012}F SIS P
\~\\\-\_ H=12.76 nm
o So S,
(=] ~ ~
£ 0.010} TSN,
3 RGN
0.008 - SH wave ‘ ~
0'006 1 1 1 1
300 400 500 600 700 800
Temperature/K

Fig. 5. (color online) Variations of phonon thermal conductivity with temper-
ature ranging from 300 K to 800 K for (a) different geometrical sizes of the
nanofilms and (b) different values of specular scattering fractions.

With comprehensively considering the quantum confine-
ment effect and the surface scattering effect, the variations of
phonon thermal conductivity with the temperature, the thick-
ness of nanofilm and the specular scattering fraction are in-
vestigated, respectively. Figure 5 shows the temperature-
dependences of phonon thermal conductivity of SH mode for

different geometrical size films and different specular scatter-
ing fractions. As shown in Fig. 5, it is clearly found that
the phonon thermal conductivity decreases with temperature
increasing from 300 K to 800 K. From Fig. 5(a), one can
note that the phonon thermal conductivity decreases with the
nanofilm thickness decreasing, and the influence of the film
thickness on thermal conductivity becomes smaller as temper-
ature rises. It is also noticed from Fig. 5(b) that the thermal
conductivity is enhanced with increasing the specular scatter-
ing fraction. It means that the increase in the portion of surface
diffuse phonon scattering has a negative effect on the thermal
conductivity of GaN nanofilm.

The variations of phonon thermal conductivity with the
specular scattering fraction and geometrical size for different
temperatures are shown in Figs. 6(a) and 6(b), respectively.
Clearly, the gradual rise in temperature makes the thermal con-
ductivity decrease, which corresponds to the results in Fig. 5.
It follows from Fig. 6(a) that the increase of the specular scat-
tering fraction increases the thermal conductivity. It is also no-
ticed from Fig. 6(b) that with the geometrical size of nanofilm
decreasing, the phonon thermal conductivity declines rapidly,
indicating that the size effect on the phonon thermal conduc-
tivity is enhanced by the surface scattering effect.

0.014
U TCewk  SHwee @
—a-T=800 K I f— - e
0.012} H=12.76 nm..a-""
=) --
£
€ - -*—1
0.010} e
e -
| -
A A
0.008} A
A
0 0.2 0.4 0.6 0.8 1.0
Specular scattering fraction p
0.016
T=400 K (b)
[ -e-T=600 K -
0.012f —4-T=800 K
p=1 Baltd
g [ SH wave K /o’ A
= 0.008F ._,-'/(./'
L - N
. K
-, .
0.004 | e
A
[ __._-l%'—'!'
0 PR e iai . L L
0 2 4 6 8 10 12 14
1ICKness/nm
Thick

Fig. 6. (color online) Variations of phonon thermal conductivity with
(a) specular scattering fractions, and (b) the geometrical size of the
nanofilm for different temperatures.

Figure 7 shows the comparison between the size-
dependent thermal conductivities predicted by the present
model and those from some other analytical models given by
Hua and Cao!®®! and Majumdar.®”! In order to compare these
numerical results more conveniently, the figure is plotted by
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using H/Ag as the horizontal axis and x/kj as the vertical
axis. It is clear that the numerical results obtained by Hua
et al. and Caol® agree accord well with the results from
Majumdar,*’! and the thermal conductivity predicted by the
present model is much smaller than the other two numerical
results due to the quantum confinement effect, denoting that
the quantum confinement effect manifests the size effect dra-
matically. Above all, it is also confirmed that the increase of
nanofilm thickness increases the phonon thermal conductivity.

nanofilm
107] -
3 2
X 1072
©
10-3 L —s—model in Ref. [56]
——model in Ref. [37]
—a— present model
104k . Ll Ll
102 10— 109
H/ Ao

Fig. 7. (color online) Comparison of the thermal conductivities pre-
dicted by the current model and other analytical models.

4. Conclusions

In this work, the influence of the surface scattering effect
on the cross-plane phonon thermal conductivity of spatially
confined GaN nanofilm is investigated based on the contin-
uum elasticity theory and the Boltzmann transport equation.
Theoretical results show that when only the quantum confine-
ment effect is taken into account, the phonon thermal conduc-
tivity can be improved by lowering the temperature or increas-
ing the geometrical size of GaN nanostructure. While con-
sidering only the surface scattering effect, the phonon thermal
conductivity can also be increased with the phonon MFP and
the specular scattering fraction increasing. With comprehen-
sively considering the two effects above, the surface scatter-
ing effect becomes enhanced dramatically with the gradual de-
crease of thickness of the nanofilms, resulting in two-order-of-
magnitude reduction of the cross-plane thermal conductivity
of nanostructures compared with that of the bulk counterpart.
This work will be helpful in controlling the thermal perfor-
mances in GaN nanostructures and nanoelectronic devices.
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