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ABSTRACT
Thermal performance of nanomaterials has always been a significant part of semiconductor research, which is the key problem
in the development and design of various micro/nanoelectronic devices. In this work, we investigate the thermal properties of
prestressed gallium nitride nanofilms based on phonon Boltzmann transport approach and acoustoelastic theory. The influence
of surface/interface scattering and stress fields on phonon properties and thermal conductivity is taken into account to predict
the thermal conductivity of gallium nitride nanofilms. Theoretical calculations show that the phonon surface scattering and pre-
stress fields can modify phonon thermal conductivity of gallium nitride nanofilms significantly. The compressive stress increases
thermal conductivity whilst the tensile stress decreases thermal conductivity, and phonon surface scattering decreases the con-
ductivity of gallium nitride nanofilms. With the decrease of the structural size, the surface scattering effect is enhanced, making
phonon thermal conductivity a few orders of magnitude smaller than bulk value. This work could be helpful in optimizing the
phonon thermal conductivity of nanomaterials through the stress/strain engineering and the surface/interface engineering. It
can also provide a piece of theoretical evidence for the design of high-performance nanodevices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5079275

I. INTRODUCTION

Gallium nitride (GaN), as a representative of the third-
generation semiconductor materials, has features of large
band-gap, high breakdown electrical field, high thermal
conductivity and strong radiation resistance. These charac-
teristics make GaN especially suitable for applications in high-
temperature and high-powers,1–6 high-frequency microwave
devices7,8 and optoelectronic devices.9–13 When the feature
size of GaN-based structure is down to nanometer scale, the
heat loss of device rises significantly and thermal conduc-
tivity decreases several orders of magnitude than the bulk
value. Due to the direct correlation of thermal conductivity
with thermal dissipation efficiency, the accurate measure-
ment and prediction of phonon thermal conductivity could
play an essential role in improving various performances of

semiconductor nanodevices and designing excellent elec-
tronic power devices.

As an important property of semiconductors, phonon
thermal conductivity in semiconductor nanostructure has
been paid lots of attentions, including the size effect of
phonon thermal conductivity and the relationship between
thermal conductivity and phonon properties such as aver-
age velocity and phonon density of states (DOS). For example,
Majumda14 suggested that heat conduction induced by lat-
tice vibration or phonon transport could be treated as heat
radiation problem, and phonon thermal conductivity satis-
fies the black-body radiation law when the size of nanofilms
is small enough. Balandin et al.15,16 proposed the concept of
phonon engineering to tune the thermal properties by modify-
ing the phonon properties in semiconductor nanostructures.
Szwejkowski et al.17 employed time domain thermal reflection
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method to analyze the size-dependent phonon thermal con-
ductivity in β-Ga2O3 nanostructures. Anaya et al.18 proved
that thermal conductivity of nanostructures is significantly
smaller than that of bulk materials in ultra-thin nanocrys-
talline films due to the change of grain size and contribution
of the grain boundaries. Besides, researches have also focused
on the optimization of the heat conductivity and heat manage-
ment in nanodevices such as high electron mobility transistors
(HEMTs).19–22

On the other hand, a great number of researches pro-
vide valuable insights into the surface and interface scatter-
ing effects on thermal properties of semiconductor nanos-
tructures.23–26 Since the phonon transport can be regarded
as particle transport, phonon scattering on surface/interface
is treated as boundary conditions in phonon Boltzmann
transport equation to analyze size effect of phonon ther-
mal conductivity. Chen23 established a theoretical model of
phonon transport and thermal conductivity based on Boltz-
mann transport approach, in which phonon heat flows along
the thickness direction of a thin film, and analyzed the temper-
ature distribution, boundary thermal resistance and thermal
conductivity of films theoretically. Kamatagi et al.24 studied
thermal conductivity of wurtzite GaN from 4.2 to 400K using
Holland model and modified Callaway model respectively, and
described the intrinsic phonon-phonon scattering mechanism
with a single set of numeric values. AlShaikhi et al.25 dis-
cussed the influence of Umklapp phonon-phonon scattering
on the lattice thermal conductivity of GaN bulk and nanofilms
under different temperatures utilizing Callaway’s relaxation-
time theory. Considering the effects of phonon dispersion
relation and boundary scattering during phonon transport,
Zhou and Li26 adopted Boltzmann transport equation to inves-
tigate the variation of thermal conductivity in GaN nanotubes
with internal and external diameters from several nanometers
to 120nm.

Owing to the GaN-based sandwich-type structures
in nanoelectronic components, the lattice strain between
nanometer-scale layers leads to the prestress fields and inter-
face stress. These stress fields influences the electrical and
thermal performance as well as reliability in the nanoelec-
tronic devices.27–30 Therefore, Liangruksa and Puri31 studied
the lattice thermal conductivity of silicon nanowires under
surface stress. They found that the surface stress could
decrease the lattice thermal conductivity of nanowires. Zhu
et al.32–35 systematically investigated the effects of external
prestress and surface stress on phonon properties and phonon
thermal conductivity of GaN nanofilms. It demonstrates that
both prestress and surface stress change phonon properties
remarkably, such as phonon dispersion relation, and even-
tually alter phonon thermal conductivity. Nevertheless, the
influence of surface/interface scattering and prestress fields
on phonon thermal conductivity has not been reported in
existing literatures.

In this work, the phonon transport approach and elas-
tic model are used to construct the theoretical model for
simulation of the phonon thermal conductivity in stressed
GaN nanofilms. The acoustoelastic theory is employed to
calculate the phonon properties in stressed GaN nanofilms.

Through solving Boltzmann transport equation, phonon sur-
face scattering effects are considered in boundary condi-
tions. With the aid of defining the thermal conductivity,
we obtain the expression of phonon thermal conductivity
in stressed GaN nanofilms, in which the influences of sur-
face scattering and prestress fields on thermal performance
are demonstrated. Numerical results demonstrate that the
stress field and boundary scattering can significantly affect the
phonon thermal conductivity of GaN nanofilms. Temperature-
and thickness-dependent thermal conductivities are sensi-
tive to the stress fields and boundary phonon scattering.
This work could be conducive to adjusting and optimiz-
ing thermal conductivity of semiconductor nanostructures
through stress/strain engineering and surface/interface
engineering.

II. STRESS EFFECTS ON PHONON PROPERTIES
IN GaN NANOFILMS
A. Elastic model for spatially confined phonons

Since the phonon is defined as a quantum of vibration
energy which transfers to the lattice, the vibration properties
of atoms are sensitive to the phonon properties. The stress
fields could alter the vibration frequency of atoms, leading
to the change of the phonon properties in nanostructures
which could be well described by the elastic model.15,26,32–35

A monolayer GaN nanofilm is taken as an example which
is assumed to be isotropic in natural states shown in
figure 1. Suppose that the phonon heat flows along the x1
direction, and the GaN nanofilms is subjected to in-plane biax-
ially lateral prestresses. The initial stress field can thus be
written as

σ0
11 = σ

0
22 = σ0,σ0

3i = 0. (1)

The variable with subscript as 1 or 2 denotes the in-plane
direction, whereas a subscript 3 denotes the transverse direc-
tion. The corresponding prestrains of the nanofilms can be
derived as follows32

u0
11 =

s22 − s12

s11s22 − s2
12

σ0, u0
22 =

s11 − s12

s11s22 − s2
12

σ0, u0
33 = −

C13

C33
u0

11−
C23

C33
u0

22.

(2)

FIG. 1. Schematic drawing of GaN nanofilm under in-plane prestress field.
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Here, s11 = C11 − C2
13/C33, s12 = C12 − C13C23/C33, s22 = C22 −

C2
23/C33. The acoustoelastic vibration equation describing the

phonon in stressed nanostructure can be expressed as36,37

ρnew ∂
2ui

∂t2
=

∂

∂xj
(C̄ijkl

∂uk

∂xl
) + σ0 ∂

2ui

∂x2
1

. (3)

Here, C̄ijkl represents the modified second-order elastic mod-
ulus, given by

C̄ijkl = Cijkl

(
1 + u0

ii + u0
jj + u0

kk + u0
ll − u0

11 − u0
22 − u0

33

)
+ Cijklmnu0

mn.
(4)

Non-zero components of the effective modulus can be
expressed as

C̄11 = C̄22 = C11
(
1 + 2u0

11 − u0
33

)
+ (C111 + C112)u0

11 + C112u0
33

C̄33 = C11
(
1 + 2u0

11 − u0
33

)
+ 2C112u0

11 + C111u0
33

C̄13 = C̄23 = C12(1 + u0
33) + (C123 + C112)u0

11 + C112u0
33

C̄12 = C12(1 + u0
33) + 2C112u0

11 + C123u0
33

C̄44 = C̄55 = C44(1 + u0
33) + (C144 + c155)u0

11 + C155u0
33,

(5)

and C̄66 = (C̄11 − C̄12)/2. ρnew is the density of GaN nanofilms
after deformation. When heat flow propagates along the direc-
tion of x1 as shown in figure 1, the displacements of the
nanofilms are the functions of x1 and x3. One can write the
solution of vibration equation as follows,

u = û(x3) exp[i(ωt − q0 · x1)], (6)

where ω is phonon frequency, and q0 is wave vector. û is defined as the amplitude of displacement vector. Substituting the
equation (6) into the vibration equation (3), one can and obtain



C̄44
d2

dx2
3
− (C̄11 + σ0)q0

2 0 −iq0(C̄13 + C̄44) d
dx3

0 C̄44
∂2

∂x2
3
− (C̄66 + σ0)q0

2 0

−iq0(C̄13 + C̄44) d
dx3

0 C̄33
d2

dx2
3
− (C̄44 + σ0)q0

2



û(x3) = −ρnewω2û(x3), (7)

According to classical elastic vibration theory,38 there are
three modes of phonons in films. That is, shear mode (SH),
dilatational mode (SA) and flexural mode (SA). For SH mode,

u2 = û2(x3) exp[i(ωt − q0 · x1)]. (8)

Substituting u2 into Eq. (7), we have

C̄44
d2û2

dx2
3

+
[
ρnewω2 − (C̄66 + σ0)q2

0

]
û2 = 0. (9)

For SA and AS modes, u = (u1, 0, u3). Thus, we can obtain




C̄44
d2û1

dx2
3

− iq0(C̄13 + C̄44)
dû3

dx3
+
[
ρnewω2 − (C̄11 + σ0)q2

0

]
û1 = 0

C̄33
d2û3

dx2
3

− iq0(C̄13 + C̄44)
dû1

dx3
+
[
ρnewω2 − (C̄44 + σ0)q2

0

]
û3 = 0.

(10)

When the top and bottom surfaces of the nanofilms are
free, the boundary conditions can be expressed as




σ23 =
∂u2

∂x3
= 0 (11a)

σ13 =
∂u1

∂x3
− iq0u3 = 0,σ33 = C̄33

∂u3

∂x3
− iq0C̄13u1 = 0 . (11b)

Here, Eq. (11a) is the boundary condition for SH mode, while
Eq. (11b) is the boundary condition for SA and AS modes. Com-
bining Eqs. (9)–(11), the dispersion relations of different modes
can be calculated using the finite difference method.

B. Phonon properties of stressed GaN nanofilms
Once the phonon dispersion relations of different modes

in nanofilms are derived, the phonon frequency varied with
the phonon wave vector q can be calculated using the finite
difference method. Thus, the phonon group velocity of various
modes can be determined by a numerical differentiation, given
by

vn(q0) = dωn(q0)/dq0, (12)

in which the subscript n is the number of phonon branches.
The average phonon group velocity V̄(ω) is used to character
the velocity of wave package with every mode populated for
each polarization, which can be defined as32

V̄(ω) =
{

1
m(ω)

∑m(ω)

n=1
[vn(ω)]−1

}−1

, (13)

The thermal properties of semiconductors are not only
relevant to the phonon group velocity, but also related to the
phonon density of states (DOS). One can combine the group
velocity and confined phonon dispersion relations to obtain
the quasi-2D phonon DOS in GaN nanofilms, given as

fSA,AS,SH
n (ω) =

1
H



1
2π

q0
SA,AS,SH
n (ω)

1

vSA,AS,SH
n


, (14)

Hence, the total phonon density of state can be reached
for all polarizations by summing up n phonon branches as
F(ω) =

∑
n fn(ω).
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III. PHONON SURFACE SCATTERING EFFECTS
ON PHONON TRANSPORT
A. Phonon Boltzmann transport approach

Boltzmann transport approach is a general and power-
ful method for study of the energy transport phenomenon in
nanostructures. Here, we use the phonon Boltzmann equa-
tion under the approximation of relaxation time to derive
the phonon thermal conductivity in stressed GaN nanofilms.
Phonon energy strength I can be defined as14,23

I =
1

4π

∑
m

∫ vmax

0
|vm |fhvDm(v)dv. (15)

Here, vm refers to the amplitude of phonon group velocity. f
is the function of phonon distribution, while h is Planck con-
stant. ω is phonon frequency, and D is the density of states of
phonons in a unit volume. For GaN nanofilms, when heat prop-
agates along the direction of x1, the phonon transport inside
the GaN naonfilm can be described by phonon Boltzmann
transport equation, that is

sin θ cosϕ
∂I
∂x2

+ sin θ sinϕ
∂I
∂x3

+ cos θ
∂I
∂x1
= −

I − I0

Λ
. (16)

Therein, I0 is the phonon energy strength in the equilibrium
state. Phonon distribution function f satisfies Bose-Einstein
distribution function. θ and ϕ refers to the polar angle (solid
angle) and azimuth angle, respectively. Λ = |ν |τ is the phonon
mean free path. Here, τ is the phonon relaxation time, follow-
ing the Matthiessen’s rule, τ−1

T = τ−1
U + τ−1

M + τ−1
ph−e, where τU

is the Umklapp scattering rate, τM is the point-defect scat-
tering rate, τph−e is the electron-acoustic phonon scattering
rate.

Due to the phonon surface scattering in the nanofilms,
the phonon distribution function f will be only related to x3.
It means that phonon strength I is uniform in the in-plane
along the direction of x1 and x2, while it varies with x3 along
the thickness direction of the film. Introducing the deviation
function i(x3, θ) = I(x3, θ)− I0(T) and substituting it into Eq. (16),
we obtain

sin θ sinϕ
∂i
∂x3

+
i
Λ
= − sin θ sinϕ

dI0

dx3
(0 < θ < π, 0 < ϕ < 2π).

(17)

Through solving differential Eq. (17), one can get the solution
of the deviation function i. That is, in the case of 0 < θ < π/2,

i(η,µ) = i+(η,µ) =




i+(0,µ)e−η/µ −
∫ η

0

dI0

dt
e−(η−t)/µdt (0 < µ < 1, 0 < ϕ < π)

i + (ξ ,µ)e(ξ−η)/µ +
∫ ξ

η

dI0

dt
e−(η−t)/µdt (−1 < µ < 0, π < ϕ < 2π),

(18)

and in the case of π/2 < θ < π,

i(η,µ) = i−(η,µ) =




i−(0,µ)e−η/µ −
∫ η

0

dI0

dt
e−(η−t)/µdt (0 < µ < 1, 0 < ϕ < π)

i−(ξ ,µ)e(ξ−η)/µ +
∫ ξ

η

dI0

dt
e−(η−t)/µdt (−1 < µ < 0, π < ϕ < 2π).

(19)

Here, µ = sin θ sinϕ, η = x3/Λ and ξ = H/Λ. H is the thickness
of the GaN nanofilms.

To determine the coefficients in i+(η,µ) and i−(η,µ),
boundary conditions of phonon surface/interface scattering
are needed. There are several modes of surface/interface
scattering, which are generally divided into full diffuse scat-
tering model, full specular scattering model, and partial diffuse
partial specular model.39 Here, we adopt the partial diffuse-
partial specular scattering model, and assume that the sur-
face/interface specular scattering coefficient p indicates the
proportion of specular scattering in total. When heat transfers
along the direction of x1, the sketch maps of surface/interface
scattering are shown in figure 2.

When phonons are incident on the surface of nanofilms,
two kinds of interface scatterings will occur simultaneously.
For a monolayer nanofilms, energy transmissivity R is con-
sidered while energy transmissivity T is neglected. For dis-
tinguishing, Rs denotes the energy transmissivity of specular

scattering and Rd represents the energy transmissivity of dif-
fuse scattering. Following the energy conservation law and
symmetry conditions, phonon energy balance equation on the
upper surface is given as

I+(ξ , - µ) + I - (ξ , - µ) = pRs(µ)[I+(ξ ,µ) + I - (ξ ,µ)] +
2(1 − p)
π

Rd

×

∫ π

0



∫ 1

0
(I+(ξ ,µ) + I - (ξ ,µ))αdα


dϕ,

(20)
and phonon energy balance equation on the lower surface is
given as

I - (0,µ) + I + (0,µ) = pRs(µ)[I - (0, - µ) + I + (0, - µ)] +
2(1 − p)
π

Rd

×

∫ 2π

π



∫ 1

0
(I - (0, - µ) + I + (0, - µ))αdα


dϕ.

(21)
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FIG. 2. Schematic drawing of phonon
surface scattering during heat transport.

From the Eqs. (20) and (21), the corresponding i+(0,µ) and
i−(ξ ,µ) can be derived. The heat flow q along the x1 direction
can be obtained eventually on the basis of definition of phonon
heat flow:

q(η) =
∫

4π
I cos θdΩ

=

∫ π

0



∫ 1

0
(i+(η,µ) − i+(η,−µ) + i−(η,µ) − i−(η,−µ))αdα


dϕ.

(22)
Here, Ω is the differential stereoscopic angle, and dΩ
= sin θdθdϕ.

B. Phonon thermal conductivity of GaN nanofilms
Since phonon heat flows along the direction of x1, in-

planar phonon thermal conductivity κ can be derived by
Fourier’ law40

q = −κ∇T, (23)
where ∇T refers to temperature gradient. If the phonon
thermal conductivity involved spatial confinement effects
is marked as κ1, the thermal conductivity simultaneously
affected by spatial confinement and surface/interface scat-
tering can be marked as κ, then one can get

κ = κ1G0. (24)

Here, G0 is size-dependent function in which the sur-
face/interface scattering effects are involved. The thermal
conductive κ1 can be expressed as below.41

κ1 =
1
3

(
kB

~
)kBT

∫ xmax

xmin

x2ex

(ex − 1)2
τ(x)V̄2(x)F(x)dx = κ0G1, (25)

in which ~ = h/2π, and x = ~ωn(q)/kBT. V̄ refers to phonon
average group velocity, and F indicates the total density of
states of phonon, κ0 represents the bulk phonon thermal con-
ductivity of GaN. G1 is the function describing the spatial con-
finement effect on conductivity. Thereby, the phonon thermal
conductivity of stressed GaN films can be rewritten as

κ = κ0G. (26)

Here, G = G0G1 represents the function to character the influ-
ence of the spatial confinement, stress fields and phonon
surface scattering.

IV. RESULTS AND DISCUSSION
To explore the influence of surface/interface scattering

and prestress field on the phonon thermal conductivity of GaN
nanofilms, we take SH mode of wurtzite GaN as an example
here to carry out numerical calculations. Elastic moduli of bulk
GaN are as follows, C33 = 252GPa, C13 = 129GPa,C44 = 148GPa.
Other physical parameters are choosen from literatures.42–45

Firstly, the phonon properties for SH mode such as dis-
persion relations, phonon group velocity and density of states
in stressed GaN nanofilms are simulated. Figure 3a shows the
phonon energy varied with wave vector under different pre-
stress fields, in which phonon wave vector q0 varies from 0
to π/a, a is the lattice constant. It is clearly shown that the
negative stress increases the slope of various phonon disper-
sion modes, whereas the positive stress reduces it. In other
words, negative stress increases phonon energy whilst posi-
tive stress decreases it. Figure 3b illustrates the variation of
phonon average group velocity with phonon energy under dif-
ferent prestresses. Apparently, phonon average group velocity
is equal to phonon group velocity at low-energy region. Along
with the increases of phonon energy, the group velocity starts
to oscillate continuously. This is because the phonon average
velocity is the superposition of varies modes, and it oscil-
lates at the intersection point of each modes. Besides, negative
stress increases the velocity but positive stress reduces the
velocity. Figure 3c depicts the variation of phonon density of
states with the phonon energy of nanofilms under different
prestresses. Similarly, phonon density of states increase with
phonon energy in a step-up way and reach the peak, then
decline subsequently. Negative stress decreases the density
while positive stress improves the velocity.

Then, phonon surface scattering effects on in-plane ther-
mal conductivity of GaN nanofilms are analyzed by solving
Eqs. (19)–(21). Figure 4 shows the variation of phonon ther-
mal conductivity with thickness of GaN nanofilms under dif-
ferent phonon mean free path. Here, κ0 indicates phonon
thermal conductivity of bulk GaN at 300K. As figure 10(a)
shown, thermal conductivity increases slowly with the thick-
ening of nanofilms and the curve tends to be horizontal when
the thickness is greater than several micrometers. It demon-
strates that size effect can be neglected when film thickness is
large enough. While the structure size drops to several hun-
dreds of nanometers, thermal conductivity declines rapidly
with the decrease of film thickness and manifests a significant
size effect. Furthermore, thermal conductivity increases with
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FIG. 3. Phonon energy varied with wave vector (a), phonon average group velocity
(b) and phonon density of states (c) varied with energy under different prestress
fields.

FIG. 4. Phonon thermal conductivity as a function of thickness of GaN nanofilm
under different phonon mean free path Λ.

increasing the phonon mean free path Λ. While, the influence
of phonon mean free path on thermal conductivity diminishes
with the reduction of film thickness.

When the in-plane phonon thermal conductivity of GaN
nanofilms is suffered from the spatial confinement effects
and surface scattering effects, we consider three cases: (i)
spatial confinement effects only (QCE), (ii) surface scatter-
ing effects only (ISE), and (iii) spatial confinement effects
and surface scattering effects simultaneously (QCE +ISE).
Figure 5 shows the thermal conductivity varied with the thick-
ness under all cases above. It can be found from the figure that,
for only spatial confinement effects considered, thermal con-
ductivity declines rapidly when the thickness drops to several
nanometers, showing a significant spatial size effects. For only

FIG. 5. Contribution of spatial confinement and surface scattering on phonon
thermal conductivity of GaN nanofilms.
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surface scattering effects considered, thermal conductivity
performs size effects more significantly. When two effects
are considered simultaneously, the surface scattering will be
enhanced with the decrease of thickness, and the phonon
thermal conductivity of nanofilms declines two orders of mag-
nitude compared with bulk material.

After that, we further study the changes of phonon ther-
mal conductivity with temperature, thickness and specular
scattering coefficient considering spatial confinement and
surface scattering effects comprehensively. Figure 6 shows
the variation of phonon thermal conductivity with tempera-
ture under different thickness and specular scattering coef-
ficient. Obviously, phonon thermal conductivity decreases as
temperature rises as shown in figure 6. With decreasing the
film thickness, thermal conductivity is reduced, which can be
obtained in figure 6(a). When temperature rises, the influence

FIG. 6. Phonon thermal conductivity of GaN nanofilms as a function of temperature
with different thickness (a) and different specular scattering coefficient (b).

of thickness on phonon thermal conductivity will be weak-
ened. From figure 6(b), we obtain that the increase of specular
scattering coefficient enhances phonon thermal conductiv-
ity. It also indicates that specular scattering has an enhance-
ment effect on phonon thermal conductivity, and the impact
of specular scattering coefficient is slightly weakened with the
increase of temperature.

Figure 7 shows that phonon thermal conductivity varies
with the specular scattering and thickness at different tem-
peratures. Apparently, phonon thermal conductivity descends
as temperature rises, which is identical with the results in
figure 6. In figure 7(a), one can find that increasing specular
scattering coefficient promotes phonon thermal conductivity.
And phonon thermal conductivity declines rapidly due to the
decrease of film thickness, shown in figure 7(b). The results
manifest that the size effect of phonon thermal conductivity

FIG. 7. Variation of phonon thermal conductivity of GaN nanofilms with specular
scattering coefficient (a) and thickness (b) under different temperatures.
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is notably enhanced by surface scattering effects, which coin-
cides with the results in figure 6(b). From figures 6 and 7, it can
be noted that a significant variation occurs in phonon thermal
conductivity after introducing surface scattering effects and
spatial confinement effects. The phonon thermal conductivity
appears a reduction of two orders of magnitude and turns to
be one percent of bulk value.

Finally, we studied the impact of surface scattering effect
and spatial confinement effect on phonon thermal conduc-
tivity of GaN nanofilms under prestress fields. Figure 8 plots
the variation of phonon thermal conductivity with tempera-
ture under different prestresses in GaN nanofilms. Obviously,
phonon thermal conductivity rises along with the increase
of temperature in the range of 0 to 800K. Thermal con-
ductivity reaches peak value at 200 to 250K, and declines
rapidly in pace with the increase of temperature. It can also
be noticed from the figure that with the increase of the
stress from -10 GPa to 10 GPa, phonon thermal conductivity
increases in low temperature region, whereas it is decreased
in high temperature region. Furthermore, the influence of pre-
stress on κ is gradually weakened as temperature rises after
200 T.

Figure 9 shows the variation of the phonon thermal con-
ductivity with the thickness of nanofilms under different pre-
stress fields. As seen in figure 9, the phonon thermal con-
ductivity of GaN nanofilms declines with the decrease of the
thickness, and it performs significant size effect. At room tem-
perature, compressive stress enhances thermal conductivity
and tensile stress reduces thermal conductivity, comparing
with the conductivity of GaN nanofilms without prestress. Fig-
ure 10 further shows the variation of phonon thermal con-
ductivity with prestress fields under different thicknesses of
GaN nanofilms. One can find that phonon thermal conduc-
tivity increases when the applied stress changes from tensile

FIG. 8. Phonon thermal conductivity of GaN nanofilms as a function of temperature
with different prestress fields.

FIG. 9. Phonon thermal conductivity of GaN nanofilms as a function of thickness
with different prestress fields.

FIG. 10. Phonon thermal conductivity of GaN nanofilms as a function of prestress
with different thickness.

stress to compressive stress. That is, tensile stress reduces
conductivity and compressive stress increases conductivity.
Furthermore, the impact of compressive stress on κ is more
notable than which of tensile stress. Size effect of conductiv-
ity abates rapidly with the increase of tensile stress. On the
contrary, when compressive stress increases, the size effect
of conductivity is enhanced.

V. CONCLUSION
In this work, we theoretically discussed the influence of

spatial confinement, interface scattering and stress fields on
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phonon thermal conductivity of GaN nanofilms. The acoustoe-
lastic theory and Boltzmann transport approach are employed
to derive the phonon properties and phonon thermal conduc-
tivity of stressed GaN nanofilms. The numerical results show
that the phonon thermal conductivity can be increased by
either decreasing the temperature, increasing the thickness
of GaN film or reducing the prestress. In addition, considering
surface scattering effects, the present results also show that
the thermal conductivity can be significantly reduced and can
be enhanced by increasing the specular scattering coefficient.
As the structure size decreases, surface scattering effects
could be greatly strengthened. The size-dependent phonon
thermal conductivity appears a reduction of several orders of
magnitude compared to that of bulk material, and it turns to
be one percent of bulk value. After introducing the prestress
fields, we find that positive stress decreases the thermal con-
ductivity whereas negative stress increases it. It indicates the
possibility of modifying phonon thermal conductivity through
adjusting the value and direction of prestress fields. This work
contributes to the optimization of phonon thermal conduc-
tivity in nanostructures based on stress/strain engineering
and surface/interface scattering engineering, which would be
helpful to develop proper guidelines in designing nanodevices
with excellent performance.
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5S. Gradečak, F. Qian, Y. Li, H. Park, and C. M. Lieber, “GaN nanowire lasers
with low lasing thresholds,” Appl. Phys. Lett. 87, 173111 (2005).
6B. J. Baliga, “Gallium nitride devices for power electronic applications,”
Semicond. Sci. Technol. 28, 074011 (2013).
7H. Morkoc, Nitride Semiconductors and Devices (Springer-Verlag, Berlin,
1999).
8W. Joachim, “Technology and perspectives of GaN devices for innovative
microwave applications,” Microwave Conference (GeMIC), 1–4 (2008).
9M. Ikeda and S. Uchida, “Blue-violet laser diodes suitable for Blu-ray disk,”
Phys. Status Solidi A 194, 407–413 (2002).
10H. Zhong, A. Tyagi, N. N. Fellows, F. Wu, R. B. Chung, M. Saito, K. Fujito,
J. S. Speck, S. P. DenBaars, and S. Nakamura, “High power and high efficiency
blue light emitting diode on freestanding semipolar (10) bulk GaN substrate,”
Appl. Phys. Lett. 90, 233504 (2007).

11K. K. Chu, P. C. Chao, M. T. Pizzella, R. Actis, D. E. Meharry, K. B. Nichols,
R. P. Vaudo, X. Xu, J. S. Flynn, J. Dion, and G. R. Brandes, “9.4-W/mm
power density AlGaN-GaN HEMTs on free-standing GaN substrates,” IEEE
Electron Device Lett. 25, 596–598 (2004).
12X. A. Cao and S. D. Arthur, “High-power and reliable operation of ver-
tical light-emitting diodes on bulk GaN,” Appl. Phys. Lett. 85, 3971–3973
(2004).
13J. W. Raring, M. C. Schmidt, C. Poblenz, Y.-C. Chang, M. J. Mondry,
B. Li, J. Iveland, B. Walters, M. R. Krames, R. Craig, P. Rudy, J. S. Speck,
S. P. DenBaars, and S. Nakamura, “High-efficiency blue and true-green-
emitting laser diodes based on non-c-plane oriented GaN substrates,” Appl.
Phys. Express 3, 112101 (2010).
14A. Majumdar, “Microscale heat conduction in dielectric thin films,” J. Heat
Transfer 115, 7–16 (1993).
15A. A. Balandin, “Nanophononics: Phonon engineering in nanostructures
and nanodevices,” J. Nanosci. Nanotechnol. 5, 1015–1022 (2005).
16A. A. Balandin, E. P. Pokatilov, and D. L. Nika, “Phonon engineering in
hetero- and nanostructures,” J. Nanoelectron. Optoelectron. 2, 140–170
(2007).
17C. J. Szwejkowski, N. C. Creange, K. Sun, A. Giri, B. F. Donovan,
C. Constantin, and P. E. Hopkins, “Size effects in the thermal conductiv-
ity of gallium oxide (β-Ga2O3) films grown via open-atmosphere annealing
of gallium nitride,” J. Appl. Phys. 117, 084308 (2015).
18J. Anaya, S. Rossi, M. Alomari, E. Kohn, L. Tóth, B. Pécz, K. D. Hobart,
T. J. Anderson, T. I. Feygelson, B. B. Pate, and M. Kuball, “Control of the
in-plane thermal conductivity of ultra-thin nanocrystalline diamond films
through the grain and grain boundary properties,” Acta Mat. 103(15), 141–152
(2016).
19J. Felbinger, M. Chandra, Y. Sun, L. F. Eastman, J. Wasserbauer, F. Faili,
D. Babic, and D. Francis, “Comparison of GaN HEMTs on diamond and SiC
substrates,” IEEE Electron Device Lett. 28(11), 948–950 (2007).
20A. Wang, M. J. Tadjer, and F. Calle, “Simulation of thermal management
in AlGaN/GaN HEMTs with integrated diamond heat spreaders,” Semicond.
Sci. Technol. 28, 055010 (2013).
21S. Yang, S. H. Liu, Y. Y. Lu, C. Liu, and K. J. Chen, “AC-capacitance
techniques for interface trap analysis in GaN-based buried-channel
MIS-HEMTs,” IEEE Transactions on Electron Devices 62(6), 1870–1878
(2015).
22J. W. Pomeroy, M. Bernardoni, D. C. Dumka, D. M. Fanning, and M. Kubal,
“Low thermal resistance GaN-on-diamond transistors characterized by
three-dimensional Raman thermography mapping,” Appl. Phys. Lett. 104,
083513 (2014).
23G. Chen, “Thermal conductivity and ballistic-phonon transport in the
cross-plane direction of superlattices,” Phys. Rev. B 57(23), 14958–14973
(1998).
24M. D. Kamatagi, N. S. Sankeshwar, and B. G. Mulimani, “Thermal conduc-
tivity of GaN,” Diamond Relat. Mater. 16, 98–106 (2007).
25A. AlShaikhi, S. Barman, and G. P. Srivastava, “Theory of the lattice thermal
conductivity in bulk and films of GaN,” Phys. Rev. B 81, 195320 (2010).
26G. Zhou and L. L. Li, “Phonon thermal conductivity of GaN nanotubes,”
J. Appl. Phys. 112, 014317 (2012).
27A. Venkatachalam, W. T. James, and S. Graham, “Electro-thermo-
mechanical modeling of GaN-based HFETs and MOSHFETs,” Semicond. Sci.
Technol. 26, 085027 (2011).
28M. G. Ancona, S. C. Binari, and D. J. Meyer, “Fully coupled thermoelec-
tromechanical analysis of GaN high electron mobility transistor degrada-
tion,” J. Appl. Phys. 111, 074504 (2012).
29S. Choi, E. Heller, D. Dorsey, R. Vetury, and S. Graham, “The impact of
mechanical stress on the degradation of AlGaN/GaN high electron mobility
transistors,” J. Appl. Phys. 114, 164501 (2013).
30R. Zhang, W. S. Zhao, and W. Y. Yin, “Investigation on thermo-mechanical
responses in high power multi-finger AlGaN/GaN HEMTs,” Micr. Relib. 54,
575–581 (2014).
31M. Liangruksa and I. K. Puri, “Lattice thermal conductivity of a silicon
nanowire under surface stress,” J. Appl. Phys. 109, 113501 (2011).

AIP Advances 9, 015024 (2019); doi: 10.1063/1.5079275 9, 015024-9

© Author(s) 2019

 27 Septem
ber 2024 13:44:34

https://scitation.org/journal/adv
https://doi.org/10.1016/s0921-5107(00)00767-4
https://doi.org/10.1021/nl015667d
https://doi.org/10.1038/nmat728
https://doi.org/10.1038/nature01551
https://doi.org/10.1063/1.2115087
https://doi.org/10.1088/0268-1242/28/7/074011
https://doi.org/10.1002/1521-396x(200212)194:2<407::aid-pssa407>3.0.co;2-n
https://doi.org/10.1063/1.2746418
https://doi.org/10.1109/led.2004.833847
https://doi.org/10.1109/led.2004.833847
https://doi.org/10.1063/1.1810631
https://doi.org/10.1143/apex.3.112101
https://doi.org/10.1143/apex.3.112101
https://doi.org/10.1115/1.2910673
https://doi.org/10.1115/1.2910673
https://doi.org/10.1166/jnn.2005.175
https://doi.org/10.1166/jno.2007.201
https://doi.org/10.1063/1.4913601
https://doi.org/10.1016/j.actamat.2015.09.045
https://doi.org/10.1109/led.2007.908490
https://doi.org/10.1088/0268-1242/28/5/055010
https://doi.org/10.1088/0268-1242/28/5/055010
https://doi.org/10.1109/ted.2015.2420690
https://doi.org/10.1063/1.4865583
https://doi.org/10.1103/physrevb.57.14958
https://doi.org/10.1016/j.diamond.2006.04.004
https://doi.org/10.1103/physrevb.81.195320
https://doi.org/10.1063/1.4736421
https://doi.org/10.1088/0268-1242/26/8/085027
https://doi.org/10.1088/0268-1242/26/8/085027
https://doi.org/10.1063/1.3698492
https://doi.org/10.1063/1.4826524
https://doi.org/10.1016/j.microrel.2013.10.017
https://doi.org/10.1063/1.3583668


AIP Advances ARTICLE scitation.org/journal/adv

32L. L. Zhu and H. H. Ruan, “Influence of prestress fields on the phonon
thermal conductivity of GaN nanostructures,” ASME J. Heat Transfer 136,
102402 (2014).
33H. N. Luo and L. L. Zhu, “Effects of surface stress on the phonon properties
in GaN nanofilms,” J. Appl. Mech. 82, 111002 (2015).
34L. L. Zhu and H. H. Ruan, “Effects of pre-stress and surface stress on
phonon thermal conductivity of rectangular Si nanowires,” Applied Physics
A 119, 253–263 (2015).
35L. L. Zhu and H. N. Luo, “Phonon properties and thermal conductivity
of GaN nanofilm under prestress and surface/interface stress,” J. Alloy.
Compd. 685, 619–625 (2016).
36A. V. Osetrov, H.-J. Frohlich, R. Koch, and E. Chilla, “Acoustoelastic effect
in anisotropic layered structures,” Phys. Rev. B 62, 13963–13969 (2000).
37Y.-H. Pao and U. Gamer, “Acoustoelastic waves in orthotropic media,”
J. Acoust. Soc. Am. 77, 806–812 (1985).
38B. A. Aula, Acoustic fields and waves in solids (Wiley, New York, 1973).

39G. Chen, “Size and interface effects on thermal conductivity of super-
lattices and periodic thin-film structures,” J. Heat. Transfer 119, 220–229
(1997).
40N. W. Ashroft and N. D. Mermin, Solid State Physics (Saunders, Philadel-
phia, 1976).
41P. Martin, Z. Aksamija, E. Pop, and U. Ravaioli, “Impact of phonon-surface
roughness scattering on thermal conductivity of thin Si nanowires,” Phys.
Rev. Lett. 102, 125503 (2009).
42J. Zou, “Lattice thermal conductivity of freestanding gallium nitride
nanowires,” Appl. Phys. 108, 034324 (2010).
43S. P. Pkowski, J. A. Majewski, and G. Jurczak, “Nonlinear elasticity in III-N
compounds: Ab initio calculations,” Phys. Rev. B 72, 245201 (2005).
44S. P. Pkowski and I. Gorczyca, “Ab initio study of elastic constants in
InxGa1-xN and InxAl1-xN wurtzite alloys,” Phys. Rev. B 83, 203201 (2011).
45E. K. Sichel and J. I. Pankove, “Thermal conductivity of GaN, 25–360 K,”
Phys. Chem. Solids. 38, 330 (1977).

AIP Advances 9, 015024 (2019); doi: 10.1063/1.5079275 9, 015024-10

© Author(s) 2019

 27 Septem
ber 2024 13:44:34

https://scitation.org/journal/adv
https://doi.org/10.1115/1.4028023
https://doi.org/10.1115/1.4031150
https://doi.org/10.1007/s00339-014-8958-2
https://doi.org/10.1007/s00339-014-8958-2
https://doi.org/10.1016/j.jallcom.2016.05.314
https://doi.org/10.1016/j.jallcom.2016.05.314
https://doi.org/10.1103/physrevb.62.13963
https://doi.org/10.1121/1.392384
https://doi.org/10.1115/1.2824212
https://doi.org/10.1103/physrevlett.102.125503
https://doi.org/10.1103/physrevlett.102.125503
https://doi.org/10.1063/1.3463358
https://doi.org/10.1103/physrevb.72.245201
https://doi.org/10.1103/physrevb.83.203201
https://doi.org/10.1016/0022-3697(77)90112-3

