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Abstract

The effect of surface/interface stress on phonon properties and thermal
conductivity of GaN-based heterostructural nanofilms was theoretically investigated
through the involvement of stress-dependent elastic modulus of nanostructures. The
elastic model was used to quantitatively describe the spatially confined phonons in a
GaN-based nanofilm under surface/interface stresses. The relationship between
surface/interface stress and phonon thermal conductivity was further calculated for
different phonon modes. Numerical results show that the positive (negative)
surface/interface stress increases (decreases) the phonon energy and phonon group
velocity while decreases (increases) the phonon density of state. With the increase of
surface/interface stress, the phonon thermal conductivity of a nanofilm increases in
SH mode but decreases in AS and SA modes. The surface/interface stress can also

alter the temperature dependence of phonon thermal conductivity in heterostructural

* Author to whom correspondence should be addressed; electronic mail: llzhu@zju.edu.cn (Linli Zhu).
1

*


mailto:llzhu@zju.edu.cn
https://www.editorialmanager.com/apya/download.aspx?id=294788&guid=3aa5d286-c98a-4c95-8f3e-562d380a417e&scheme=1

OCoO~NOUAWNE

nanofilms. These simulation results will contribute to the analysis of heat transport in
GaN-based heterostructural nanostructures and provide the theoretical support for the

thermal performance design and optimization in GaN-based electronic devices.

Keywords: AIN/GaN/AIN nanofilms; Surface/interface stress; Effective elastic

modulus; Phonon properties; Phonon thermal conductivity; Elastic model.

1 Introduction

The change of the bonding mode of surface atoms gives rise to electron
redistribution and surface stress [1-4]. As a result, the surface energy and elasticity
differ from those of the bulk. Because the thickness of surface layer is usually only of
several atoms, the influence of surface layer on the overall mechanical behaviors is
negligible if the concerned material is in micrometer scale and above. However, with
a geometric dimension reduces into nanoscale, the occupancy of surface layer in the
whole volume of a material increases rapidly, leading to the necessity to consider the
influence of surface energy/stress. Besides the well-studied influence on mechanical
properties [5-9], the surface energy/stress can also alter thermal, electrical, magnetic
and optical properties [10-12]. Because semiconductor nanostructures have been
widely used in micro/nanoelectronic devices such as transistors and sensors [13-17], it
is of great significance to explore the effect of surface energy/stress on the physical
properties in semiconductor nanostructures for the design and reliability analysis of

micro/nano devices.
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A lot of work have been carried out to investigate the effects of
surface/interface energy and surface/interface stress on the mechanical and physical
properties of nanostructures [6, 7, 18-21]. The first systematic description of the
surface mechanical behavior of solids was developed by Gurtin and Murdoch [22] in
the framework of continuum mechanics, which has been widely used in the analysis
of the size-dependent elastic properties of nanostructures [23-26]. For _example,

Karimi et al. used the Gurtin-Murdoch’s theory to analyze the surface and

nonlocal effects on the vibration and buckling behaviors in double/multi-layers

nanoplates including the magneto-electro-thermo-elastic nanoplates [21, 27-30].

When there is no external loading, the nanostructure could be subjected to the residual
stress induced by the surface tension. Wang et al. demonstrated that the surface
tension and related residual stress could affect the elastic modulus of the
heterogeneous nanostructure [31]. Miller et al. found that some important physical
properties of nanostructures such as elastic modulus, melting point and yield strength,
are size-dependent, and the surface/interface energy can be introduced into the total
strain energy of nanostructures to explain the size dependence of mechanical
properties [32]. Liangruksa et al. [33] used a continuum mechanics model to study the
relationship between surface stress and phonon properties of Si nanowires and found
that the surface stress significantly affected the phonon dispersion relationship and the
lattice thermal conductivity. It has also been proved in both simulations and
experiments that the surface roughness of Si nanowires can significantly affect the

phonon mean free path and lattice thermal conductivity [34, 35]. Furthermore, Zhu
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and his coworkers applied an elastic model to investigate the effects of stress fields on
phonon properties and phonon thermal conductivity of nanostructures, in which the
acoustoelastic and surface/interface stress effects were involved [36-39]. Since
semiconductor nanostructures in actual micro/nanoelectronic devices are often
heterostructural nanofilms [40-44], it is necessary to provide an insight into the
phonon properties and thermal properties of heterostructural nanofilms. For instance,
Zou et al. modeled lattice thermal conductivity in AIN/GaN/AIN heterostructural
nanofilms considering the effects of partial phonon spatial confinement [45]. These

studies have demonstrated that surface/interface properties significantly

influence the mechanical and physical properties of the heterostructural

nanostructures. However, their influence on phonon properties and thermal

conductivity of semiconductor heterostructural nanofilms is rarely studied so far.

In this work, the phonon properties and phonon thermal conductivity of
GaN-based heterostructural nanofilms are calculated by considering the effects of
guantum confinement and the surface/interface stress. The effective elastic moduli of
each layer in a heterostructure are obtained in the framework of continuum mechanics

considering the surface energy/surface stress effects. Such an elastic_model is

applied to describe the confined phonons for shear (SH) mode, dilatational (SA)

mode and flexural (AS) mode in heterostructural nanofilms. Numerical results

show that the surface /interface stress can significantly influence the phonon

properties and phonon thermal conductivity in GaN-based heterostructural

nanofilms. The positive (negative) surface/interface stresses increase (decrease)
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the phonon energy and phonon group velocity while decrease (increase) the

phonon density of state for SH mode of phonons. With increasing the

surface/interface stresses from negative value to positve one, the phonon thermal

conductivity for SH mode is enhanced significantly while that for AS mode and

AS mode is weakened slightly in GaN-based heterostructural nanofilms. These

results will provide the theoretical support for precisely predicting the phonon

and thermal properties in heterogeneous nanostructures and controlling these

properties through surface/interface engineering.

2 Theoretical model

2.1 Continuum elastic model of confined phonons in heterostructural nanofilms
A three-layered nanofilm composed of AIN, GaN and AIN is studied as an

example of GaN-based heterostructural nanofilm. The acoustic phonons of spatially

confined nanofilms can be well described by the continuous elastic model [46-49]. It

is assumed that each layer in the heterostructural film is isotropic in the natural state,

as shown in Fig. 1. Then, the vibration control equation of the heterostructural

nanofilms can be expressed as

ou 0 = ou
b= —(Cyjy (%) =), (1)
ot ox, o M o,

]

p(%s)

where p, Cy,, and uare the density, elastic modulus tensor and the displacement
tensor, respectively, the subscripts i, j, k, | are the indices of Cartesian coordinate axes.

X1 and X2 represent the plane directions of the thin film as shown in Fig.1; and X3

represents the thickness direction of the thin film, which is also the hexagonal axis



OCoO~NOUAWNE

direction of AIN and GaN crystals in the film. Since the density and elastic moduli of
GaN are different from those of AIN, these parameters become the function of x3 in a

heterostructural film.

Due to the heterogeneity of GaN-based nanofilms, the variations of density and

elastic modulus tensor with the thickness of the film are given by:

t t — t t
PaN ’_%_tAIN SXS— G;N CijAIN ’_%_tAIN SX3S— GSN
tGaN tGaN C ~ tGaN tGaN 2
P(X3) =14 Poan s~ 5 <X < 9 ’Cij(XS) = CijGaN 1 9 X< 5 , (2)
P S < x, < lea G S < x, < Jot g
AN T 3 5 AIN AN 3 5 AIN

where C; is the effective elastic modulus tensor involving the influence of
surface/interface residual stresses, which will be detailed in Section 2.2. Here, we
have used the Voigt notation to contract the indices, i.e., (iijj) = (ij), (12)—>(6),
@3)—> (5), and (23) —> (4). The solution of displacement field of the membrane
vibration satisfying Eq. (1) is obtained as:

U=0(x;)exp[i(at—q-x)I, 3)
where », g, and Tare the phonon frequency, wave vector and amplitude of the
displacement vector, respectively. Substituting Eq. (3) into Eq. (1) leads to:

DU (X,) =—pao’T (%), (4)

where
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o d? dC,, d o~ = .d .dC
C,—-C0°+ —% — -igq(C,+C,,) ——iqg—*
44 dX§ llq dXS dX3 q( 13 44) dX3 q dX3
= 0 = dC,, d
D=0 C,—-C..0°+ M 0 :
“ ox? s dx, dx, ®)
d(f - d* = dC,, d
-iq(C,,+C ) 13 0 C,—-C,0°+—==—
I 13 44 X, dX3 33 dX32 44 dXS dXS |
The boundary condition is
H
X1:i3,61320'23263320. (6)

For the shear (SH) mode, the film displacement form is T =(0,u,,0), and the eigen

equation satisfy:

d2U dC da,
44(X3) dXs +(P(X3)a7 Cse(xs)q ), + dX? dXS

(7)

For the dilatational (SA) mode and flexural (AS) mode, U =(u,0,u,), the eigen

equations are given as follows:

d’a,
44(X3) ax2 'q(cls(x )+C44(X3)) +(p(X )a) Cll(x3)q )G,
3 X3
dCun G
dx, dx, = dx, °
d’a, ' ®)
33(X3) e, |q(C13(x3)+C44(x )) +(p(X3)a) C44(X )q’ ),
3 X,
N d633 da, _ig dém T -0
dx, dx,  dx,

With the boundary conditions and the elastic modulus tensors of GaN and AIN layers,

the phonon dispersion relation of SH, SA and AS modes can be numerically solved.

2.2 Effective elastic modulus in each layer of heterostructural nanofilm

Usually, the volume of surface layer is much smaller than the total volume of a
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structure, hence the surface energy is often neglected in traditional continuum
mechanics. However, the surface energy has a significant impact on the elastic
properties of nanostructures due to the significant volume ratio of surface layer.
Therefore, the effective elastic modulus of a nanostructure can be derived by
involving the surface energy into the total strain energy in the continuum mechanical

framework [5, 50, 51]. The total strain energy of a nanostructure consists of the bulk

strain energy U, and the surface energyU expressed as

surface !

U :Ubulk +Usurface
2V Y/ 2 Vv 2 , 9)
= H_Orijgij +EO(Cijkl +H_Qijk|)5ij5k| +€0(Ci§il)mn +H_ Pijklmn)gijgklgmn
0 0 0

where C,, and C§)  are the second-order and third-order elastic constants of a

ijklmn

crystalline material, respectively, I'; is related to the residual surface stress Ffj},,

i @ ®
Qju and Py, are related to the surface elastic constant tensors T} andI". ;. .

respectively, H, refers to the thickness of nanofilm, V, is the volume of the film,

0

and ¢; is the strain tensor. Then, the effective elastic modulus of a nanofilm can be

expressed as [5]

C=tY oGyt 2 (Q+COM,T,) (10)
ijkl Voagijagkl ijkl H . ijkl ijklmn " mnpg ™ ij/ 1
where M =C;q represents the compliance tensor of a crystalline material. This

effective elastic modulus tensor can be simplified as follows:
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2 S S
C,=C, +H_|:(K +u7)+Tyn(

0

~ ar',m

33 = C11 +

2C112 _ Clll + CllZ ):|
Cll C12

(C111 . Cy, ) C —C.+ 2 (20112 . Chs +Cy, )
113 12
H, Cy, C, H, Cy Cp,

— 2 C C
C :C 4= KS_ S +2T 123~ 112
12 12 H, {( 1) ul( C. C, )

= 2I',n| 2C C.+C = 2| C C
Cu=Cu+ Hll [ C155 - 144C = } 'Cos =Cyy + ™R {/‘ + 21—‘1177(% B ﬁ)}
0 1 12 0 1 12

where n=C,C,/(C,+2C,)(C,-C,), I'y=T s the residual stress on the
surface. K®andu® are the surface bulk and shear moduli, respectively, which are

relatedto T'?) .

For a heterostructural nanofilm consisting of two AIN layers and one GaN layer
as shown in Fig.1, one can assume for simplicity that such a heterostructural nanofilm
is a symmetrical structure. It means that the surface energy/stresses at top and bottom
layers are identical, and the interfacial energy/stresses at the two GaN-AIN interfaces
are also the same. In order to derive the effective elastic modulus of each layer in the
heterostructural nanofilm, suppose that the interfacial energy between GaN and AIN

can be expressed as

U :UiIN +UOSGaN J (12)

interface

where U3, is the surface energy of a AIN layer, and U, is the effective

surface/interface energy of the GaN layer. Then, the GaN-based heterostructural

nanofilm can be separated into two AIN layers with the surface energy of U3, and

one GaN layer with the surface energy of U, . Thereby, the total strain energy of

AIN layer and GaN layer can be written respectively as

UAIN :U/lf\lljrlxlk +Uf\|N ) (13)

9
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and

Ucan =Uean +Yocan - (14)
Here, the energy U3, involves the surface stress at the top and bottom surfaces, and
the energy Ug,,, includes the effective interface stress for the interface between
GaN layer and AIN layer. Substituting Egs. (13) and (14) into Eq. (10), the effective

elastic modulus of AIN layer and GaN layer can be expressed as

CAIN Clﬁ(||N = H (QAIN AINM AIN l—wf\IN)

ijkl ijkl |Jk|mn mnpg~ ij
AIN
. (15)
~ GaN GaN GaN 3)GaN GaN 1~0GaN
Cukl Cukl +t—= H (Qljkl |Jklmn anpqru )

GaN

Let T, =T7" and T, =" represent the surface stress of AIN layer and
AIN-GaN interfacial stresses, respectively. Combining Egs. (11) and (15) with the Egs.
(6)-(8), one can analyze the influence of surface/interface stress on the phonon

properties of a GaN-based heterostructural nanofilm.

2.3 Phonon thermal conductivity of heterostructural nanofilms

Phonon thermal conductivity is one of the important physical properties of
semiconductor materials. According to the elastic model described in subsection 2.2,
one can obtain the phonon dispersion relations for different modes of an
AIN/GaN/AIN heterostructural nanofilm by using the finite difference method. Then,
the phonon group velocity and phonon density of state can further be determined. The

phonon group velocity is defined as

v,(q) = d‘:—éq) (16)
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The subscript n is the quantum number of the mode with a given polarization
direction. For a spatially confined nanofilm,n=H/a, where a is the lattice
constant. The phonon density of state (DOS) is defined as the total number of phonon
mode number per unit volume in a unit frequency range, which could be expressed for
a nanofilm as

111 1
| T = I

n

The DOS for different modes (SA, AS, SH) can be calculated respectively, so that the
total density of state is summed by
Flw)=> f.(o)- (18)

Heat flow under small temperature gradient VT can be expressed as:

N
3 == (Ng, =N, )i, (@), (), (19)

q,n
where N, and N;’,n represent the non-equilibrium phonon distribution and the
equilibrium phonon that conforms to Bose-Einstein distribution, respectively. Using

the steady-state Boltazmann equation [45]:

New o
Nq,n =_[Vn(q)'VT]Tn (q)a—T+ Nq,n . (20)

and noting the definition J =—&VT , the expression of phonon thermal conductivity

can be obtained as [49]:

=35k (ejz_e;)z L0 ()5 (e, @)

where, X=hw!k;T, K;, 7,, and T are the Boltazmann constant, phonon relaxation

time, and temperature, respectively.

11
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There are many phonon scattering mechanisms in semiconductor materials
relating the phonon relaxation timer, . Since this work focuses on the influence of
surface/interface stress on phonon behavior and thermal conductivity in
heterostructural nanofilm, the phonon boundary scattering mechanism is neglected
based on the assumption of smooth boundaries. In the following analysis, Umklapp
scattering rate r, , point defect scattering rate r,, , and acoustic phonon-electron

scattering rate 7, are considered; and the relaxation time follows Matthiessen rule,

e

given as [45, 48, 49]

-1 1 -1 -1
T =) Tt Ty (22)

Here, the Umklaap scattering rate is given by

izzkaB_Ta)_z

Ty MYy @y

where yis the anharmonic parameter of Grunieisen, g _is Debye frequency,

Vv, =\/§a2c/8 is the monatomic volume with a and ¢ being the lattice constants.

The expression of point defect scattering rate is given by
1 Vo

= —
T, A4r

(24)

where V is the phonon group velocity and I' is the measure of scattering length.

In the case of low doping density, the phonon-electron scattering relaxation time

2 2 2
1 _ [zmV exp(_yrm\/ ) neila) | (25)
Tonoe 2k, T 2k, T pV.K T

where V, is the effective mass of a potential electron, n, is the carrier density, ¢,

can be expressed as

is_the deformation potential, m"is the electron effective mass, and p _is the

density. The parameters used in_the following calculation are y=0.74 ,

@, =830K ,_ I'=2.49x10%, n =2.3x10"cm™>®_ & =10.1eV, and_m" =0.22m,,
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where me is the electron mass [52-54].

3 Results and Discussion
3.1 Influence of surface/interface stress on phonon properties
In this section, we carry out numerical calculations for different GaN-based

heterogeneous nanofilms to discuss the phonon properties under different
surface/interface stresses. The elastic modulus of wurtzite GaN and AIN used in the
calculation are shown in Table 1 [55, 56]. The equibiaxial surface stress can be tensile
or compressive depending on the adhesion of the surface atom to its neighboring
atoms. Hence, three typical surface/interface stresses are selected, namely, 5 N/m, -5
N/m, and zero stress. We compare four kinds of nanofilms with the thickness of 6 nm.
They are the homogeneous GaN nanofilm, homogeneous AIN nanofilm, and
GaN-based heterostructural nanofilms with the interlayer thicknesses of 3nm and 2nm,
respectively.

Taking SH mode as an example, the influences of surface/interface stress on

phonon properties are calculated. Figures 2 and 3 plot the dispersion relations of

four kinds of nanofilms with different surface/interface stresses. Due to the

spatial confinement effect on phonons in nanofilms, there are a set of curves for

SH mode in figures 2 and 3. In Figs. 2(d) and 3(d) for the GaN and AIN

naonfilms, respectively, the two oblique lines represent the dispersion relations of

the bulk GaN and bulk AIN, respectively, and the other dispersion relation

curves become closer to these two characteristic lines with increasing the wave

13
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vector. The results of heterostructural nanofilms also contain these characteristic

lines, as shown in Figs. 2(a-c) and 3(a-c). With the increase of wave vector, the

dispersion relation curves become closer to GaN characteristic line, belong to the

GaN layer in the heterostructural films, and those closer to AIN characteristic

line represent the modes from AIN layers. By comparing phonon dispersion curves

under different surface/interface stresses in the figure, it can be observed that positive
surface/interface stress increases phonon energy, and vice versa. When the phonon
wave vector is at the truncation frequency (g=0), there is almost no influence of
surface/interface stress on the phonon energy. With the increase of the wave vector,
the influence of surface/interface stress becomes gradually more significant, which is
the case for the four nanofilms studied. It is further noted that the effect of
surface/interface stress in the heterostructural nanofilms is more significant than that

in the homogenous nanofilms. This is because with the same thickness of the

nanofilm, there are two additional interfaces in heterostructural nanofilms.

According to the dispersion curves, the phonon group velocity can be calculated

as shown in figures 4 and 5. The group velocity of phonon is derived from

dispersion relations, leading to that there exit a set of curves for group velocity of

phonons in figures 4 and 5. In Figs. 4(d) and 5(d) for the GaN and AIN nanofilms

respectively, the straight lines represent the phonon group velocity. It is noted that the
phonon group velocity in GaN is much lower than that in AIN. Different from the
homogeneous materials, the group velocity curves of the heterogeneous structures

oscillate with g, as shown in Figs. 4(a-c) and 5(a-c). This is originated from the

14
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thickness-dpendent elastic properties in heterostructural nanofilms, leading to

the coupling effect of atomic vibrations. With the increase of wave vector, the group

velocity curves converge to the group velocity lines of bulks. Further, one can note
that the surface/interface stress significantly affects the phonon group velocity of the
nanostructure. That is, the positive surface stress increases the phonon group velocity,
and vice versa. The average group velocities of the four kinds of nanofilms under
different surface/interface stresses are shown in Figure 6, which also shows that the
phonon average group velocity increases with surface and interface stresses. One can
also notice from Figs. 4-6 that the influences of surface/interface stresses on the
phonon (average) group velocity of heterostructural nanofilms are more significant
than of homogeneous nanofilms because of the interfaces.

The phonon DOS can also be calculated from Eq. (17) for various nanofilms.
Figure 7 compares the phonon DOS of homogenous and heterostructural nanofilms
with different surface/interfaces stresses. It is noted that with the increase of phonon
energy, the DOS increases stepwise and then decreases after reaching a peak, which is
caused by the quantum confinement effect. It can be found that the existence of
surface/interface stress changes the peak value of DOS and the corresponding phonon
energy. That is, the positive surface/interface stress reduces the peak value of DOS
and makes the peak value appear in the region with higher phonon energy, and vice
versa. Note that the effect of surface/interface stress on phonon DOS is opposite to
that on phonon group velocity, because the phonon density of state is inversely

proportional to the phonon group velocity.
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3.2 Influence of surface/interface stress on phonon thermal conductivity

With the phonon dispersion relation, group velocity and DOS, the phonon
thermal conductivity at different temperatures and under different surface/interface
stresses can be numerically calculated based on Eqg. (21). Suppose that the
surface/interface stress varies from -10 N /m to 10 N/m, and all the surface/interface
stresses in these surfaces and interfaces are in the same direction. When the
temperature is 300K, the phonon thermal conductivities in SH mode of different
nanofilms are shown in Fig. 8(a). As the surface/interface stress increases from
negative to positive, the phonon thermal conductivity of the four nanostructures
increases accordingly. Among them, the thermal conductivity of homogeneous AIN is
the highest, while that of homogeneous GaN is the lowest. In the AS mode, the
thermal conductivities of the heterostructural nanofilms and AIN nanofilm decrease
with the increase of surface/interface stress as shown in Fig. 8(b), while only that of
the GaN nanofilm, on the contrary, increases with the increase of surface/interface
stress. When the surface/interface stress is larger, the upward trend is more obvious.
The results in SA mode are plotted in Fig. 8(c), which shows that the phonon thermal
conductivities in AS and SA modes have a similar trend with the change of
surface/interface stress.

Note that with increasing the surface/interface stress, the stress-dependent

thermal conductivity of GaN nanofilm is different from that of AIN nanofilm and

heterostructural nanofilms in SA and AS modes, as shown in Fig. 8. Such a

16
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phenomenon originates from the difference of effective elastic modulus C., in

GaN and AIN nanofilms. The dispersion relations for SA and AS modes are

sensitive to C,, as indicated by Eq. (8). Since the elastic modulus Cqss is

negative in GaN but becomes positive in AIN as shown in Table 1, as a result the

effective  modulus C,, increases in GaN and decreases in AIN with

surface/interfae stress. AIN layers are dominant in the heterostructured nanofilm,

therefore, the stress dependence of thermal conductivity in AS and SA modes is

similar in the AIN and heterostructured nanofilms.

The phonon thermal conductivity of GaN-based heterostructural nanofilms at
100K, 300K and 500K is further calculated and depicted in Fig. 9. For SH mode as
shown in Fig. 9(a), the phonon thermal conductivity keeps increasing as the
surface/interface stress increases from negative to positive magnitudes. Fig. 9(a)
indicates that the stress dependence (i.e., the slops) of phonon thermal conductivity
curves varies with temperature, i.e., the lower temperature results in the more
significant dependence on surface/interface stress. Figs. 9(b) and 9(c) show the
phonon thermal conductivities in AS and SA modes at different temperatures. The
variation of thermal conductivity of heterostructural nanofilms at different
temperatures is consistent with that in Figs. 8(b) and 8(c). With the surface/interface
stress varied from -10 N/m to 10 N/m, the phonon thermal conductivity in SA and AS
modes gradually decreases. One may also note that the influence of surface/interface
stress on the thermal conductivity of SH mode is much more notable than those of SA

and AS modes.
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Finally, the temperature dependence of phonon thermal conductivity under
different surface/interface stresses can also be obtained. Taking 5 N/m, 0 N/m, -5 N/m
as examples, the calculation results for SH, SA and AS modes are shown in figure
10.With the increase of temperature, phonon thermal conductivities in the three modes
rises first and then descends. The peaks of phonon thermal conductivity in the three
modes occur at different temperatures, which are also affected by surface/interface
stress. In Fig. 10, it is more clearly shown that the surface/interface stress has a more
significant impact on the thermal conductivity in SH mode than those in SA and AS
modes. While the temperature increases from the low temperature to the critical value
of maximum conductivity, the influence of surface/interface stress becomes gradually
more remarkable. With the further increase of temperature, the effect of

surface/interface stress on thermal conductivity becomes gradually weaker.

4 Conclusion and Remarks

In summary, the effects of surface/interface stress on the phonon and thermal
properties of GaN-based heterostructural nanofilms are investigated theoretically.
Considering the influence of surface/interface stress on the elastic modulus, a
modified elastic model is applied to analyze quantitatively the influence of
surface/interface stress on phonon properties such as the phonon dispersion relation,
group velocity, DOS, and on the phonon thermal conductivity of nanofilms.

Numerical results demonstrated that surface/interface stress can significantly

change phonon properties and the phonon thermal conductivity of GaN-based
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nanofilms. With the surface/interface stress varied from negative to positive
magnitude, the phonon thermal conductivity of the nanostructure increases in SH

mode but deceases in AS and SA modes, owing to the different effect of

surface/interface stress on the effective modulus. It is further found that the phonon

thermal conductivity in nanofilms is affected by the surface/interface stress and
temperature. These results will be helpful to optimize phonon properties and phonon
thermal conductivity of heterostructural nanofilms through surface/interface
engineering, and provide the theoretical basis for the rational design of GaN-based
electronic devices with excellent performance in the future.

It should be pointed out that the proposed theoretical description of the

phonon properties and thermal conductivity of nanofilms are applicable to the

case that the phonons spatially confined in nanostructures. The theoretical model

does not involve phonon scattering at surfaces and interfaces, which could affect

the phonon transport along the in-plane and transversal directions, as shown in

Ref. [57-60]. Therefore, our model could be further developed to involve the

influence of surface/interface phonon scattering. In addition, our work has

shown the effects of surface/interface stress on thermal conductivity in different

phonon modes. Therefore, the exact heat transfer behavior in GaN-based

nanoelectronic devices is also an important topic for further investigation.
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Table 1. Elastic modulus of AIN/GaN/AIN nanofilms used in simulations.

C11(GPa) C13(GPa) C55(GPa) C111(GPa) | C123(GPa)
252 129 148 -1213 -253
GaN
C144(GPa) | C155(GPa) | C112(GPa) | C456(GPa) p(kg/m3)
-46 -606 -867 -49 6100
C11(GPa) C13(GPa) C55(GPa) C111(GPa) | C123(GPa)
282 149 179 -1073 -61
AIN
C144(GPa) | C155(GPa) | C112(GPa) | C456(GPa) p(kg/md)
57 -757 -965 -9 3235
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Figure 1. Schematical drawing for GaN-based heterostructural nanofilm.The dark part

refers to GaN layer and the white parts refer to AIN layers.
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Figure 2. The phonon dispersions of AIN/GaN/AIN(1.5nm/3nm/1.5nm) nanofilm and

GaN nanofilm with different surface/interface stresses for SH mode.
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Figure 3. The phonon dispersions of AIN/GaN/AIN(2nm/2nm/2nm) nanofilm and AIN

nanofilm with different surface/interface stresses for SH mode.
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Figure 4. The phonon group velocities as the function of wave vector for
AIN/GaN/AIN(1.5nm/3nm/1.5nm) nanofilm and GaN nanofilm with different

surface/interface stresses for SH mode.
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Figure 5. The phonon group velocities as the function of wave vector for

AIN/GaN/AIN(2nm/2nm/2nm)  nanofilm

surface/interface stresses for SH mode.
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Figure 6. The phonon average group velocities as the function of phonon energy for
AIN/GaN/AIN(2nm/2nm/2nm) nanofilm and AIN nanofilm with different

surface/interface stresses for SH mode.
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Figure 8. The phonon thermal conductivities of SH mode (a), AS mode (b) and SA (c)

mode as the function of surface/interface stress for GaN-based heterostructural
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nanofilms, GaN nanofilm and AIN.
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Figure 9. The phonon thermal conductivities of SH mode (a), AS mode (b) and SA (c)
mode as the function of surface/interface stress for GaN-based heterostructural

nanofilm with different temperatures.
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Figure 10. The phonon thermal conductivities of SH mode (a), AS mode (b) and SA (c)
mode as the function of temperature for GaN-based heterostructural nanofilm with

different surface/interface stresses.
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