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Abstract

The acoustic phonon and thermal properties of GaN-based heterostructured nanofilms are
investigated theoretically considering the effects of quantum confinement and prestress fields. The
continuum elastic model is utilized to derive the acoustic phonon dispersion relations of GaN-based
nanofilms in which the prestress fields are taken into account. The numerical results demonstrate that
prestress fields can alter acoustic phonon properties significantly, such as dispersion relation and
phonon group velocities. The trend of variation turns to be opposite as the direction of prestress fields
reverses. The change of phonon properties under various prestress fields is sensitive to the thickness of
core layer in heterostructured nanofilms. Moreover, the modification of acoustic phonon properties
in heterostructured nanofilms under prestress fields gives rise to the change of phonon thermal
conductivities for different phonon modes. Moreover, prestress fields can modify the influence of
temperature-dependent phonon thermal conductivity of GaN-based heterostructured nanofilms.
The results in this work could be helpful for the thermal management and rational design of high-
performance in nano/microelectronic devices.

1. Introduction

Semiconductor-based electronic devices are widely applied in modern technology, which have been one of the
fastest developing fields over the past half century. With the demands of calculation speed, efficiency, economy
and portability, the miniaturized, integrated and functional electronic devices have been extensively used, such
as integrated circuits, widely used computer circuits and memory, and field effect transistors, light-emitting
diodes, and three-dimensional stacking chips [1—4]. As the characteristic sizes of semiconductor devices reduce
from micron scale to nanometer level, thermal dissipation becomes the key problem that restricts the
performance, service life and reliability of devices [5—8], which requires the high thermal conductivity for the
efficient heat dissipation. For thermoelectric materials used in solid-state compact refrigerators and coolers

[5, 9—12], the efficiency of thermoelectric conversion is proportional to the dimensionless thermoelectric figure
of merit (ZT), known as ZT = 0S%/k [13-15]. Here, k = K, + Kpp is thermal conductivity. Semiconductors
with low thermal conductivity are preferred for higher thermoelectric conversion efficiency [16, 17]. Hence,
thermal conductivity plays an essential role in the performance of semiconductor-based nanoelectronic devices.
Since phonon thermal conductivity dominates the thermal conductivity in semiconductors, it is necessary to
study the phonon thermal conductivity.

In practical applications, semiconductor-based electronic devices exist mostly in multilayered
heterostructures, for example, edge-emitting lasers [17—19], heterojunction bipolar transistors for microwave
and low-power wireless communications [20, 21] and high electron mobility transistors (HEMTs) [22, 23]. To
study the phonon and thermal properties of semiconductor heterostructures is one of the hot topics in last
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Figure 1. GaN-based heterostructured nanofilm with in-plane prestress. The darker part refers to GaN, and the white part represents
AIN.

several tens of years. Understanding the thermal conductivity of heterogeneous nanostructures is critical for the
development of nano/microelectronics and optoelectronic devices [5, 17]. Superlattice structures based on
InAs/AlSb are widely used in high-speed field effect transistors (FETs), infrared detectors and diode lasers.
Borca-Tasciuc et al [24] measured the variation of in-plane thermal conductivity of InAs/AlSb superlattice in
the range of 80-300 K using 3w method. The thermal conductivity measured in experiment is about an order of
magnitude lower than the bulk value. Moreover, lower thermal conductivity mostly occurs in samples grown at
high temperature and samples annealed, which is probably due to the increase of interfacial roughness and
phonon interface reflection caused by high growth temperature and annealing. According to the Boltzmann
transport equation, Zeng et al [25] established a unified model for nonequilibrium electron, nonequilibrium
phonon and the nonequilibrium condition between phonon and electron in a double heterojunction. They
calculated the variation of equivalent thermoelectric parameters such as Seebeck coefficient along with the film
thickness in silicon-based heterojunctions. Nika et al [26—28] utilized the face centered cubic (FCC) cell dynamic
lattice model to study the lattice heat flow in three-layered heterogeneous nanofilms with silicon or germanium
as the core layer. It was found that the acoustic mismatched cladding material has a remarkable contribution on
phonon dispersion and heat flux in heterostructures. They also calculated the change of acoustic phonon
properties and lattice thermal conductivity with temperature in heterostructured wires of rectangular cross-
section, and found that cladding material with higher (lower) acoustic velocity could increase (decrease) the
phonon thermal conductivity of nanostructure, which illustrates the feasibility of adjusting the elastic constants
and sizes of cladding materials to regulate the phonon and thermal characteristics. Narendra and Kim [29]
studied the influence of heterogeneous interfaces on thermoelectric properties in P-type Bi, Tes/Sb,Te;
heterojunction. A fully first-principles atomistic approach and Monte Carlo model was used to calculate the
interfacial thermal impedance and the electron transport characteristics. It turns out that the interfacial thermal
impedance and local increase of power factor strengthen the overall thermal performance of heterojunction, and
the value of ZT can be magnified significantly in the case of geometric optimality. Pokatilov et al [30] calculated
the phonon dispersion relation and phonon group velocity of AIN/GaN/AIN heterostructures and proved
theoretically that the phonon group velocity could be changed by adjusting the parameters and thickness of
cladding materials thus the thermal performance of semiconductor heterostructures could be optimized.

Stress field is often introduced in semiconductor devices due to industry produce [31-33] or temperature
variation [34, 35]. Stress or strain can change the performance parameters such as thermal conductivity, leading
to affecting the safety and stability of devices. On the other hand, to tune the phonon properties through
applying stress or strain fields could be regarded as one of the phonon engineering approaches. Ross et al [36]
concluded that the thermal conductivity increases with compressive stress (strain), which is possibly due to the
enlargement of phonon group velocity under compression. A modified Keating/VFF (valence-force-field)
model was developed by Sui and Herman [37] for the calculation of Phonon dispersion relations of bulk Si, Ge
and their strained layers, and Si/Ge superlattice nanofilms under external stress and hydrostatic pressure. The
computing results are in good agreement with existed experimental results. This model can be applied to other
crystal materials with diamond structure and zinc-blende materials in ITII-V and II-VI family after proper
modification. Analogously, Ghanbari et al [38] proposed a modified six-parameter valence-force-potential
model to simulate the phonon characteristics of Si/Ge layered superlattices under strain field. In the work of
Lietal[39], the lattice thermal conductivity of single-walled Si nanowire and monolayer graphene were
calculated by equilibrium molecular dynamics simulation, which was found to decrease continuously with the
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strain from negative to positive. This phenomenon is caused by change of phonon dispersion relation under
stress field, and the variation of thermal conductivity in single-walled nanotube can be as high as 130% under
strain field. Bhowmicka and Shenoy [40] determined the temperature and strain dependence of phonon
relaxation time using Fermi golden rule and classical molecular dynamics simulations, which reveals the
mechanism of strain field changing the phonon velocity and relaxation time, thus affecting the thermal
conductivity. Paul and Klimeck [41] applied a modified VFF model to investigate the effect of uniaxial stress and
hydrostatic pressure on ballistic thermal conductance of Si nanowire and specific heat. Their results show that
the thermal conductivity appears to be anisotropic under stress field, but the specific heat exhibits isotropy.
Furthermore, uniaxial stress can be used to control thermal conductivity under low stress. Based on the
continuum theory, Zhu et al investigate the phonon thermal conductivity of quantum confined Si nanofilm [42],
homogeneous and heterogeneous structures of GaN [43—45]. It was found that stress can remarkably change the
thermal conductivity of nanostructures, and the response of which to temperature and physical size can also be
affected by stress. Picu et al [46] obtained a similar result by studying the influences of strain and size effect on
heat transfer in nanostructures, using a molecular dynamics simulation of Lennard-Jones solid model. That is,
tensile (compressive) strain leads to decrease (increase) of lattice thermal conductivity. They found that the effect
is caused by the variation of stiffness matrix and lattice anharmonicity along with strain, which further leads to
changing the phonon group velocity and phonon mean free path. Tailoring phonon mean free path was
suggested to be used as an indirect approach to control the size effect.

Previous researches about the effect of stress/strain field on thermal properties are mainly focused on bulk
materials or nanowires of Si and Ge [36, 37, 47], or carbon based nanotubes and nanofilms [39], and superlattice
structures [36, 48-50]. Due to the lack of researches on stressed or constrained heterostructures, it is necessary to
investigate the effect of stress field on thermal conductivity in heterostructured nanofilms. In this work, the
phonon and thermal properties of AIN/GaN/AIN nanofilm were calculated under the effects of quantum
confinement and prestress fields. The acoustoelastic theory is adopted to figure out phonon dispersion relation
and group velocity with different thickness and prestress. Then, the variation of phonon thermal conductivity
with prestress fields is calculated. The stress effects on phonon and thermal properties in heterostructured
nanofilm are systematically explored. This work will be helpful for phonon engineering in efficient thermal
management and precise design of nano/microelectronic devices.

2. Theoretical model

2.1. Spatially confined phonons in stressed AIN/GaN/AIN-nanofilms
Since the thermal properties in semiconductor nanostructures are mainly associated with the acoustic phonons.
It has been proved that the acoustic phonons with spatial confinement effect can be described by the elastic
model [51-55]. Thereby, the continuum elasticity model is utilized to characterize the acoustic phonon
properties in heterostructured nanofilms, taking a three-layered AIN/GaN/AIN nanofilm as the example as
shown in figure 1. Assume that the nanofilm is subjected to in-plane biaxial prestresses O'?j, the corresponding
prestrains can be written as ug . The stress-strain relationship in initial state of the orthotropic nanofilm satisfies:
Uj = SjI Oy OF 0 = Cijig. )]

Here, ué-) = (0ul/ Ox; + Bu]o /0x;) /2. Therefore, the acoustoelastic vibration equation of the orthotropic

nanofilm can be obtained,

821/11‘ 6 0 6”1’

new — ;i + o5 . 2
NPT axj[f * ] @

Inwhich, p"" ~ p(1 — Au®)is the density of nanofilm after deformation, and
Aud 0 0 0 _31410 Oug ouf h ke’s law: C ~  Ou
u =+ ugy + uzy = -+ 5=+ 5 n The Hooke'slaw: o = Ciug = Cija -

For the nanofilm under an in-plane biaxially prestress, the initial stresses can be written as:
0 0 0
011 = 03 = 0p, 03 = 0. (3)

The variable with subscript as 1 or 2 denotes the in-plane direction, whereas a subscript 3 denotes the
direction of thickness, which is also the hexagonal axis of AIN and GaN crystals. Thus, the prestrains can be
derived as follows:

0 _ S — S22 0 S11—S12 o _ Q3 o Q3 0
Un = 705 Upn = 50 Uzy = ——Uj — —Up. 4)

511522 — 512 S11522 — 512 C33 C33

inwhich, s;; = a1 — ¢5/63 S12 = G2 — G363/G335 S12 = Gy — €33/ 33 The acoustoelastic vibration equation
in the stressed heterofilm can be expressed as:
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= — | Ciju(xs) — -
¥ or 0x; GRS Ox; Ox}
C iii represents the modified second-order modulus, given by:
éijkl = ciiu(l + u,-? + uj(} + u,?k + ul? — ulo1 — u§2 — u303) + cijklmnu,%n. (6)

Applying the general rule of subscript simplification, the non-zero modulus can be expressed as below:

Ci= Cou = ai(l + 2u) — ug3) + (an + a)ul + auss
Css = a1(1 + 2u) — ugy) + 2a2u) + aiuss

Cis = Co = an(l + ugy) + (a3 + aduf) + anus;s

Cio = aa(l + ugy) + 2anu) + axsuss

Cas = Css = caa(1 + usy) + (Claa + Gs5) Uy} + G5tz

Ces = (G — Cx) /2. ™)
Owing to the heterogeneity of the structure, the density and elastic modulus vary with film thickness, which
satisfy the rule below:
fe tGaN
P gy~ = taiv < X3 < —;
t t
P (x3) = 1 P Gan> — Sl < X3 < Gl >
2 2
fGaN lGaN
P AN Ta <X < 2=+ taw
ral 1GaN 1GaN
Cijain, — — N S X3 < ———
2
= = IGaN {GaN
Cij(x3) = § Cijgan> — 2“ < x3 < Za . (8)
= fGaN fGaN
Cijans ; <x3 < == + faw
For the equation (5), one can write the solution of displacement as follows:
u = U(xs)expli(wt — q - x)]. )

Here, w is phonon frequency, and g is the wave vector. @ refers to the amplitude of displacement vector.

Substituting equation (9) into equation (5), the vibration equation of heterostructured nanofilm under prestress
fields can be obtained, given as:

-

— %y~ 0%y — — 0%us 0%y
Ciilxs) + of + Cu(x3)— + (Ci3(x3) + Cual(x = p""(x
(Gi1(x3) )5'x12 44(x3) o (Gi3(x3) 44(x3)) Dx0, P (x3) e
= 821/12 = 32u2 new 82142
3 (Ces(x3) + ) o + Cua(x3) o2 = p""(x3) o (10)
= (‘32u3 = 82143 = = 821/[1 82143
Cu(x3) + 0° + Css(x + (Gi3(x3) + Cualx = p"(x
k( 14(x3) )8x12 33(x3) o2 (Gi3(x3) 14(x3)) O 0, P (x3) o
To solve the differential equations in equation (10), the boundary conditions are needed and can be
expressed as follows:
X3 = ia, 013 = 023 — 033 = 0. (12)
Here, 2a represents the film thickness. For shear (SH) mode, the film displacement can be written as
i1 = (0, up, 0).Theeigenvalue equation of SH mode is thus obtained:
_ A2 _ dCyy dii
Cas(x3) 3 + [p"" (x3)w? — (Ces(x3) + 00?1 + =452 =g, (13)
dX3 dX3 dX3

For the dilatational mode (SA) and flexural mode (SA), the film displacements are # = (u;, 0, u3),and
then the eigenvalue equations are derived as:
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Figure 2. Phonon dispersion relations of SH mode for GaN nanofilm, AIN nanofilms and two typical heterostructured nanofilms.

Table 1. Elastic modulus of AIN/GaN/AIN nanofilms used in this paper.

GaN C11(GPa) C13(GPa) C55(GPa) C111(GPa) C123(GPa)
252 129 148 —1213 —253
C144(GPa) C155(GPa) C112(GPa) C456(GPa) p(Kg/m?)
—46 —606 —867 —49 6100
AIN C11(GPa) C13(GPa) C55(GPa) C111(GPa) C123(GPa)
282 149 179 —1073 —61
C144(GPa) C155(GPa) C112(GPa) C456(GPa) p(Kg/m?)
57 —757 —965 -9 3235

-

. e . _ dCy dm
C - + new 2 C + 0y 2 + hadac
44(x3) 2 [p™" (x3)w?* — (Cii(x3) + 0%)q°]in F
.o ~ du . dC
~iq(Ci3(x3) + Caa(x:)) 22 — ig= 2z, = 0
J dX3 dX3 (14)
~ d2i; ~ _ dCss diy
C + new 2 C + 0y 42 +
33(X3)—! P [p"" (x3)w* — (Cya(x3) + 0°)q°]it3 i —3
.= ~ du, . d613 _
—ig(G + C —_— = =0
k iq(Ci3(x3) 14(x3)) s q dxs U

Combining the corresponding boundary conditions and different elastic parameters, the phonon dispersion
relations of SH, SA and AS modes could be determined numerically. We know that the interfaces effects could
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Figure 3. Phonon group velocities of SH mode for GaN nanofilm, AIN nanofilms and two typical heterostructured nanofilms.

contribute to the physical and mechanical performance of nanostructures significantly. For example, the
interface/surface phonon scattering could modify the phonon thermal properties, and the surface/interface
stress can also affect the phonon properties so as to change the thermal conductivity of nanostructure [44,
55-58]. For convenience in this study, supposed the GaN layer and AIN layer connected perfectly and the

influence of lattice mismatch is neglected. The displacement compatibility condition is adopted for the

interfaces between GaN layer and AIN layer in simulations.

2.2. Phonon thermal conductivity
As one of the most important characterization of thermal properties in semiconductor nanomaterials, the
phonon thermal conductivity is closely related to phonon properties, such as phonon group velocity and the
density of states (DOS). The expression of phonon thermal conductivity can be written as follows [54, 55]:

k(T)

L( ks x2e* ,
= ] = T _ Xx'em ) ’
3( h )kB ?f(ex _ 1)2fn(X)Vn (X)T (x)dx

15)

inwhich x = Aw/kgT. kg is the constant of Boltzmann. v, and f, refer to phonon group velocity and density of
states, respectively. 7;, represents the relaxation time of phonon and T 'is temperature. It should be emphasized
that the phonon thermal conductivity in equation (15) involves the conductivities of SH mode, AS mode, and SA
modes. Since the wave vector changes from zero to 7/d, the integration with respect of frequency in equation (15)

is over the entire Brillouin zone.

According to the acoustoelastic model, the phonon dispersion relations of AIN/GaN/AIN nanofilm under
different modes have been determined. Based on phonon dispersion relations, the phonon group velocity can be
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Figure 4. Phonon average group velocities (a) and phonon density of states (b) of SH mode for GaN nanofilm, AIN nanofilms and two
typical heterostructured nanofilms.

derived by numerical differentiation:

dw, (k)

nk:
v (k) Ik

(16)

The subscript n is the quantum number of modes. Given a polarization, n equals to the ratio 2a/d, where 2a
is the film thickness and d is the lattice constant. To analyze the thermal properties of semiconductor
nanomaterials, the number of phonon modes of a unit frequency interval per unit volume is defined as phonon
density of states (DOS), which can be written as follows:

111 1
SAAS,SH ;, ~\ _ SA,AS,SH
1, (w) = Z[Eq” (w)—VnSA,AS,SH]‘ (17)

Here, nrefers to number of phonon branch. After calculating the DOS in different modes, the total DOS of
nanofilm can be derived as below:

Fw) = Zn f,(w). (18)

There are many types of phonon scattering mechanisms in semiconductor materials, such as three-phonon
scattering, phonon-defect scattering, boundary scattering and phonon-electron scattering. In this work,
suppose that the surfaces/interfaces of heterostructured nanofilm are smooth enough to neglect the boundary
scattering. Thereby, three other phonon scattering mechanisms are considered in calculating the thermal
conductivity, including Umklapp scattering rate 7, point-defect scattering rate 7, and the acoustic

7
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Figure 5. Phonon dispersion relations of SH mode for two typical heterostructured nanofilms under different prestress fields.

phonon-electron scattering rate 7,y _.. It is well-known that the relaxation time follows the Matthiessen’rule:
-1 1 -1 —1
Tiot = TU T Tph—e t T+ (19)
Thereinto, Umklaap scattering is adopted by the formula:

L — Zﬁ}/ZkB_Tw_z’

(20)
U Vo wp

where yis Grunieisen anharmonicity parameter, Vj is the volume per atom, and wp, is the Debye frequency. The
point-defect scattering rate can be expressed by:

1 Vylwt

v AnVE

e2y)

Here, Vis the phonon average group velocity, and I is the measure of scattering strength. The phonon-electron
scattering rate at low doping level can be expressed as:

(22)

1 Tm*V? am*V?) neetw
= exp| —
Tph»e ZkBT

N ZkB T szkB T ’

where m™ is the electron effective mass, #, is the concentration of conduction, g is the deformation potential,
and p is the mass density.
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Figure 6. Phonon group velocities of SH mode for two typical heterostructured nanofilms under different prestress fields.

3. Results and discussion

3.1. Phonon properties of AIN/GaN/AIN nanofilms

In this section, the impact of heterogeneity on phonon properties of AIN/GaN/AIN nanofilms with spatially
confinement effects is discussed firstly. The elastic modulus of GaN and AIN used in calculation are shown in
table 1 [59, 60]. The phonon properties of wurtzite GaN and wurtzite AIN nanofilm with thickness of 6 nm, and
AIN/GaN/AIN nanofilms with core layer thickness of 3 nm and 2 nm are calculated for comparison,
respectively. Here, the finite different method is applied for numerical simulation with the phonon wave vector
frominterval g € (0, 7/d). We take the SH mode as an example to give an insight into the phonon properties
for homogenous nanofilms and heterostructured nanofilms. Figure 2 shows the phonon dispersion relations for
various nanofilms. One can note that the two diagonal lines represent the dispersion relations of bulk GaN and
AIN. With the increase of wave vector, the dispersion curves of homogeneous GaN and AIN nanofilms draw
close to their bulk line respectively, while the dispersion curves of heterogeneous nanofilms tend to be close to
the two dispersion lines of bulk. Due to the symmetry of the heterostructure, there are several lines coincide with
each other. Comparing results in figures 2(a) and (b), it is not difficult to find that the phonon energy decreases
with the increase of thickness of GaN layer.

Secondly, one can further calculate the phonon group velocities for SH mode, as shown in figure 3. It can be
noticed from the figure that the two straight lines in figures 3(a) and (b) represent the phonon group velocity of
bulk GaN and AIN. The group velocity of bulk GaN is smaller than which of bulk AIN obviously. Along with the
increase of wave vector, the group velocity curves of heterostructured nanofilms gradually approach to the group
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Figure 7. Phonon average group velocities of SH mode for two typical heterostructured nanofilms under different prestress fields.

velocity lines of corresponding bulk material. Different from homogeneous structures, oscillation behaviors
were observed in the case of heterostructured nanofilms.

The phonon average velocities are also simulated and plotted in figure 4. Due to the spatial confinement
effects, the phonon average group velocities of four structures all exhibits oscillation behaviors with the increase
of phonon energy. As the GaN layer thickens, the phonon average group velocities decreases remarkably.
Furthermore, figure 4(b) plots the DOS for homogenous nanofilms of GaN and AIN, and the heterostructured
nanofilms with different core thicknesses. It can be found that there is higher DOS in GaN nanofilm compared
with AIN nanofilm, and the peak of DOS in GaN nanofilm also appears in the region where phonon energy is
lower. Comparing the DOS curves of the two heterostructures, one can find that the peak value of DOS increases
with thickening the GaN layer.

3.2.Phonon properties of stressed AIN/GaN/AIN-nanofilms
In this section, the contribution of prestress fields on the phonon properties of heterostructures nanofilms is
investigated in details. Figure 5 shows phonon dispersion relations of two heterostructures under different
prestresses. Taking SH mode as an example, it is found that prestress has little effect on the dispersion curve
when the wave vector is small. The larger wave vector is, the more obvious the influence of prestress becomes.
Tensile stress reduces the phonon energy, while the compressive stress increases it. Moreover, one can find that
the thinner the GaN layer is, the more significant the effect of prestress performs. Figure 6 plots the phonon
group velocities of two heterostructures under different prestresses. Interestingly noted is that tensile stress
reduces the group velocities while compressive one increases it. This is consistent with that in phonon dispersion
relations, and the effects of prestress fields become more obvious for the case of the thinner GaN layer.

The average group velocities of two heterostructures under different prestresses are shown in figure 7. One
can find that prestress fields significantly influence the average group velocity of phonons. Similarly, tensile
stress makes the average velocity reduced and compressive stress make it enlarged. Figure 8 depicts the
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stress-dependent DOS for various heterostructured nanofilms. It can be found that tensile stress enlarges the
peak value of DOS, and makes it appear in the region with lower phonon energy. The effect of compressive stress
is opposite. It also can be found that the peak value of DOS has increased obviously with the thicker GaN layer by
comparing the two structures.
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Figure 11. The variation of thermal conductivity with temperature for two typical heterostructured nanofilms under different
prestresses for SH mode (a), (b), AS mode (¢), (d) and SA mode (e), (£).

3.3. Phonon thermal conductivity of stressed heterostructured nanofilms.
Once the phonon group velocities and DOSs are achieved, one can calculate the various scattering rates under
different prestress fields according to equations (19)—(21), including Umklapp scattering rate, point-defect
scattering rate and phonon-electron scattering rate. Taking the structure of AIN(2 nm)/GaN(2 nm)/AIN(2 nm)
as an example, the influence of prestress on phonon scattering rate is obtained, shown in figure 9. Obviously, the
point-defect scattering is dominant, which is significantly higher than the other two scattering mechanisms.
With the increase of frequency, the scattering rates increase remarkably, especially the point-defect scattering. In
addition, the point-defect and phonon-electron scattering rates increase as the prestress varies from pressure to

tension, but Umklaap scattering rate is almost independent on the prestress fields.

When the phonon properties and scattering rates are determined, the phonon thermal conductivity of
heterostructured nanofilms can be calculated based on equations (14)—(18). Figure 10 shows phonon thermal
conductivity varied with prestress fields for four structured nanofilms at 300 K. Note that the simulated phonon
thermal conductivity for the pure GaN nanofilm is around 15 W mK ™" with the sum of conductivities of SH
mode, SA mode, and AS mode. This prediction for the thermal conductivity of GaN nanofilm with the order of
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10 W mK ™! is consistent with the ones for GaN nanostructures in literatures [61—63]. Then, we compare the
thermal conductivities in four structures with different modes. It is obviously noted that GaN nanofilm has the
lowest thermal conductivity, and AIN nanofilm has the highest conductivity. The thermal conductivities of
heterostructures are between the conductivities of GaN nanofilm and AIN nanofilm, and decreases with
thickening the GaN layer. For SH and AS modes, the thermal conductivity of four structures decreases as the
prestress increases as shown in figure 9(a). For SA mode, the phonon thermal conductivities of four structures
while increase with prestress as shown in figure 9(c).

Additionally, the variation of thermal conductivity with temperatures is analyzed, as shown in figure 11.
Here, the prestresses are taken —10 GPa, 0 GPaand 10 GPa as examples. The phonon thermal conductivities of
three modes show the same trend with increasing the temperature. That is, the conductivity rising firstly and
decline later as temperature increases, and the peak value appears between 200 K and 400 K. Foer SH and AS
modes, the compressive stress increases the thermal conductivity while tensile stress reduces the conductivity,
which is consistent with the results above. The stress-dependent thermal conductivities of SA mode are opposite
to those of SH and AS modes.

4. Conclusion

The phonon and thermal properties of stressed AIN/GaN/AIN nanofilms are investigated through considering
the effects of quantum confinement and prestress fields. The acoustoelastic theory is adopted to describe the
confined phonons and the contribution of prestress fields. The numerical results show that prestress can
significantly change the phonon properties such as dispersion relation and group velocity, and the stress effects
on the phonon properties are also sensitive to the thickness of core layer in heterostructured nanofilms.
Moreover, the tensile stress reduces the phonon thermal conductivity and the compressive one increases the
conductivity for SH and AS modes, which is opposite in SA mode. Prestress fields also can change the effect of
temperature on thermal conductivity. It is shown that phonon properties of nanofilms can be tailored by
adjusting the feature size, the value and direction of prestress, so as to regulate the thermal and electrical
performance of nanostructures. This work could be useful for thermal management in nano/microelectronic
devices and the rational design and optimization of high-performance semiconductor-based electronic devices.
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