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ABSTRACT

Multi-layered stacking structures and atomic mixing interfaces were constructed. The effects of various factors on the thermal conductivity
of different lattice structures were studied by non-equilibrium molecular dynamics simulations, including the number of atomic mixing
layers, temperature, total length of the system, and period length. The results showed that the mixing of two and four layers of atoms can
improve the thermal conductivities of the multi-layer structure with a small total length due to a phonon “bridge” mechanism. When the
total length of the system is large, the thermal conductivity of the multi-layer structure with atomic mixing interfaces decreases significantly
compared with that of the perfect interfaces. The interfacial atom mixing destroys the phonon coherent transport in the multi-layer structure
and decreases the thermal conductivity to some extent. The thermal conductivity of the multi-layer structure with perfect interfaces is signif-
icantly affected by temperature, whereas the thermal conductivity of the multi-layer structures with atomic mixing is less sensitive to
temperature.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078669

I. INTRODUCTION

According to Moore’s law, the number of transistors that can
be placed on an integrated circuit doubles about every 18 months.
Moreover, the resulting heat dissipation of electronic devices is a
major factor affecting their performance and efficiency. It is vital to
remove the heat from the core of the device to an external radiator
as efficiently as possible.1–4 Due to the high surface-to-volume ratio
in nanoscale components and devices, the heat transport at solid–
solid interfaces often dominates the overall thermal transfer perfor-
mance.5,6 Therefore, reducing the interfacial thermal resistance is
an explicit way to improve the overall heat transfer efficiency of
nanomaterials. Heat transfer across the solid–solid interfaces, char-
acterized by the thermal boundary conductivity (TBC) which
determines effective thermal conductivity (TC) of the nanomateri-
als, is mainly controlled by the interfacial phonon transmission.7–11

Important factors that affect the phonon transmission and, there-
fore, the TBC are the crystallographic orientation of the interface,
crystal imperfections, and acoustic impedance mismatch.12,13

To enhance the thermal transfer capability at an interface
between two solids, many methods have been proposed.

Among the most common methods are the addition of thin films
and the incorporation of atomic mixing. Recent theoretical5 and
experimental14 studies have proved that interfacial thermal conduc-
tance can be manipulated by coupling the two solids of the inter-
face with thin films. The “bridge” mechanism emerged as an
explanation for this enhancement: atoms in the film provide vibra-
tional modes that allow the better matching between dissimilar
materials and, thus, improving phonon transmission. Similarly, the
atomic mass of the thin film was optimized for the maximum
effects on heat conduction,15–17 and it was found that a material
consisting of a certain thickness and mass gradient can greatly
promote the heat transfer between two different solids.

The introduction of atomic mixing at an interface has shown to
be an equally promising method to improve the thermal transport of
highly acoustically mismatched single interface. These molecular
dynamics studies attributed the improvement to the increased inelas-
tic phonon scattering at the interfaces.18,19 For instance, Tian et al.20

conducted calculations using Green’s function and concluded
that atomic mixing at the interface can enhance the phonon trans-
mission and interfacial thermal conductance, which is attributed to
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the softened acoustic impedance at the interface and this greatly
promotes the transport of phonons with mid-range frequencies.
Most recently, Jia et al.21 showed that the phonon transmission and
thermal conductance of periodic rectangular-shaped and triangular-
shaped Si/Ge interfaces are both enhanced and tunable by atomic
mixing at the Si/Ge interface. For the triangular-shaped interface, the
thermal conductance can be enhanced maximally by 22.3% com-
pared with the perfect interface. The increased thermal conductance
is attributed to that the mixed central region having a larger overlap
frequency zone that will establish new channels to help the phonons
transmit through the interface that they were initially not allowed
to cross.

An actual nanoscale nanometer electronic device is usually a
stacked structure with multi-layered interfaces. Different from
the single interface mentioned above, the phonon transport mech-
anisms in multi-layered interface systems are more complex.
Not only is the thermal transport performance related to the
shape of the interfaces or the atomic bonding modes, but it is also
affected by the period thickness, total length, and temperature.
For a typical multi-layer structure (MLS) with multiple layers as
an example, Ravichandran et al.22 used epitaxial-growth techni-
ques to synthesize superlattice structures and investigated the
influence of the period length on the thermal transport. The
results show that when the total length remains unchanged,
the TCs of the superlattices decrease first, have a minimum, and
then increase with the increase in the period length. Luckyanova
et al.23 used atomistic Green’s function simulations to measure
the TCs of the GaAs/AlAs superlattice. Their results show that
the TCs increased gradually and eventually saturated at room tem-
perature; they attributed this phenomenon to a transition from
ballistic to diffusive transport. Chakraborty et al.24 investigated
the effect of interfacial atomic mixing on the thermal conductivity
of superlattices and random multi-layer structures by non-
equilibrium molecular dynamics (NEMD) simulations. The
results show that interface species mixing can facilitate phonon
transport in varying degrees of both superlattices and random
multi-layer structures in the transition of phonon transport
modes due to the phonon “bridge” effect. They did not delve into
the effect of atomic mixing layers on the thermal conductivity in
multi-layer structure (MLS).

In the above research studies, a single interface is taken as
the research object, and the interface atomic structure is changed
to improve the interfacial thermal conductivity, although this
may not be fully applicable in guiding the heat dissipation design
of nano-electronic devices with multi-layered stacking, and it is
not clear how the atomic mixing at interfaces affects the thermal
transport in systems with multi-layered interfaces. To further
clarify the phonon transport mechanism, in this paper, we, there-
fore, take Si/Ge multi-layer structures as the research object, and
the NEMD method was used to simulate the effect of interfacial
atomic mixing degree on the thermal conductivity of such
systems. The phonon transport mechanisms of perfect interface
multi-layer structures and atomic mixed multi-layer structures
at different total lengths, different cycle lengths, and different
temperatures are compared. Especially, we focus on the coherent
and incoherent phonon transport mechanisms under different
structures.

II. MOLECULAR DYNAMICS MODEL

In this work, the NEMD simulations were used to calculate the
thermal conductivities of different models. Assume that the lattice
constants of Si and Ge are the same. The lattice constant of both Si
and Ge is a ¼ 5:4307 � 10�10 m. First, an Si/Ge interfacial structure
with atomic mixtures of different thicknesses was analyzed at differ-
ent temperatures, and the lengths of the leads at each side were kept
at both approximately 10 nm along the X direction. A fixed boun-
dary condition was used in the X direction and periodic boundary
conditions were imposed in the Y and Z directions. In the central
region, a certain number of layers was selected and the Si and Ge
atoms were randomly shuffled while keeping the number ratio at
1 [n atomic mixture layers as shown in Figs. 1(b) and 1(d)]. The
transverse cross-sectional area was set to be 6UC � 6UC (unit cell:
the lattice constant of Si), which has proved to be acceptable for TC
calculations.25 Approximately four layers of atoms at two ends were
frozen as fixed walls to avoid atom evaporation, and approximately
18 layers of atoms were set to be cold and hot baths.

The LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) package was used in the NEMD simulations.26

Accordingly, the Tersoff27 potential was used to model the Si–Si,
Ge–Ge, and Si–Ge atomic interactions. The NEMD-based method
to compute the thermal conductivity is based on the momentum
conservation scheme.28 In the simulations, the MD time step is set
to be 0.001 ps. First, the system was relaxed at zero pressure and a
specific temperature in the NPT ensemble for 5000 ps. Following
this, the optimized structure was obtained and the NVT was also
performed for 1000 ps to make the system energy distribution state
uniform at a desired temperature.

After system equilibration, a Langevin thermostat was used to
generate a temperature gradient in the system, which was placed
under NVE for 1000 ps to obtain the heat flux and calculate the
thermal conductivity. The schematic diagram of the system that
simulates the thermal transport across the Si/Ge interface is
depicted in Fig. 2.

A typical averaged temperature profile obtained from the
NEMD simulation is shown in Fig. 3, the temperatures of the hot
and cold baths were maintained at 320 and 280 K, respectively, the
temperature drop ΔT was estimated from the difference between
the linear temperature profiles extrapolated to the interface as illus-
trated in Fig. 3.

The heat flux (Jx) was calculated using29

Jx ¼ 1
A

X
i[hot bath

d
dt

Ei(t) , (1)

where E is the energy, t is the simulation time, and A is the cross-
sectional area. The thermal conductivity κ is then calculated by
using Fourier’s law of heat conduction by30,31

κ ¼ � Jx
@T
@x

� � , (2)

where Jx and ∂T/∂x are the heat flux and temperature gradient
along the transport direction in the non-equilibrium steady state.
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To understand the underlying mechanisms of phonon trans-
port, the phonon density of states (PDOS) has been studied. The
PDOS is calculated from the Fourier transform of the velocity auto-
correlation function29,32

PDOS(ω) ¼ 1ffiffiffiffiffi
2π

p
ð
e�iωt

XN
j¼1

νj(t)νj(0)

* +
, (3)

where vj(0) is the average velocity vector of a particle j at initial
time, vj(t) is its velocity at time t, and ω is the angular frequency.

The participation rate was calculated using lattice dynamics at
300 K. Mode localization can be quantitatively characterized by the

participation ratio Pλ defined for each eigen-mode λ as

P�1
λ ¼ N

X
i

X
α

ε�iα,λεiα,λ

 !2

, (4)

where N is the total number of atoms and εiα,λ is the αth eigenvec-
tor component of eigen-mode λ for the ith atom. The participation
ratio can provide more detailed information about the localization
effect for each mode.33

We also investigate the spectral heat flux by monitoring the
force–velocity correlations across the interface, which is defined as34,35

q(ω) ¼ 2
A
Re
X
j[Ge

X
i[Si

ð1
�1

dτeiωτ Fij(τ) � Vi(0)
� �

, (5)

FIG. 2. Schematic diagram of the
setup of the NEMD simulation.

FIG. 1. Schematic of the structures
simulated in this work and the corre-
sponding atomic structure: (a) a single
perfect interface; (b) a single atomic
mixing interface; (c) a perfect multi-
layer structure;(d) the multi-layer struc-
ture with n-layer atomic mixing
interfaces.
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where A is the interfacial area, Vi is the velocity of atoms on the
interfacial Si sheet, Fij is the force between Si and Ge atoms
across the interface. The spectral interfacial thermal conductance
G(ω) ¼ jq(ω)j/ΔT , ΔT is the temperature jump at the interface.
And, the total interfacial thermal resistance can be calculated as36

1
R
¼
ð1
0

dω
2π

G(ω) ¼ Δf

P
ω jq(ω)j
ΔT

, (6)

where Δf is the discrete frequency interval.

III. RESULTS AND DISCUSSION

The thermal conductance for different models at a single
Si/Ge interface was first calculated. To calculate the temperature
profile along the X direction, the crystal is divided into several
blocks as shown in Fig. 3. There is an obvious steep temperature
drop ΔT between Si and Ge at the interface due to the thermal
boundary resistance that is caused by an acoustic impedance mis-
match, interfacial crystal defects, and other factors resulting in high
interface phonon scattering. The value of the temperature drop is
determined from the difference of the linear fits of the temperature
profiles. The heat flux Jx across the Si/Ge interface is calculated
using Eq. (1). The thermal conductance of the Si/Ge interface can
be determined by G ¼ Jx/ΔT from the combination of ΔT and Jx.

A. Effect of the interfacial atomic mixing on the
thermal conductivity of the Si/Ge interface

The number of atomic mixing layers was varied, using 2, 4,
and 6 layers to investigate the effects of the mixing layers on
thermal transport across the Si/Ge interface. As shown in Fig. 4,
the simulated results show that the thermal conductance of 2 and 4

mixing layers can be effectively improved under certain conditions
compared with the perfect interface, which clearly indicates that it
is possible to significantly improve the thermal transport across
the Si/Ge interface by the atomic layer mixing at the interface. As
the number of mixing layers increases, the thermal conductance
increases first and then decreases; it reaches a maximum at two
atomic mixing layers, which, at 300 K, is an increase of ∼20% com-
pared to the perfect interface, whereas for the four atomic mixing
layers, it increased only by ∼8% increase. To probe these mecha-
nisms for the enhancement of the thermal conductance at the
Si/Ge interface, the phonon density of states (PDOS) were calcu-
lated for the atoms in solid Si and solid Ge as well as atoms in dif-
ferent atomic mixing layers. The solid–solid thermal conduction is
mainly affected by the overlap of the phonon spectrum of the two
solids.37 As shown in Fig. 5, the PDOS of solid Si and solid Ge are
quite different, the PDOS of solid Si and solid Ge are mainly popu-
lated in frequencies between 5 and 17 THz, and between 2 and
12 THz, respectively.

Accordingly, a large difference in PDOS normally results in
poor thermal transport across the interface.5 The interfaces
between Si and Ge with strongly contrasting Debye temperatures
exhibit a very limited overlap between their corresponding phonon
spectra.

Figure 5(a) shows the occupied PDOS for solid Si and solid
Ge at 300 K. The small overlap between the two PDOS indicates
that the thermal energy transport by elastic phonon scattering at
the interface is very limited, which is responsible for the large inter-
facial thermal resistance of the perfect interface. As shown in
Figs. 5(a) and 5(b), the Si/Ge mixture is introduced at the interface,
which can serve as a bridge between solid Si and solid Ge, and the
added overlap of phonon modes in PDOS provides additional
volume for phonon frequency up or downconversion at the Si/Ge

FIG. 3. Temperature profiles in the X direction of the simulated system for differ-
ent atomic mixing layers at the Si/Ge interface at 300 K from NEMD.

FIG. 4. Thermal conductance as a function of the number of atomic mixing
layers at different temperatures.
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interface. The PDOS peaks of the 2-layer and 4-layer systems shift
to a low frequency compared with that of solid Si, which indicates
that the low-frequency phonons increased and the high-frequency
phonons decreased. The low-frequency phonons have a greater
possibility of phonon transmission at the interface, thus contribut-
ing to a larger thermal conductance at 2 and 4 mixing layers.
However, as the number of atomic mixing layers increases, the
thermal conductance does not continue to increase linearly. This is
due to two competing factors: the overlapping PDOS increases the
phonon transmission at the interface and the atomic mixing layers
increase the diffuse scattering. These cause the highest thermal con-
ductance of the two atomic mixing layers.

B. Effect of the interfacial atomic mixing on the
thermal conductivity of multi-layer structures

Atomic mixing at the interface affects not only on the single
interface but also the multi-interface structure of multi-layer struc-
tures. The thermal conductivities of these structures were computed
as a function of the number of periods and period lengths. The
thermal conductivities of the perfect interface and 2- and 4-layer
interfacial atomic mixing multi-layer structures are shown in Fig. 6.
Our previous study showed that the coherence length of phonon
transport in the Si/Ge multi-layer structures was about ∼4.34 nm,38

therefore, in this study, the period length is set to 4.34 nm.
As shown in Fig. 6, when the structures have fewer periods,
interfacial atomic mixing enhances the thermal transport,
though the enhancement is very limited. This indicates that
interfacial atomic mixing can promote phonon transport of a
single interface and a multi-layer structure with few periods due
to a phonon “bridge” mechanism, which is consistent with the
results in Sec. III A. In contrast, with an increasing number of
periods, the thermal conductivity of the perfect MLS increases
almost linearly, which is consistent with previous studies.39,40

This suggests that phonon coherence transport, namely, the
phonons coherently crossing the internal interfaces while main-
taining the phase information, scatters only at the outermost
interface, thus significantly affecting the thermal conductivity of
the perfect interface. The thermal conductivities of the 2-layer
and 4-layer atomic mixing multi-layer structures also increases,
although the degree of increase is significantly lower than that of
the perfect interface. This indicates that atomic mixing causes the
destruction of coherent phonon transport. The lower increase in
the thermal conductivity with the total length indicates that the
atomic mixing does not entirely destroy all the phonon coherence

FIG. 5. PDOS as a function of frequency of different Si/Ge interfaces forms
along the X direction at 300 K; (a) 2 atomic mixing layers; (b) 4 atomic mixing
layers.

FIG. 6. Thermal conductivity of multi-layer structures as a function of number of
periods for perfect and atomic mixing multi-layer structures at T = 300 K.
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and a portion of the low-frequency phonons still undergo coherent
transport.

In order to analyze the phonon transport properties in Fig. 6,
the PDOS and the phonon participation ratio (PPR) of the 4-layer
atomic mixing MLS and the perfect MLS were calculated while the
total length was kept at 71.6 nm (15 periods). As shown in Fig. 7,
the high-frequency PDOS peak of 4-layer atomic mixing MLS
shifts to the lower frequencies compared with that of perfect MLS,
this leads to a narrower frequency band of the mixing MLS, and its
PDOS peak being lower than that of perfect MLS at high frequen-
cies, both of which correspond to the lower thermal conductivity of
the 4-layer atomic mixing MLS under certain conditions. To
further study the phonon activities and their effects on the thermal
transport, the PPR was calculated using Eq. (4). The participation
ratio measures the fraction of atoms participating in a given mode
and effectively indicates the localized modes with O (1/N) and
delocalized modes with O (1). In thermal transport, delocalized
modes mainly contribute to the thermal conductivity. Figure 8
compares the PPR of each eigen-mode of the perfect MLS and the
4-layer mixing MLS with 15 periods.

The value of the PPR in the 4-layer mixing MLS is significantly
reduced for both low-frequency phonons and high-frequency
phonons, compared with the perfect MLS. In our analyses, a
PPR < 0.4 is taken as the criterion to ensure the localization of the
most phonon modes. Compared with the perfect MLS, the majority
of eigen-modes in the atomic mixing MLS has a participation ratio
less than 0.4, which is characteristic of a localized mode. As a result,
the thermal conductivity of the atomic mixing MLS is decreased
compared with that of the perfect MLS. To further illustrate this, the
spectral heat flux of the perfect MLS and 4-layer mixture MLS with
15 periods is shown in Fig. 9. The results show that the spectral heat
flux of the perfect MLS is significantly higher than that of the 4-layer
MLS. The high thermal conductivity of the perfect MLS is mainly

due to the large contribution of low-frequency phonons to the heat
transport, which indirectly indicates the strong coherent transport of
phonons in the perfect MLS.

We further studied the variation of the thermal conductivity
of the multi-layer structures with different period lengths, as shown
in Fig. 10. When the total length of the system is 71.6 nm, the
thermal conductivity of the perfect MLS decreases first and then
increases with the increase in the period length. The thermal

FIG. 7. Phonon DOS of perfect MLS and 4-layer atomic mixing MLS with the
total length of 71.6 nm at 300 K.

FIG. 8. Phonon participation ratio of perfect MLS and 4-Layer atomic mixing
MLS with the total length of 71.6 nm.

FIG. 9. Spectral thermal conductance across Si/Ge multi-layer structures at
300 K, the total length is kept at 71.6 nm and the period length is 4.34 nm.
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conductivity decreases with the increase in the period length
when the phonon is transported in the multi-layer structures,
because the phonon’s mean free path is equivalent to the period
length and the phonon coherent transport is dominant. With the
increase in the period length, the number of phonon microbands
increases, which leads to a decrease in the phonon group velocity
and, thus, the decrease in the thermal conductivity.41,42 When the
period length is further increased, the period length is larger than
the mean free path of the phonons, and the incoherent diffusion
transport becomes dominant. The decrease in the interface
density reduces the phonon scattering at the interface, hence the
thermal conductivity increases with the increase in the period
length. The existence of a minimum value of thermal conductivity
proves that the phonon transport is transformed from a wave
coherent transport to a particle incoherent transport. However,
unlike the perfect MLS, the thermal conductivity of the multi-
layer structures with mixed atoms always increases with the
increase of the period length. This indicates that atomic mixing at
the interface destroys the majority of phonon coherence and
phonon-interface scattering dominates the thermal transport,
hence the thermal conductivity increases with the increase in the
period length.

To explain the phenomenon in Fig. 10, the PDOS and PPR of
the perfect MLS and the 4-layer mixing MLS were calculated at a
period length of 2.17 nm at 300 K. As shown in Fig. 11, compared
with the 4-layer mixing MLS, the PDOS of the perfect MLS has
stronger peaks at high frequencies, which indicates that a greater
number of phonon modes exist in the perfect MLS. Figure 12 com-
pares the PPR of each eigen-mode for the perfect MLS and the
4-layer mixing MLS at a period length of 2.17 nm at 300 K,
whereby a clear reduction of the PPR is observed in the 4-layer
mixing MLS, both in the low- and high-frequency ranges.

We also compared the spectral heat flux of the perfect inter-
face MLS and the 4-layer mixing MLS with a period length of
2.17 nm at 300 K, as shown in Fig. 13. The results show that in the
perfect MLS, the heat flux of the high-frequency phonons of
10 THz is significantly higher than that of 4-layer MLS. The scat-
tering of the high-frequency phonons is intense due to the atomic
mixing at the interfaces.

FIG. 11. PDOS of perfect MLS and the 4-layer atomic mixing MLS with a total
length of 71.6 nm, a period length of 2.17 nm at 300 K.

FIG. 12. Phonon participation ratio of the perfect MLS and the 4-layer atomic
mixing MLS with a total length of 71.6 nm, a period length of 2.17 nm.

FIG. 10. Thermal conductivity of multi-layer structures as a function of period
length at 300 K with the total length of 71.6 nm.
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Our simulations revealed the temperature dependence of
perfect MLS and 4-layer mixing MLS. As shown in Fig. 14,
thermal conductivities of perfect MLS and 4-layer mixing MLS
show two different trends. For perfect MLS, as temperature
increases, a fraction of coherent turns into incoherent phonons
due to the lifetime of phonons decreases following 1/T trend,

which enhance the phonon–phonon Umklapp scattering. Thus,
the thermal conductivity is decreased with increasing tempera-
ture, while the 4-layer mixing MLS are almost insensitive to the
temperature. With the change of temperature, the change of
thermal conductivity is not obvious. This may be related to the
localization of phonons and phonon–phonon scattering. A large
part of localized phonons in 4-layer mixing MLS is unable to
deliver thermal energy. The deterioration of localized coherent
phonons with increasing temperature enhances the thermal trans-
port. While the increasing phonon–phonon scattering with
increasing temperature decrease the thermal transport. The two
competing factors cause almost weak increase in thermal conduc-
tivity. To further understand the underlying mechanism, as
shown in Fig. 15, we compared the spectral heat flux of 4-layer
mixing MLS at 100 and 400 K. The results show that in the range
of 4–6 THz, the value of spectral heat flux at 400 K was significantly
higher than that at 100 K, showing the enhancement of heat trans-
port at this frequency range. However, in the range of 6–10 THz, the
spectral heat flux of 400 K is lower than that of 100 K, indicating that
the contribution of high-frequency phonons to heat transport is
limited. Therefore, we attributed this temperature insensitivity to the
localization of phonons and phonon–phonon scattering at 4-layer
mixing MLS.

IV. CONCLUSION

In summary, the NEMD simulations were employed to inves-
tigate thermal transport in multi-layer structures with a single Si/
Ge interface and mixture of Si/Ge at the interfaces. Both the 2-layer
and 4-layer mixtures greatly enhanced the thermal transport across
the interface; the maximum enhancement was achieved by the

FIG. 13. Spectral thermal conductance across the Si/Ge multi-layer structures
at 300 K. The total length and the period length are kept at 71.6 and 2.17 nm,
respectively.

FIG. 14. Thermal conductivity variations of perfect MLS and 4-layer atomic
mixing MLS. The number of periods is kept at 15.

FIG. 15. Spectral thermal conductance of MLS with the 4-layer atomic mixture
at 100 and 400 K. The number of periods is kept at 15, and the period length is
kept at 4.34 nm.
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2-layer Si/Ge mixture. A reduction of the interfacial thermal resist-
ance was found, which was mainly due to the PDOS of the Si/Ge
mixture, which bridges PDOS of the solid Si and solid Ge. For the
Si/Ge multi-layer structures with fewer periods, the Si/Ge mixture
at the interfaces could increase the thermal conductivity through a
phonon “bridge” effect: as the number of periods increased beyond
a certain number of periods, the thermal conductivity of the atomic
mixing MLS would diminish significantly compared with the
perfect MLS. This is most likely because the interface disorder
destroys a large portion of the phonons’ coherence, which could
result in the transition from an incoherent to a coherent phonon
dominated heat transfer regime.

The period length greatly affected the thermal conductivity.
The thermal conductivity of perfect interfacial multi-layer struc-
tures showed a non-monotonic trend, which indicates that the
phonon transport changed from the coherent transport of a wave
to the diffusion transport of a particle. However, the interfacial
atom mixing destroys the coherent phonon transport in the multi-
layer structures, and the interfacial diffuse scattering plays a domi-
nant role in phonon transport. Therefore, the thermal conductivity
of the interfacial atom mixing multi-layer structures increased with
the increase in the period length. Temperature can affect the
thermal conductivity of the multi-layer structures in two ways. For
the perfect MLS, as the temperature increases, the phonon–phonon
scattering increases and the thermal conductivity decreases. For the
atomic mixing MLS, the temperature insensitivity of the thermal
conductivity may be attributed to the phonon localization and
phonon–phonon scattering.
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