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The knowledge of interfacial phonon transport accounting for detailed phonon spectral

properties is desired because of its importance for design of nanoscale energy systems.

In this work, we investigate the interfacial phonon transport through Si/Ge multilayer films

using an efficient Monte Carlo scheme with spectral transmissivity, which is validated

for cross-plane phonon transport through both Si/Ge single-layer and Si/Ge bi-layer

thin films by comparing with the discrete-ordinates solution. Different thermal boundary

conductances between even the same material pair are declared at different interfaces

within the multilayer system. Furthermore, the thermal boundary conductances at

different interfaces show different trends with varying total system size, with the variation

slope, very different as well. The results are much different from those in the bi-layer thin

film or periodic superlattice. These unusual behaviors can be attributed to the combined

interfacial local non-equilibrium effect and constraint effect from other interfaces.

Keywords: interfacial phonon transport, Monte Carlo method, micro- and nanoscale heat transport, multilayer

film, material pair

INTRODUCTION

In the 1950s, semiconductors became to be used as thermoelectric material for energy conversion
in refrigeration (Majumdar, 2004). The efficiency of thermoelectric material can be quantitatively
determined by its dimensionless figure of merit, ZT = S2σT/k, where S is the Seebeck coefficient,
σ is the electrical conductivity, T is the absolute temperature, and k is the thermal conductivity
(Jeng et al., 2008). To achieve a highly efficient thermoelectric device, ZT should be larger than
3, whereas for the conventional bulk materials, ZT only lies between 0.6 and 1 around room
temperature (Majumdar, 2004). Recently, thermoelectrics play an appealing role toward the global
energy crisis due to their direct conversion of heat to electricity in an environmentally friendly way
(Wu and Wu, 2016). Therefore, there is a strong desire for the development of highly efficient
thermoelectric materials. With the rapid development of nanoengineering in the past decades,
people have attained significant increase of thermoelectric efficiency by nanostructuring, such as
superlattices and nanocomposites (Majumdar, 2004; Kim et al., 2006; Dresselhaus et al., 2007; Jeng
et al., 2008; Joshi et al., 2008; Snyder and Toberer, 2008; Hu and Poulikakos, 2012; Wu and Wu,
2016). When the size of nanostructures is smaller than the phonon mean free path (MFP) but still
larger than the electron MFP, the fruitful interfaces contribute to large reduction of the thermal
conductivity with negligible destruction of the electrical conductivity. In spite of the substantial
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improvement of thermoelectric efficiency, a further progress
remains challenging due to the elusive understanding of
interfacial phonon scattering in micro and nanomaterials.

There exist several approaches in studying phonon transport
across interfaces, mainly including molecular dynamics
simulation (Schelling et al., 2002; Landry and McGaughey, 2009;
Sun and Murthy, 2010; Liang et al., 2014), atomistic Green’s
function method (Li and Yang, 2012; Tian et al., 2012), phonon
Boltzmann equation modeling (Majumdar, 1993; Chen, 1998;
Murthy and Mathur, 2002; Jeng et al., 2008; Huang et al., 2009;
Péraud and Hadjiconstantinou, 2011; Singh et al., 2011; Hua and
Minnich, 2014; Hori et al., 2015; Guo and Wang, 2016; Yang
and Minnich, 2017), and experimental measurements (Norris
and Hopkins, 2009; Minnich et al., 2011; Hua et al., 2017). The
molecular dynamics simulation and atomistic Green’s function
method are usually suitable for relatively small and simple
structures due to their large consumption of computational
resources. The experimental measurement is very difficult
because of many uncertain factors from interfacial roughness,
disorder, dislocations, etc. In contrast, the phonon Boltzmann
equation modeling provides a more robust and feasible avenue
with a clear physical picture of phonon scattering at the
interface. Two categories of numerical schemes are available
to solve the phonon Boltzmann equation: (i) the deterministic
method [discrete-ordinates method (Majumdar, 1993; Chen,
1998), finite volume method (Murthy and Mathur, 2002),
lattice Boltzmann method (Guo and Wang, 2016), etc.], (ii) the
stochastic method (Monte Carlo scheme; Jeng et al., 2008; Huang
et al., 2009; Péraud and Hadjiconstantinou, 2011; Hua and
Minnich, 2014; Hori et al., 2015; Yang and Minnich, 2017). In
comparison to the deterministic methods, Monte Carlo scheme
is a better choice to simulate phonon transport within complex
geometries due to its simple and intuitive boundary and interface
treatment.

Hitherto, there are mainly two classical models for phonon
transmission coefficient in interfacial modeling based on phonon
Boltzmann equation, including the acoustic mismatch model
(AMM) (Little, 1959) and the diffuse mismatch model (DMM)
(Swartz and Pohl, 1989). The phonon transmission coefficient
is the crucial parameter in determining the thermal boundary
conductance, which is defined as the heat flux across the interface
over the interfacial temperature jump (Swartz and Pohl, 1989).
The AMM assumes that the phonon completely specularly
transmits or reflects as acoustic waves at the interface. It works
well in low temperature situation while much underestimates
the thermal boundary conductance at elevated temperature due
to stronger Rayleigh scattering (Majumdar, 1989; Swartz and
Pohl, 1989). The DMM assumes that the phonon experiences
completely diffuse scattering at the interface. Previous studies
have shown that the DMM is appreciably valid around room
temperature for rough and disordered interface, which are
common situations in realistic applications (Swartz and Pohl,
1989; Hopkins, 2013; Kakodkar and Feser, 2017). In recent
years, both the experimental measurement and microscopic
calculations have uncovered the strong frequency dependence
of interfacial phonon transmission coefficient (Schelling et al.,
2002; Li and Yang, 2012; Hua et al., 2017). The spectral

diffuse mismatch model (SDMM) is a crude approximation
yet still the most appropriate theoretical model available for
describing the detailed phonon spectral feature (Duda et al.,
2010; Monachon et al., 2016). The coherent and incoherent
phonon scatterings have been shown to synthetically influence
the heat transport in multilayer films (Simkin and Mahan, 2000;
Chen et al., 2005; Luckyanova et al., 2012; Ravichandran et al.,
2014; Cheaito et al., 2018). Minimum thermal conductivity has
been found in superlattice at the crossover from coherent to
incoherent phonon transport (Simkin and Mahan, 2000; Chen
et al., 2005; Ravichandran et al., 2014). For relatively large
layer thickness in the currently considered multilayer system
around ordinary temperature, the phase information carried by
phonons is usually lost by the diffuse scattering at the rough
interface or boundary (Luckyanova et al., 2012; Ravichandran
et al., 2014). Therefore, the coherent phonon scattering is
negligibly weak and not taken into account in the present
work.

Monte Carlo modeling of interfacial phonon transport has
been widely considered in previous studies (Jeng et al., 2008;
Huang et al., 2009; Péraud and Hadjiconstantinou, 2011; Hua
and Minnich, 2014; Hori et al., 2015; Yang and Minnich, 2017),
which yet consider either gray transmission coefficient between
dissimilar materials or empirical spectral transmission coefficient
between grain boundaries within single material. In the present
study, we introduce the SDMM into the kinetic-type Monte
Carlo scheme (Péraud and Hadjiconstantinou, 2012; Péraud
et al., 2014) to study the interfacial phonon transport through
Si/Ge multilayer film. The remainder of this article is organized
below: the numerical and physical models are given in Section
Numerical and Physical Models. The numerical method is
validated in Section Validations by modeling cross-plane phonon
transport through both single-layer and bi-layer thin films. The
results and discussions for interfacial phonon transport through
Si/Ge multilayer system are presented in section Results and
Discussions. The concluding remarks are finally made in section
Conclusions.

NUMERICAL AND PHYSICAL MODELS

Phonon Monte Carlo scheme is a statistical approach for solving
the phonon Boltzmann equation with the counterpart direct
simulation Monte Carlo (DSMC) in rarefied gas flow (Bird,
1978; Hadjiconstantinou, 2000; Wang and Li, 2003, 2004). An
efficient Monte Carlo scheme is adopted to model phonon
transport across the Si/Ge multilayer film in the present work,
namely the kinetic-type Monte Carlo scheme (Péraud and
Hadjiconstantinou, 2012; Péraud et al., 2014). This scheme
solves the linearized version of the energy-based deviational
phonon Boltzmann equation under small temperature difference
assumption (Péraud and Hadjiconstantinou, 2011, 2012; Péraud
et al., 2014):

∂ed

∂t
+ vg

(

ω, p
)

· ∇ed = −

ed −
(

e
eq
loc

− e
eq
Teq

)

τ
(

ω, p,T
) , (1)
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where ed = e − e
eq
Teq

is the deviational energy distribution,

with the phonon energy distribution e and equilibrium energy
distribution e

eq
Teq

= h̄ωf0
(

Teq

)

at the referenced equilibrium

temperatureTeq, f0 denoting the Planck distribution; vg and τ

represent the phonon group velocity and relaxation time at the
phonon angular frequency ω and local equilibrium temperature
T for the phonon polarization p; e

eq
loc

= h̄ωf0 (Tloc) denotes
the pseudo-equilibrium energy distribution at the local pseudo-
equilibrium temperatureTloc.

The kinetic Monte Carlo scheme tracks energy packets one
by one, which is much different from the traditional ensemble
Monte Carlo scheme tracking all the energy packets. This scheme
starts with the initialization of phonon properties (frequency,
polarization, group velocity, sign, initial position, and initial
time) for all the energy packets used for computation. Each
energy packet will be tracked until it encounters with the
isothermal boundary or the simulation time approaches to the
end, during which advection and scattering occur sequentially.
Two kinds of scattering events are considered: the Umklapp
scattering and interface scattering. The desired macroscopic
statistical information (temperature, heat flux) is finally obtained
by averaging over these computational energy packets at a certain
time.

The SDMM is applied to treat the interface phonon scattering
neglecting inelastic scattering and polarization conversion. The
frequency-dependent phonon transmission coefficient from side
1 to side 2 is dependent on the wave number as Duda et al. (2010):

α12

(

ω, p
)

=

[

kp,2 (ω)
]2

[

kp,1 (ω)
]2

+
[

kp,2 (ω)
]2
, (2)

where 1 and 2 denote the labels of two dissimilar materials. The
frequency-dependent phonon transmission coefficient from side
2 to side 1 is derived based on the principle of detailed balance as
Duda et al. (2010):

α21

(

ω, p
)

=

[

kp,1 (ω)
]2

[

kp,1 (ω)
]2

+
[

kp,2 (ω)
]2
. (3)

The present spectral DMM is slightly different from the typical
frequency-dependent DMMmodel adopted in Singh et al. (2011),
which considers the polarization conversion shown to be weak
elsewhere (Duda et al., 2010). The transmitted or reflected
phonons keep only the frequency and polarization but change
other properties following the dispersion of material at the
new side. The SDMM assumes that phonons diffusely transmit
or reflect when scattering with the interface (Aksamija, 2017).
Thus, the direction of group velocity of the transmitted or
reflected phonon is specified based on the Lambert’s cosine law
(Aksamija, 2017). By tracking the energy packets one by one,
we can determine which scattering time is the shortest along the
trajectory of the present energy packet. If the interface scattering
takes place first, then one random number is generated and
compared with the interfacial phonon transmission coefficient
to determine its transmission or reflection. In comparison
to the Monte Carlo scheme as a kind of particle method,

the deterministic numerical method (such as discrete-ordinate
method) is often inconvenient in treating complex interface
due to its non-trivial spatial and angular discretization near the
interface.

The one-dimensional cross-plane interfacial phonon
transport across a four-layer thin film made of Si and Ge is
modeled, as is shown in Figure 1. The thickness of each layer is
the same and denoted as L0. The left side and the right side of the
whole system are kept in contact with isothermal hot source and
cold source, respectively. The dispersion relation and relaxation
time expressions of Si and Ge are taken from Hopkins et al.
(2011) and Singh et al. (2011), respectively. We do not consider
the optical phonons due to their negligible contribution to heat
transport at steady state.

VALIDATIONS

In this section, the numerical scheme in section Numerical
and Physical Models is validated by modeling the cross-plane
phonon transport through single-layer thin film made of Si or
Ge and cross-plane interfacial phonon transport across Ge/Si
bi-layer thin film as shown in Figure 2. The benchmark is
not easy and direct mainly due to the following two reasons:
(a) multiple uncertain factors (such as interfacial roughness,
disorder and dislocations, etc., Hopkins, 2013) in realistic
interface system make a direct comparison to experimental
results almost impossible; (b) the analytical expression of thermal
boundary conductance (known as the Landauer formalism;
Chen, 2005) is derived based on the difference of emitted
phonon temperature at the interface (Simons, 1974; Chen,
1998), which is difficult to specify in Monte Carlo scheme.
Therefore, a DOM scheme incorporating the SDMM is developed
and validated through predicting the Landauer’s thermal
boundary conductance attributed to its capability to calculate
the emitted phonon temperature. Then the numerical results
of cross-plane temperature distributions and effective thermal
conductivity or thermal boundary conductance by the DOM
scheme are used as benchmarks for the present Monte Carlo
scheme.

FIGURE 1 | Schematic of cross-plane interfacial phonon transport through a

four-layer thin film, 1 and 2 denote two dissimilar materials as 1(Si) and 2(Ge)

or 1(Ge) and 2(Si), respectively.
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FIGURE 2 | Schematic of cross-plane phonon transport across the

single-layer thin film and cross-plane interfacial phonon transport across the

bi-layer thin film: (A) the single-layer thin film made of Si and Ge separately; (B)

the bi-layer thin film made of Ge/Si.

Cross-plane phonon transport across the single-layer thin film
is firstly considered. Initially, the thin film maintains a uniform
temperature as 299K, then the temperatures of the left side
(Tl) and right side (Tr) change to 301 and 299K, respectively.
Subsequently, the system evolves till it reaches the steady state.
At steady state, the temperature at a spatial unit cell is computed
by:

T = Teq +
∑

i

siη
d
eff/CVV , (4)

where si denotes the sign of tracked energy packet, ηd
eff

being
the effective deviational energy of an energy packet, CV the
volumetric heat capacity, and V is the volume of unit cell. The
effective cross-plane thermal conductivity is calculated by λeff
= qaveL/(Tl – Tr), where qave is the average value of heat flux
along the system at steady state, and L the thickness of this thin
film. To better illustrate the relation between the effective thermal
conductivity and film thickness, an average Knudsen number is
defined as Péraud and Hadjiconstantinou (2016):

〈Kn〉 =
3̄

L
, (5)

where the average MFP is defined as: 3̄ =

∑

p

∫

ω
D

de
eq
Teq

dT
vgτdω/

∑

p

∫

ω
D

de
eq
Teq

dT
dω with the density of phonon

states D. The non-dimensional temperature distributions and
effective thermal conductivity for both Si and Ge thin films
obtained by the present Monte Carlo scheme are compared with
those by the DOM scheme in Figure 3, where a pretty good
agreement is achieved.

The cross-plane interfacial phonon transport through the
Ge/Si bi-layer thin film around room temperature is then
considered. The volume ratio of the two materials keeps
one for various total film thicknesses. After a period of
evolutions to steady state, the temperature distributions and
thermal boundary conductances are then calculated. The thermal

FIGURE 3 | The non-dimensional temperature distributions and the effective

thermal conductivity of cross-plane phonon transport through Si and Ge

single-layer thin films: (A,B) are non-dimensional temperature distributions for

Si and Ge, including three cases with a thickness 7, 50, and 700 nm,

respectively. Symbols are the results calculated by Monte Carlo scheme and

chain lines are those derived by DOM scheme; (C) is the effective thermal

conductivity for Si and Ge thin films at different average Knudsen numbers.
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boundary conductance is computed based on G = qave/1T,
where1T is the equivalent equilibrium temperature jump across
the interface. The comparison of the results calculated by Monte
Carlo scheme and the DOM scheme is made in Figure 4, which
shows a good agreement between each other. When the total
thickness of thin film decreases, a stronger non-equilibrium effect
at the interface gives rise to a larger temperature jump across the
interface.

RESULTS AND DISCUSSIONS

After the present Monte Carlo scheme is validated, it is applied
to study the phonon transport through a four-layer thin film as
shown in Figure 1. The thickness L0 of each layer is varied from
5 to 70 nm. The multilayer film system is simulated between Tl =

301K and Tr = 299K, whereas the initial uniform temperature

FIGURE 4 | The non-dimensional temperature distributions and thermal

boundary conductances in cross-plane interfacial phonon transport across

Ge/Si bi-layer thin film: (A) the non-dimensional temperature distributions for

three cases with a total thickness 10, 120, and 220 nm, respectively. Symbols

are the results from the present Monte Carlo simulation whereas chain lines

are that from the DOM scheme; (B) thermal boundary conductances vs. the

inverse of total thicknesses.

is 299K and the referenced temperature is Teq = 300K. After
a sequence of evolutions, the system will reach the steady state.
For 1(Si) and 2(Ge) collocation, we take the total evolving time
tmax as 20 ns for 5–40 nm cases, 80 ns for 50 and 60 nm cases,
and 120 ns for 70 nm case. The time intervals used for counting
macroscopic information are 4 ps for the former two total
evolving times and 6 ps for the latter one total evolving time. The
total numbers of tracked energy packets are 500 million for 5–
40 nm cases and 900 million for 50, 60, 70 nm cases. For 1(Ge)
and 2(Si) collocation, the total evolving times tmax are set as 12
ns for 5–40 nm cases, and other numerical parameters are the
same as those for 1(Si) and 2(Ge) collocation. Because of the
fluctuations in kinetic Monte Carlo simulation, we average all
the computational results from the last 30 time intervals when
evaluating both the temperature and heat flux distributions.

The effective cross-plane thermal conductivity of the four-
layer thin films is calculated from the uniform heat flux
distribution at steady state and the exerted temperature
difference based on Fourier’s law: λeff = 4qaveL0/(Tl − Tr), which
is given in Figure 5. The effective thermal conductivity decreases
almost linearly with decreasing thickness of each layer, which
is consistent with the trend shown by Chen (1998) based on a
gray interface transmission coefficient in superlattice. This result
shows that the linear length dependence of the effective thermal
conductivity of multilayer film may be not much influenced
by the phonon dispersion in the incoherent phonon transport
regime. On the other hand, the thermal rectification has not been
obtained when reversing the Si/Ge sequence, which may be due
to a small temperature difference within the whole system.

Then the thermal boundary conductances are computed
through calculating the average heat flux and the temperature
jump at the interfaces. The temperature jump is extracted by
fitting the temperature distributions within the four-layer system
at steady state, as illustrated in Figure 6. The results of thermal
boundary conductance are given in Figure 7. Four indications

FIGURE 5 | The effective thermal conductivity at different thicknesses for one

layer of the multilayer film system. The line with down triangle is for 1(Si) and

2(Ge) collocation whereas the line with square is for 1(Ge) and 2(Si) collocation.
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FIGURE 6 | The temperature distribution of four-layer thin film with 1(Si) and

2(Ge) collocation and L0 equal to 70 nm: blue squares are results for the

present Monte Carlo simulation and magenta lines are fitting lines for results of

Monte Carlo simulation. The non-dimensional position coordinates for the

three interface temperature jumps are as 0.25, 0.5, and 0.75, respectively.

are, thus, inferred: (i) the thermal boundary conductances of the
interfaces that have the same relative position in the two-material
collocations are almost identical. For 1(Si) and 2(Ge) collocation,
its first, second, and third interfaces have nearly the same thermal
boundary conductances as those of the third, second, and first
interfaces of 1(Ge) and 2(Si) collocation; (ii) for a fixed thickness
of one layer in multilayer film system, the thermal boundary
conductances at different interfaces are different, which is similar
to the conclusion in a very recent study (Gordiz and Henry,
2017); (iii) for 1(Si) and 2(Ge) system, the thermal boundary
conductance of the first interface almost keeps a constant,
whereas that of its second and third interfaces decrease as the
thickness of each layer increases. For the other collocation,
the trend is similar. In comparison, the thermal boundary
conductance between material pairs within bi-layer thin film
or periodic superlattice increases with increasing thickness of
each layer (Balasubramanian and Puri, 2011; Jones et al., 2013).
This difference is mainly attributed to different boundary or
interface conditions in different interfacial structures, which
directly influence the phonon scattering at boundary or interface,
which will be elucidated in detail later; (iv) the decreasing slope
of thermal boundary conductance at increasing thickness is
different. For 1(Si) and 2(Ge) system, the decreasing rate of
thermal boundary conductance at the second interface is faster
than that at the third interface. For the other collocation, the
trend is similar.

The indication (i) can be naturally understood. We will
interpret the other three indications in terms of the material
collocation 1(Si) and 2(Ge) as illustrated in Figure 8. For the
given materials and interface, the thermal boundary conductance
is dependent on the local non-equilibrium effect at the interface.
Stronger local non-equilibrium at the interface results in a
smaller thermal boundary conductance. Firstly, we provide a
paradigm to interpret the size effect on thermal boundary

FIGURE 7 | The thermal boundary conductance of three interfaces for

different material collocations vs. the thickness of one layer of the multilayer

system: the red dash line with the down triangle is the result of

non-dimensional position coordinates X at 0.25 for 1(Si) and 2(Ge) collocation;

the green dash line with the right triangle is the result of non-dimensional

position coordinates X at 0.5 for 1(Si) and 2(Ge) collocation; the magenta dash

line with the left triangle is the result of non-dimensional position coordinates X

at 0.75 for 1(Si) and 2(Ge) collocation; the blue-green dash line with the square

is the result of non-dimensional position coordinates X at 0.25 for 1(Ge) and

2(Si) collocation; the blue dash line with the diamond is the result of

non-dimensional position coordinates X at 0.5 for 1(Ge) and 2(Si) collocation;

the black dash line with the circle is the result of non-dimensional position

coordinates X at 0.75 for 1(Ge) and 2(Si) collocation.

conductance in bi-layer thin film in Figure 4B. An increase of
the total thickness of bi-layer thin film is amounted to extend
the boundaries with the same materials as the original film layer
for each side. The contacted face between the added materials
and the original film layer can be treated as two imaginary
interfaces, where phonons can completely transmit without any
change of properties. This will enhance the phonon–phonon
interaction within the film layer and decrease the extent of
non-equilibrium therein. Therefore, the local non-equilibrium
effect at the interface will be reduced and the thermal boundary
conductance will increase correspondingly. The indication (ii)
can be explained based on a similar physical picture. The
transmissivity of phonons between Si and Ge for both LA and TA
polarizations based on SDMM is illustrated in Figure 9, which
shows that the probability of phonons transmitting from Si to
Ge is much larger than that in the reverse direction. For the
first interface, the local non-equilibrium effect will be alleviated
the least when adding the Si to Ge film layer at right side; the
alleviation is improved at the third interface with the added Ge
to Si film layer at the left side; the largest alleviation is achieved at
the second interface where the left side and right side are added
by Si and Ge, respectively. Therefore, the thermal boundary
conductances of the first, third, and second interfaces increase in
turn, as seen in Figure 7.

Finally, the indications (iii) and (iv) are explained as below.
The thermal boundary conductance, G=qave/1T, is determined
by both the temperature jump at the interface and average
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heat flux across system at steady state. In principle, the
average heat flux will increase at decreasing system size under
the given temperature difference in the present study. In
contrast, the change of interface temperature jump is elusive
because it is influenced by both the local non-equilibrium
effect and the constraint effect from other interfaces. As the
system size decreases, stronger local non-equilibrium effect tends
to strengthen the interface temperature jump. However, the
constraints from other interfaces will weaken the temperature
jump, since the total temperature drop across the multilayer
system is fixed. In other words, when the temperature jump at
a specific interface is enhanced, the jump value at other interfaces
will be reduced. Therefore, this kind of constraint effect from
other interfaces is proportional to the local non-equilibrium

FIGURE 8 | Schematic of the four-layer system with material collocation 1(Si)

and 2(Ge): the three interfaces from left to right are denoted as 1st, 2nd, and

3rd interface, respectively.

FIGURE 9 | The spectral transmissivity of phonon through the interface from

Si to Ge or from Ge to Si for transverse acoustic (TA) polarization and

longitudinal (LA) polarization, respectively.

effect therein. As a result, when the system size decreases, the
increase of temperature jump at the second interface is the
smallest one due to both its least local non-equilibrium effect and
largest constraint from the two nearby interfaces. Followed will
be the third interface and first interface, respectively, as the local
non-equilibrium effect at the former is smaller than that at the
latter, whereas nearly the same constraint is seen from the second
interface. The quantitative increasing rate of the heat flux and
the interface temperature jump and their ratios with decreasing
thickness are given in Figure 10. The non-dimensional heat flux
and interface temperature jump are defined as Q = qave/qave,0
and 2 = 1T/(1T)0, where qave,0 and (1T)0 are heat flux and
temperature jump for L0 = 5 nm case. For the second and third
interfaces, the increasing rate of interface temperature jump is
smaller than the increasing rate of heat flux at decreasing L0.
Therefore, the thermal boundary conductance will even increase

FIGURE 10 | The non-dimensional heat flux and non-dimensional temperature

jump at the interfaces and their ratios vs. thickness of one layer: (A) the

non-dimensional heat flux and non-dimensional temperature jump of the 1st,

2nd, and 3rd interface vs. thickness of one layer, with Q= qave/qave,0 and

2 = 1T/(1T )0, where qave,0 and (1T )0 are heat flux and temperature jump

for L0 =5 nm case. (B) The ratios of the non-dimensional heat flux and

non-dimensional temperature jump vs. thickness of one layer.
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at a smaller system size. For the first interface, both increasing
rates are nearly the same, which results in a nearly constant
thermal boundary conductance at different system sizes. This
provides exactly an explanation of the indication (iii), whereas the
indication (iv) can be also deduced from the preceding analysis
of the relative magnitude of temperature jump increase at each
interface.

CONCLUSIONS

In summary, the interfacial phonon transport through Si/Ge
four-layer thin film is studied using an efficient Monte Carlo
scheme with spectral transmissivity. The following points
are concluded: (1) different thermal boundary conductances
between the same material pair are obtained at different
interfaces within the multilayer system; (2) the variation trends
of the thermal boundary conductance vs. the film thickness
are different at different interfaces, with the variation slope

different as well. These unusual behaviors are explained by the

comprehensive influence of both local non-equilibrium effect
and constraint effect from other interfaces. The present work
will promote the understanding of mechanism in interfacial
phonon transport and the optimization of the design of interface
structure.
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