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The thermal boundary resistance (TBR) is still a challengeable subject since its mechanism
to explain quantitatively is not clear in spite of its importance. We performed non-equilibrium
molecular dynamic (NEMD) simulation to evaluate TBR at an epitaxial solid interface
composed of two different materials. Solid argon is selected as a simulation material since it is
a non-conductor electrically, so that energy transportation is caused only by lattice vibration.
The history to grasp the mechanism on TBR is fairly long and the various theories were
developed such as an acoustic mismatch model (AMM), an acoustic impedance mismatch
model (AIMM) and a diffuse mismatch model (DMM), however any model can’t make a success
of analyzing TBR quantitatively. The mechanism of TBR can be explained as the energy
reflection at an interface caused by the discontinuity of acoustic impedance even in a
microscale system from this study. However it should be corrected with the consideration of a
microscale characteristic. The corrected microscale acoustic impedance mismatch model
(CM-AIMM), which is developed in this study, fairly well predicts TBR compared with any

other existing models.

I. INTRODUCTION

The nano- and micro-technologies have been more
critical to the related industries such as a
semi-conductor, a micro-electromechanical system
(MEMS) and a nano-electromechanical system
(NEMS). These newly growing technologies make
the various devices perform the advanced functions
with a more reduced size and change even the human
life [1]. However these new technologies require at
the same time that we should thoroughly understand,
analyze the new phenomena resulted from the
extremely small size and the application limits of the
existing theories based on a macro system [2-13].

In MEMS and NEMS the thermal boundary
resistance (TBR) at a solid interface composed of two
different materials or a grain boundary is focused
one’s attention [3-14] because it plays key role in the
heat dissipation capacity of those devices. For
example the heat generation from CPU or an
electronic chip degrades the performance of them, so
that a proper heat removal is very important to assure
their designed functions. However the existence of an
interface between a substrate and a mounted chip on
it prevents from flowing out a heat current, which
causes a device to fail an intended performance or a
proper operation.

Recent thin film deposition technology, which is
able to control to the range of one atom thickness
nowadays, makes supperlattices be possible as shown
in Fig. 1. This material is an artificial film not existed
in nature since it is possible to be manufactured from
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arbitrary selections of any element [15]. Many studies
report that there are two manifest features in a
thermal phenomenological sense. One is that there is
a large temperature jump at an interface in
supperlattices and the other is that the thermal
conductivity of each film is lower than that in a bulk
state [16-21]. The latter is relatively well explained
and analyzed by the concept of a phonon mean free
path (MFP) in Ref. 2 submitted with this paper [2].
However it can be said within our knowledge at least
that there is no theory to explain quantitatively the
magnitude of TBR at a solid interface, so that it
remains still a challengeable subject [3-21] since
Kapitza found the existence of TBR at an interface
between the metal surface and liquid Helium [1-2].

After Kapitza’s observation of TBR, many
researchers have focused all their attention on TBR
between solid-liquid or solid-solid interface. The first
attempt to explain the mechanism of TBR was done
by Little [5] who applied the concept of a phonon
reflection and transmission at a solid-solid interface,
which is now called as an acoustic mismatch model
(AMM). Hereafter the almost experimental or
computational results were compared with the
predictions based on AMM, however the
comparisons were far from the quantitative
agreement except in the case that the temperature of a
system is lower than about 0.01 K [3-4, 6]. To
overcome this discrepancy Swartz proposed a diffuse
mismatch model that is called as DMM [3]. Although
it shows a little improved prediction of a thermal
conductance in the region of a high temperature,
there is still a large gap between an experimental
result and a prediction by DMM.

In contrast to a microscale situation, TBR seems to
be considerably reduced from the results of a



macroscale system if the actual contacting area at an
interface is increased by any method [22-26]. Those
results make one understand that TBR is disappeared
if the interface is perfect contact as shown in Fig. 1,
which is considered as fairly reasonable. However,
against our naive expectation, the recent study by
Matumoto et al. reported that TBR still exists at an
epitaxial interface between dissimilar materials even
though an interface is perfectly contacted in view of
an atomic level [27]. Matumoto’s study was
performed with changing the molecular mass of two
species and a potential well depth g, but failed to
predict TBR quantitatively.

This study is carried out to develop a new model to
predict TBR accurately using NEMD and
investigated only the effect caused by a molecular
mass ratio. Solid argon is selected as a simulation
material because of the same reason described in
another paper submitted with this [2]. It has been
found from this study that TBR at an interface is
explicitly dependent on the mass ratio between two
different materials and the higher a mass ratio is the
higher TBR. The mechanism of TBR can be
explained as the energy reflection at an interface
caused by the discontinuity of acoustic impedance.
AIMM is corrected for the microscale system and it
is confirmed to evaluate TBR qualitatively and
guantitatively compared with any other model such
as AMM, AIMM and DMM. The detailed description
will be given in the next sections.

-----

’

AL

(a) Epitaxial Supperlattice  (b) Non-epitaxial Supperlattice
Fig. 1. Schematic Cross Sections of Superlattices

Il. SIMULATION METHOD

A simulation system is arranged with fcc <111> as
shown in Fig. 2 and the simulation method is actually
the same as described in Ref. 2 except that the upper
half of a system has the different molecular mass
from the lower half. The adiabatic wall of 3 layers
and the temperature control layers (TCLs) are placed
at both ends of a system. The former are for isolating
the system from circumstances and the latter for
controlling both TCLs to each desired temperature.
The bottom is controlled to a high temperature and
the top to a low temperature, so that a heat current
flows up (z direction). The x-y plane perpendicular to
the heat flow direction is set as a periodic boundary
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condition (PBC), which behaviors just as an actual
thin film. The velocity scaling method is used for the
temperature control of both TCLs and the equation of
motion is integrated by the Velocity Verlet method in
the same as Ref. 2. An intermolecular distance is
determined to maintain a system to be under a
freestanding state, which means a system to be in the
zero stress state internally during a simulation
[28-32]. The selected intermolecular length in this
study is the same as Ref. 2.

Eighteen argon molecules are arranged on x and y
direction respectively in one layer and total layer of a
system is thirty in z direction. A temperature gradient
is measured in the medium of the eighteen layers
excluding the temperature control layers and the
adiabatic wall at each side. Time interval for an
iteration calculation is selected as At=1.0x10" s (=1
fs) and the cut-off length an intermolecular
interaction 3.5 oar. The properties of argon are
oar=3.4 A, Mar=6.634x10%° kg and ear=1.67x10"*
J.

(a) View from the Top

c)View from the Front (d)VieW from the Side
(18 x 18 molecules in a plane and 30 layers in length)

Fig. 2. The Simulation System of fcc<111> with an
Adiabatic Wall

The lower half of Fig. 2 is composed of the argon
molecules to have the earlier specified properties,
however the upper half the imaginary argon
molecules that have a different mass. The latter has
the same properties except for the mass, which make
one evaluate TBR especially caused by the mass
difference. TBR is investigated in case that the mass
ratio is 1:2, 1:3, 1:5 and 1:7 respectively. The first
simulation makes a system maintain an initial
equilibrium state at any setting temperature and then
controlling both TCLs respectively develops a
temperature gradient in a system. These simulations
are performed six times each of which is 400,000
iterations (400 ps), however the first one is excluded
in the evaluation of a thermal conductivity since it
must be a transient period to develop a temperature
gradient in a system. Therefore the thermal
conductivity is the averaged value over the rest five
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Fig. 4. Heat Flux Reductions by Different Mass Ratio

simulations. The initial equilibrium temperature is 40
K. During all simulations for developing a
temperature gradient the high TCLs is controlled to
42 K and the low TCLs to 38 K always (AT=4 K). It
is confirmed that the averaged temperature of a
system is maintained to 40 K during all simulations
although each TCLs is in the different setting
temperature, that is 38 K and 40 K.
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Fig. 5. Temperature Gradient Ratio of the System
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I1l. RESULTS AND DISCUSSION

I11-1. TEMPERATURE JUMP AT AN
INTERFACE AND HEAT FLUX

There is no need to describe the method of the
calculation of a heat flux, a thermal conductivity and
the determination of an intermolecular length here
repeatedly since the details of them are explained in
Ref. 2. From the simulation results it is observed that
a heat flux is reduced and a temperature jump is
increased when a mass ratio gets more increased as
our expectation. Fig. 3 and Fig. 4 shows respectively
the examples of the temperature jump at an interface
and the heat flux of each corresponding mass ratio. It
is clear that the heat current is prevented from
flowing through an interface owe to the increased
TBR as the mass ratio is increased. The thick dotted
line on Fig. 4 is the heat flux of a system in which all
molecules are argon, that is no interface. Heat inflow
and outflow by the velocity scaling of both TCLs are
almost the same (maximum 3 % deviation), which
justifies that the system is fully under a
non-equilibrium steady state during a simulation.

The theoretical ratio of two temperature gradients
of a system as shown in Fig. 3 can be calculated from
the definition of a dimensionless thermal conductivity
[29-30].
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In Eq. (1) q is a heat flux, AL a system length,

AT the temperature difference between both ends and
kg is the Boltzmann constant, 1.38x10% J/K.
Considering that the upper half and the lower half of
a system have the same properties except for their
mass, it is easily derived from Eg. (1) that the



theoretical ratio of two temperature gradients is
proportional to the square root of a mass ratio.
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Fig. 5 is the measured ratios of the temperature
gradients from all simulation and each data point are
averaged over five simulations. It shows that the MD
results are fairly well agreed with the theoretical
value of Eq. (2) and the standard deviation (1-cstp) is
about 20 % of the average at most.

I1-11. PREDICTION OF THERMAL
BOUNDARY RESISTANCE BY AIMM

The history to grasp the mechanism of TBR is
fairly long as described previously and the typical
models are AMM and DMM, which are concerned
with  phonon transportation phenomena [3-5].
However it is well known that neither of them agrees
with experimental data except for an extremely low
temperature region although both models give rather
similar predictions for many cases [6]. Moreover
these models were too complicate to handle easily for
engineering use. We don’t mention the details of
AMM and DMM again since other references
provide with the full description on these models
[3-4]. Recently Matumoto et al. tried to evaluate TBR
by comparing with the heat fluxes between the
reference system that consists of all the same
molecules of argon (hereafter called as SY Sger;) and
the system that has a mass ratio (hereafter called as
SYSwr) [27]. The concept by Matymoto is very
simple. They defined the energy reflection coefficient
(ERC) from the above heat fluxes and then compared
with ERC from an acoustic impedance mismatch
model (AIMM). As well known, AIMM is the model
for calculating ERC occurred at an interface of a
macroscale system considered as a continuum. If we
assume that an incident wave to an interface is
Arexp{i(o-t-k;:x)}, a reflection wave from it
B1-exp{i(w-t+k;x)} and a transmitted wave through it
Ayexp{i(o-t-kyx)}, then ERC is given as follows
[29-30, 33].
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In Eq. (4) g, is the heat flux of SYSger; and

dMR the heat flux of SYSyr. The acoustic velocity of

a solid material, c is theoretically the square root of a
ratio of Young’s modulus to a density. Since Young’s

modulus is related with a potential well, ¢ and two
species are assumed to have the same potential well
in this study, Eq.(4) can be rewritten as Eq. (5).
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Matumoto et al. supposed that ERC by the heat
flux ratio of Eq. (4) is equal to ERC by AIMM of Eq.
(5), however their MD results were largely different
from the prediction by Eq. (5). Although the attempt
by them showed not to predict TBR quantitatively it
is worthwhile noting their concept because it is very
simple and shows a little improved estimation of
TBR compared with AMM or DMM. We
investigated their concept thoroughly from the
starting point of AIMM theory and found that it can
be an excellent model to anticipate TBR if it is
corrected for a microscale system. This will be
described in the next section.

111-11l. CORRECTED
ACOUSTIC  IMPEDANCE
MODEL (CM-AIMM)

MICROSCALE
MISMATCH

As mentioned previously the method of
Matumoto’s et al. is very simple to understand and
easy to handle while it fails to predict TBR
guantitatively. It may be considered that the
discrepancy between MD results and AIMM
prediction results from the direct application of
AIMM to a microscale system without any
consideration. If we consider the fact that AIMM was
originally developed for a macro system, it is
reasonable that some assumptions should be
corrected for applying AIMM to a microscale system.
AIMM was developed under two boundary
conditions (BCs) of (1) the displacements of both
sides at an interface are the same immediately for all
time and (2) the force acting to both sides at an
interface are also the same. These conditions assure
that there is no discontinuity of the displacement and
the force at an interface. However it is questionable
that BC (1) is applicable to a microscale system
though BC (2) is considered to be reasonable still.

Under our assumptions the displacements of
molecules are not collective but rather random from a
microscopic viewpoint. In a macroscale system such
as a string, a slender bar or a slinky the imparted
energy for a wave motion is extremely large
compared with the energy of a molecular motion, so
that the energy by the molecular motions can be
ignored completely. Therefore ERC can be calculated
sufficiently considering only the collective motion of
a body. However in a microscale system like this
study the energy transport depends only on the
thermal motions from the molecules and it must be



considered when evaluating TBR. Supposing two
molecules with a different mass respectively under
the Lennard-Jones (L-J) potential and their
movements, it can be easily imagined that the
amplitudes of two molecules are different from each
other and expected to be proportional to each mass.

Fig. 6 shows the respective amplitudes of each
with the different mass, which are measured from
each equilibrium position during a motion. It is
concluded from this figure that our assumption can be
accepted for a correction of AIMM. Consequently
BC (1) should be corrected for a microscale system
as (1) the displacements of both sides at an interface
has the ratio proportional to their mass ratio for all
time. Under these corrected BCs, ERC by AIMM is
derived as Eq. (6).
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Fig. 6. Amplitude of Two molecules with Different
Mass under the L-J potential

In Eq. (6) Z is acoustic impedance that is the
product of the density and the acoustic velocity of a
material. Eq. (6) is named as CM-AIMM in this study
and it is identical with Eq. (3) if « is replaced as 1.0.
Before applying Eq.(6) to a microscale system, it
should be considered what system can be regarded as
a reference. Matumoto et al. considered that a
reference system is SYSggr; under the same
simulation conditions. However the system with a
mass ratio is certainly different from one without a
mass ratio even though the same simulation
conditions are applied such as the same physical
dimensions and the temperature difference at both
ends. Rather the reference of a simulation system
may well be own itself to be assumed without the
temperature jump at an interface (hereafter called as
SY Sgerz), Which is easily created from Eq.(2).

Figure 7 (a) is the example of MD simulation in

case that the mass ratio is 1:2 and (b) the simplified
temperature profile of (a). If there is no temperature
jump at an interface of a simulation system, T, must
be decreased and T, increased as shown in (b).

However the corrected temperature gradient should
satisfy the following relationships.
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Fig. 8. Wave Behavior in the System with an
Interface

Assuming that there is no temperature jump at an
interface, the heat flux of SYSggr, must be increased
compared with SYSyr and it can be calculated from
the ratio of the corrected temperature difference to
the originally measured one by MD simulation.

ATger, _ ATger,
AT, AT,

q REF2 _

Amr

(10)

In Eqg. (10) {]REF is the heat flux of SYSger, and

dMR the heat flux of SYSyr. As a result, ERC by the

concept of a reference system is calculated by
subtracting the reverse of Eq. (10) from unit.
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In this study Eqg. (11), which is a result by MD
simulation and corresponds to an actual experiment,
is compared with the theoretical ERC by CM-AIMM
of Eq. (6). However it is necessary that the acoustic
impedance of a material should be determined before
calculating ERC. For this purpose we prepared the
long system of fcc <111> arrangement and imparted
a weak pulse to the bottom after achieving an initial
equilibrium state. From the observation of the kinetic
energy of a system we measured the acoustic velocity.
Fig. 8 is the snapshots that show the reflection and
transmission of a wave occurred at an interface. The z

directional displacements of the molecules were
exaggerated for the visualization. Fig. 9 is the kinetic

energy behaviors of each layer with the time and
corresponds to Fig. 8.
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Fig. 9. Kinetic Energy Behavior of a Layer in the
System with an Interface

From the previous results of Fig. 8 and 9 we
calculated the acoustic velocity of each material and



confirmed that the mechanism of TBR is reasonable,
which is caused by a wave reflection at an interface.
The measured acoustic velocity is different from the
theoretical prediction that is proportional to the
square root of the ratio of Young’s modulus to a
density. Fig. 10 is the observed value of the acoustic
velocity with the change of a mass and resulted in the
power of 0.6 approximately.

Fig. 11 shows ERC results of this study, in which
the dotted line is ERC by AIMM calculated from Eq.
(3) and the solid line is that by the CM-AIMM from
Eq. (6). Both theoretical values are based on the
measured acoustic velocity of Fig. 10 and tabulated
in Table 1. The opened circle is the ERC by
Matumoto et al., which was on the system arranged
with fcc<100> and the heat flux ratio between SY Syr
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TABLE 1: Comparison of ERC among the
Theoretical Values and MD Results

ERC from ERC ERC
Mass Matumoto from by ERC by
Ratio ot al this AIM | CM-AIMM
' Study M
1:2 53 % 20 % 5% 20 %
1:3 33% 7% 41 %
1:4 62 % 11 % 55 %
1:5 54 % 15% 65 %
1:7 64 % 20 % 76 %
1:9 77% 25 % 83 %

and SYSger:. The opened square is the ERC by this
study and also based on the heat flux ratio as same as
the above. The solid square is ERC by this study
however they are based on the heat flux ratio between
SYSumr and SYSger, Which is assumed that there is
no temperature jump at an interface. As seen in
Figure 11, it is clear that the developed CM-AIMM,
which is based on the concept of the reflection of an
incident wave or energy at an interface, predicts well
TBR compared with any other model. Moreover this
new model can evaluate the temperature profile
through Eq.(7) to (9). Considering the results of this
study, it is supposed that AIMM based on a
macroscal system is still applicable to a microscale
system if a proper coefficient is introduced. Indeed a
correction coefficient « of Eg. (6) plays such a role.
Therefore it can be explained that the reported
discrepancy between the experiments and the
theoretical models such as AMM, DMM and AIMM
results from ignoring the characteristic of a molecular
motion when measuring TBR at an interface between
thin solid film.

IV. CONCLUSION

The molecular dynamics simulation is performed
to analyze the TBR at an interface of a system with
different materials and it is confirmed that the
mechanism of TBR can be explained by the concept
of a classical wave theory in which an incident wave
is partly reflected and partly transmitted on an
interface. Some correction is made to a conventional
AIMM for a macro system and the new concept,
which is the heat flux ratio between a simulation
system and a reference system, is introduced to
evaluate TBR. The CM-AIMM developed in this
study predicts TBR accurately compared with other
existing models such as AMM, DMM and AIMM.
The maximum deviation between the ERCs by
CM-AIMM and MD results within 12 %, which is the
case of the mass ratio of 1:7. This is quite satisfactory
result for engineering use. Moreover this new model




can evaluate the temperature jump occurred at an
interface through Eq.(7) to (9). However it must be
noted that this study is insufficient since this does not
contain any effect resulted from an intermolecular
potential. Further study will be performed for
including it to the CM-AIMM.
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