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Molecular-dynamics study of energy flow and the Kapitza conductance across an interface
with imperfection formed by two dielectric thin films

Cherng-Jyh Twu and Jeng-Rong Ho*
Department of Mechanical Engineering, National Chung Cheng University, Chia-Yi, Taiwan 621, Republic of China

~Received 26 August 2002; revised manuscript received 31 January 2003; published 28 May 2003!

A molecular-dynamics study of the flow of thermal and mechanical energies and the Kapitza conductance
across both ideal and imperfect interfaces formed by two dielectric thin films is presented. The numerical
experiments were achieved on a three-dimensional lattice configuration consisting of two kinds of fcc lattice
particles having, respectively, Lennard-Jones and Morse interaction potentials. The degree of discrepancy
between the two films was realized through altering the parameter of the interaction potential. Interfacial
imperfections due to interdiffusion and a vacancy were considered. An effective computational procedure was
proposed to release the initial stress induced by forming the two-layered structure. Results show that a large
temperature jump occurred at the interface, and that the interfacial resistance dominated the effective conduc-
tivity of the whole film. Both the Kapitza conductance and the effective conductivity of the whole film
decreased with the increase of the discrepancy between the two films, as well as decreased with the increase of
the degree of disorder around the interface. With the increase of the system temperature, the temperature jump
at the interface decreased and the Kapitza conductance increased. The effective conductivity, however, first
increased then decreased with temperature. A peak conductivity was thus observed. The process of the energy
transition for the pulsed, propagating elastic, and thermal energies, especially at the duration of passing through
the interface, was demonstrated. The transmission coefficient of the energy through the interface was calcu-
lated, and the transformation of the energy from elastic to thermal was illustrated.

DOI: 10.1103/PhysRevB.67.205422 PACS number~s!: 68.35.2p, 67.40.Pm, 66.70.1f, 63.22.1m
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I. INTRODUCTION

Nowadays, due to the rapid progress in fabrication te
nology, a highly sophisticated, multilayered thin film stru
ture is often employed for a particular purpose in toda
state-of-the-art engineering systems. Energy transport a
interface between thin solid layers is thus not only of fund
mental significance but also has a practical importance
determining the performance of many components and
vices. Microscopically, the transfer of thermal and mecha
cal energies in materials is accomplished through movem
of atoms. As the energy passes through an interface, the
of movement of the atoms may be significantly altered, a
this sometimes results in a considerable change in prop
One apparent example is when heat current is transpo
across an interface between two different materials; th
will in general be a macroscopic temperature discontinuity
the interface. This effect, called the thermal resistance,
noticed as early as 1936.1,2 Kapitza reported his measure
ments of the temperature drop at the interface between
per and liquid helium.3 The Kapitza conductance, defined
sk5Q̇/(ADT), can be employed to describe the effecti
macroscopic interfacial conductance. In the above exp
sion, A is the area of the interface,DT is the temperature
difference on the two sides of the interface, andQ̇ is the heat
flow across the interface. Theoretical estimations of the th
mal resistance at the interface between two solids were b
on the acoustic mismatched theory4,5 and the diffuse mis-
matched theory.6 The former assumed that phonons prop
gated as a plane wave, with a wavelength much larger t
the interatomic spacings, and that the media were treate
continua. The latter, on the opposite extreme, assumed
0163-1829/2003/67~20!/205422~8!/$20.00 67 2054
-

s
he
-
in
e-
i-
nt
pe
d
ty.
ed
re
t

as

p-

s-

r-
ed

-
an
as
at

all phonons were diffusively scattered at the interface, i.e.
incident phonon was reflected and transmitted into all p
non states with the same energy. A very informative stu
about thermal boundary resistance that included a very c
prehensive literature review upto the late 1980s was repo
by Swartz and Pohl.7

The theoretical models only work well for solid-solid in
terfaces at very low temperatures; however, they are not s
able for situations at high temperature. From the viewpo
of phonon transport, neither of the above mismatched th
ries takes the phonon dispersion effect, which becomes m
crucial at high temperature, into account. The lattic
dynamical theory was thus employed to include these effe
by several investigators.8–10Among these, Young and Mari
presented a three-dimensional calculation of phonon tra
mission and the Kapitza conductance at the interface
tween two semi-infinite fcc lattices that had different mas
and spring constants. They calculated the spectral densi
the transmitted phonon flux, the spectral dependence of
phonon transmission coefficient, and the temperature de
dence of boundary resistance. They found that the Kap
resistance was proportional toT3 at low temperatures and
independent ofT for temperatures larger than the Debye te
peratureuD . Pettersson and Mahan11 extended the study to
two bounded media with dissimilar lattice constants and
lowed more phonons to be generated at the interface.
additional generated high-frequency phonons were found
be responsible for an appreciable amount of the reflected
transmitted heat. Introducing a scattering region between
identical semi-infinite leads of uniform cross section, Fag
et al.12 studied the generic properties of elastic phonon tra
port by the method of lattice dynamics. They found that ph
non transmittance is a strong function of the frequency a
©2003 The American Physical Society22-1
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the disorder correlation length.
Several experimental studies of the interfacial resista

were also very notable.13–15 Creating a suitable interfac
condition and making a noninvasive measurement for
ultrathin film structure, however, present new challenges
experimental study. Another powerful tool to study the int
facial phenomena is the molecular dynamics~MD! simula-
tion. With the improvement of the accuracy of the potent
functions for molecules and the rapid progress of the co
puter power, MD has demonstrated its great potential in p
nomena for materials with complicated structures16 Ikeshoji
and Hafskjold17 presented an algorithm for nonequilibriu
molecular dynamics to study heat conduction in liquids a
through a liquid-gas interface. They showed the size ef
on thermal conductivity in a liquid state and observed a cl
temperature jump between the liquid-vapor interface. M
et al.18 studied heat flow and the Kapitza resistance acr
grain boundaries of crystalline Si using MD simulation
Their results showed that Fourier’s law was valid even un
large temperature gradients, 1 K per Å, and there was a
matic temperature jump across interface of different cryst
Lukeset al.19 used MD to predict the thermal conductivity o
a solid argon thin film in the direction perpendicular to t
film plane. Their calculations showed that the thermal c
ductivity at all temperatures increases with film thickne
and that thin-film size effects were more pronounced
lower temperatures. More recently, MD had also been u
to study the thermal conductivity for a superlattice struct
where the phonon-based model is complex and the en
transfer at interfaces remains unclear.20–22

The above review indicates that previous theoreti
works on the Kapitza resistance were mainly based on
assumption of an ideal interface formed by two semi-infin
structures at low temperatures, while studies by MD simu
tions were also for an ideal interface but included the so
liquid interface. Works that incorporated the effect of imp
fections were also limited for semi-infinite structures. N
results, to the authors’ best knowledge, showing the proc
of the energy transition, especially at the duration of pass
through an interface, are available. This study employs
MD method because, in MD, incorporating the effect of
terfacial imperfections and observing the process of ene
transition are very straightforward and the influence of th
mal fluctuations on phonon scattering is included natura
The present work studies the Kapitza conductance and
effective conductivity of a two-layered structure formed
different dielectric thin films. Dependences of the condu
tance on the discrepancy of the two materials as well as
the temperature are studied. Effects of the interface im
fection, due to interdiffusion and the vacancy, on the Kapi
conductance and the effective conductivity are also p
sented. The transformation of energy from kinetic into th
mal is examined. Transmission coefficients for elastic a
thermal energies through interface are also calculated.

II. PHYSICAL MODEL AND SIMULATION METHOD

In order to study the interfacial properties and observe
transition of energy across an interface, we constructe
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three-dimensional lattice structure formed by two dielect
thin films, shown in Fig. 1, that was made up of two differe
types of atoms:A on the left side andB on the right side,
respectively. Hereafter we call these filmsA andB. A physi-
cal interface was naturally formed at their junction. Atoms
film A were assumed to interact with each other through
Lennard-Jones~12-6! pair interaction potentials of the form
FLJ54«@(s/Ri j )

122(s/Ri j )
6#, where the subscriptij repre-

sents the connection between pair atomsi and j, Ri j is the
distance between the pair atoms to be considered, and
parameters« and s, providing the scale of energy and dis
tance, represent the bonding energy and equilibrium sep
tion distance between the pair atoms, respectively. For
convenience of a description and reduction of the poten
computational roundoff error, we selected the energy scal«,
length scales, and the atomic mass scalem of the argon
atom to nondimensionalize all subsequent expressions.
dimensionless Lennard-Jones potential function was t
given as

fLJ~r i j !54@r i j
2122r i j

26#, ~1!

and the resulting units for time, temperature, velocity, for
and stress aret/sAm/«, kBT/«, v/A«/m, f /(«/s), and
s/(«/s3), respectively. Quantities presented in this study
all dimensionless. The atomic interaction potential for filmB
was described by the Morse potential given as

fM~r i j !5d$expb22b~r i j 2r 0!c22 expb2b~r i j 2r 0!c%.
~2!

In this expression,d and b denote, respectively, the dept
and width of the potential, whiler 0 is the distance that cor
responds to the minimum energy on the potential well.

Sketched in Fig. 1, the geometry of the considered mo
was made up of~100! fcc lattices that consisted of 60 un
cells in the longitudinal directionx, and of five unit cells in
the transverse directionsy and z. The dimensionless lattice
constant of the lattice,a, was&, the density of the system
was at&, and totally 6000 atoms were involved in comp
tations. Except for the consideration of the temperature
pendence, the system temperature was set at1

3. To prevent
the boundary effect in transverse directions, periodic bou
ary conditions were used in bothy andz directions. Thus the
interface could be regarded as a border formed by two i
nite thin films. In thex direction, one additional surfac
layer, represented by Potential wall in Fig. 1, composed
Lennard-Jones atoms was put on both ends, atx520.5 and

FIG. 1. Schematic diagram showing the lattice configuration a
indicating the terms used in this study.
2-2
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60a10.5. These atoms interacted only in thex direction with
the atoms in the computational region through the interac
potential described by Eq.~1!. To calculate the desired trans
port phenomena at the interface, we divided the comp
tional region for each thin film into three zones, from the e
toward the interface, the buffer zone~Bz, in Fig. 1!, the tem-
perature control zone~H or C, in Fig. 1!, and the conduction
zone. The buffer zone, with width of 2a, was for the purpose
of connecting the boundary and the temperature con
zone. The temperature control zone, of thickness 3a, was
designed to provide the required thermal conditions for
conduction zone. The HLME method23–25 was employed to
rule the atoms in the temperature control zone at the des
kinetic temperature,TKE , which is defined as

TKE5
1

3N (
i 51

N
v i

2, ~3!

whereN was the number of atoms that were used to evalu
the local temperature.N was 300 for the temperature contr
zone and 100 for the conduction zone. The temperature
defined as

T5
1

3N (
i

N
~vi2 v̄!2 where v̄5

1

N (
i 51

N
vi . ~4!

These two expressions show that the two temperatures a
with each other at thermal equilibrium for solids.

The thickness of each conduction zone was 25a, where
each atom obeyed Newton’s second law of motion. The h
flux was calculated according to

q5
1

V H (
i 51

N FviEi1
1

2 (
j 51,j Þ i

N
r i j ~Fi j •vi !G J , ~5!

whereV was the volume occupied by theN considered at-
oms, Fi j was the interaction force between atomsi and j,
r i j 5r i2r j , and,Ei5

1
2 @miv i

21( j 51,j Þ i
N f(r i j )# was the en-

ergy of the atomi. The interaction potential between the tw
different types of atomA and B was assumed through th
Lennard-Jones potential of

f I~r i j !54F S s I

r i j
D 12

2S s I

r i j
D 6G , ~6!

wheres I was the mathematical mean of the equilibrium d
tances of theA-A and B-B atoms, and was equal to (
1r 0)/2.

We assumed that both the mass and depth of the pote
of the two considered atoms were unitary. The degree
discrepancy between the two materials was accomplishe
tuning the width of the potential forB atoms, the paramete
b in Eq. ~2!. With the change ofb, the properties of filmB
were changed and so was the state of the interface. To
scribe more quantitatively the degree of the discrepancy
tween the two materials, a parameterg, defined asg
5WM /WLJ , was employed as a free parameter in this stu
W was the width of the potential whenf was at its half value
(f52 1

2 in the dimensionless system!. Numerical values of
20542
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W for both types of atoms, with the Lennard-Jones poten
and the Morse potential, wereWLJ50.35 and WM

51.76275/b, respectively. Six values ofg, 1.0, 1.1, 1.3, 1.6,
1.8, and 2.0, were used in this study. A schematic diagr
showingW andg is shown in Fig. 2 and numerical values fo
variables in Morse potential at differentgs are presented in
Table 1.r c in the table represents the cut off distance.

Initially a random kinetic energy drawn from a Boltzman
distribution, subjected to the desired system temperat
was first assigned to each atom in the computational reg
Then the atomic spacing and the whole computational
main must be readjusted to release the initial stress. An in
stress free sample was crucial to the computational res
especially to phenomena and properties at an interface w
different materials were joined. In this study, the stress w
released as follows: first, the equilibrium interatomic d
tance betweenB atoms,r 0 , was adjusted until the stresses o
each end of the computational domain were the same;
sequently, the corresponding parameter of the setr 0 of B
atoms were determined; finally, a stress-free, thermal e
librium sample was achieved by modifying the amount of t
average local momentum to be zero at every ten time st
These procedures proved to be very effective. The ini
stress introduced due to junction of the different materi
could easily be released after 40 000 time steps at most.
ure 3 is an example showing the initial distributions
stresses and temperature in the computational domaing
51.3 andT5 1

3 . Because of the symmetry in they and z
directions, the shear stress was very close to zero and
normal stress at each location varied around 62.2, the v

FIG. 2. Diagram showing Lennard-Jones and Morse potent
as functions of the atomic separation. The definitions ofW for the
two potentials are schematically presented and the effect ofg on the
potential function is also illustrated.

TABLE I. Numerical values for parameters in the Morse pote
tial for different values ofg. The initial samples were stress free an
at thermal equilibrium.r C is the cutoff distance.

g 1.0 1.1 1.3 1.6 1.8 2.0

b 5.027236 4.570214 3.867105 3.142022 2.792909 2.513
r 0 1.1520 1.1775 1.2320 1.3253 1.3901 1.462
r C 2.5 2.5 2.5 3.0 3.0 3.5
2-3
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of the preset system pressure. The close agreement bet
TKE andT indicated that sample was in good thermal eq
librium.

The Kapitza conductance was calculated as follows: fi
the steady temperature distributionsT1(x) and T2(x) ~see
Fig. 4! were obtained; then, the temperature jump at interf
DTint was calculated asDTint5T1(1/2Lx)2T2(1/2Lx); the
Kapitza conductance was finally calculated assk
5qX /DTint . HereqX5(qX11qX2)/2, qX1 , andqX2 were the
average heat fluxes in the two conduction zones. The ef
tive conductivity of the whole structure was calculated

le5@(LX/2)qX /DTeff#, where DTeff5T1(
1
4LX)2T2(

3
4LX). LX

in the above expressions represented the length of the c
putational domain that was equal to 60a. Resisivities for
films A andB were calculated as the temperature differen
divided by the heat flux, and for interface was found
1/Ask .

III. RESULTS AND DISCUSSION

Once the thermal equilibrium, stress-free sample was
tablished, the temperature gradient was then set up by
signing the high and low temperatures on the tempera
control zones,H and C in Fig. 1. Newton’s law of motion
was numerically integrated for each atom using a fifth-or
Gear predictor-corrector algorithm with a time step of 6
31024. The static interfacial properties were then calcula
as the steady state was achieved. Figure 5 shows the Ka

FIG. 3. Diagrams showing the initial stress and temperature
tributions in the computational domain for the sample atT5

1
3 and

g51.3.

FIG. 4. Schematic diagram demonstrating terms that are use
calculate material properties in this study.
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conductancesk as a function of the parameterg when the
temperature difference between the hot and cold zones
0.2. With an increase of the discrepancy, one aspect of
parameterg of the two materials, the thermal resistance,
creased monotonically. From the viewpoint of phonon tra
port, with the increase of the discrepancy on the two side
the interface, more phonons would be reflected from the
terface. The temperature distribution as a function ofx for
g51.3 is presented in Fig. 5. It is shown that the temperat
is distributed quite linearly in both filmsA andB and a clear
temperature jump ofDTint50.068 was observed at the inte
face. This calculation showed that about 34% of tempera
jump was occurred at interface.

The influence ofg on the conductivity is further dis-

s-

to

FIG. 5. Diagram showing the Kapitza conductance as a func
of g at T5

1
3 . The inserted diagram presents the temperature di

bution in the computational region forg51.3. A large temperature
drop at the interface can be observed.

FIG. 6. Diagram showing the conductivity of the whole thin fil
as a function ofg at T5

1
3 . The triangular points represent th

conductivities as the whole film is formed solely fromB atoms. The
circle point is the conductivity if the film is made up byA atoms
alone. The rectangular points illustrate conductivities of the tw
layered thin film.
2-4
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MOLECULAR-DYNAMICS STUDY OF ENERGY FLOW AND . . . PHYSICAL REVIEW B 67, 205422 ~2003!
cussed. In Fig. 6 the triangular points represent the ther
conductivity as a function ofg when the whole thin film
structure is formed only fromB atoms. The circle point was
the conductivity as the whole film was made solely fromA
atoms. When filmA, with its state fixed at the state of th
circle point, was ideally bonded with filmB at differentg’s,
the resulting effective conductivities of the whole thin fil
were represented by the rectangular points. It is shown
the thermal conductivity of the thin film, when formed fro
B atoms, decreases gradually with the increase ofg. The
theory of lattice dynamics indicatesl} lCvvs , whereCv is
the specific heat per unit volume,vs is the speed of phonon
and l is the phonon’s mean free path.26 The mean free path
was mainly dependent on the temperature. Here the sys
temperature was fixed; thus only variations ofvs andCv on
g were considered. Figure 7 shows the dependences ovs
and Cv on g. Results indicated thatCv increased relatively
slightly with g while vs decreased more rapidly withg.
Therefore, the trend of the dependence ofl on g was similar
to the dependence ofvs on g. From the viewpoint of the
potential function, an increase ofg implies an increase of the
width of the potential well~see Fig. 2!, that results in an
augmentation of each atom’s effective distance as well a
decrease of the lattice elasticity. The former is related to
increase ofCv while the latter corresponds to the decrease
sonic velocity. Since both the interfacial conductance~in Fig.
5! and film B were decreased with the increase ofg ~Fig. 6
depicts the effective thermal conductivity!, the rectangular
points of the whole film decreased with the increase ofg. It
is noted that atg51, a reduction of about 40% in the therm
conductivity arose due to the formation of the interfac
Thus, it is the resistance at the interface that dominates
ductance of the whole film.

Figure 8 shows the dependence of resistivities for the fi
A film B interface, and the effective value of the whole th
film structure as a function of temperature. Both dielect
films A andB show an increase of resistivity as the tempe
ture is increased, except in the low temperature region in
cated by the dotted circle. To highlight this region whe
thermal resistivities are small, the corresponding conduc
ity as a function of temperature is presented as an inset in

FIG. 7. Diagrams showing the dependences of the sonic velo
and the heat capacity upong at T5

1
3 when the whole film is formed

solely fromB atoms.
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same figure.lpeak is observable for each film. From th
viewpoint of phonon transport,27 for nonmetal materialsl
}T3 at low temperature,T,uD , andl}T1 at high tempera-
ture,T;uD or larger; thus there will be a peak value ofl at
a temperature smaller thanuD on thel-T plot. The Debye
temperature for the present dimensionless system was
pressed asuD50.029463vs(6p2nd)1/3, where vs was the
sonic speed andnd5N/V. The calculateduD was about 2.3.
These calculations indicate thelpeak also exists in ultrathin
dielectric films.28 Shown in Fig. 8, the interface resistivit
Rinterface decreases first more rapidly then more slowly w
the increase of temperature. The trend of the dependenc
Kapitza conductance upon temperature is simply the inve
of the interface resistivity (Rinterface51/Ask). Our calcula-
tions also indicated that with an increase of the system t
perature the temperature jump at the interface were gradu
reduced and the interface became more and more ambigu
The interface was almost indistinguishable as the sys
temperature was close to the phase transition tempera
Figure 8 shows that the effective resistivityReffective first de-
creased with the increase of temperature, reached a m
mum, and then increased with a further increase of temp
ture. The effective resistivity was simply the superposition
each individual resistivity, i.e.,Reffective5RFilmA1RFilmB
1Rinterface. At the low temperature region the resistance
the whole film was mainly contributed by the resistance
the interface; thusReffective presented the same trend of tem
perature dependence asRinterface. With an increase of tem-
perature, the influence of the interface was reduced and
sistances from both films were increased, this resulted in
increase ofReffective.

In a solid structure an interface can be formed by a c
tact or bond of two different materials or by different atom
structures in the same material. In the preceding discuss
we assumed that the junction of filmsA and B formed a
perfect interface. In real situations some interfacial imperf
tions, such as defects, voids, interdiffusion, and dislocati
possibly caused by differences in the atomic lattice const

ty
FIG. 8. Diagram showing the resistivities for the filmA film B

interface, and the effective resistivity of the whole film as a functi
of temperature atg51.3. Conductances for filmsA andB at the low
temperature region, indicated by the dashed circle, are present
an inset.
2-5
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the chemical potential of the constituents, or from variatio
of the fabrication process or ambient temperature, may e
around the interface. In what follows imperfections due
interdiffusion and vacancy will be studied and discussed. T
influence of a vacancy on the thermal resistance was stu
by arbitrarily takingM atoms away from the interface. A
index Vo5M /Mi was defined to represent the degree of
cancy. HereMi is total number of atoms on the two atom
planes forming the interface. Figure 9 indicates that
Kapitza conductance decreased monotonically with the
crease ofVo . Vacancies on the interface reduce the num
of passageway for phonon transport, and thus reduce
thermal conductivity. The vacancy can also be regarded a
impurity that, from the viewpoint of phonon transport, intr
duces additional obstacles to the scatter phonon and lea
an increase of the resistance.

To discuss the effect of interdiffusion on the thermal co
ductivity, we defined another parameter, called the index
the interfacial inter-diffusivity asnid5Nd /Nmax. Nd is the
number of atoms interchanged whileNmax is the total number
of atoms of the considered atomic layers that are allowe
interchange. Therefore,nid50 means a perfect interfac
without any interdiffusionnid51 represents a state of tot
exchange, andnid50.5 means that 50% of atoms in the co
sidered interchangeable layers were exchanged, corresp
ing to the most disordered state around the interfacial reg
Figure 10 shows the Kapitza conductance as a function
nid when g was fixed at 1.3. In Fig. 10nL indicates the
number of atomic layers~atomic planes! on each side of the
interface that atoms were allowed to interchange with e
other. ThusnL can be regarded as an indication of the thic
ness of the interdiffused region. Generally,sk first decreased
gradually with the increase ofnid from nid50, reached its
minimum aroundnid50.5, and increased progressively aga
until nid51. But the values ofsk aroundnid51 were lower
than those aroundnid50. As the phonon reached the vicinit
of the interface, the extra disorder due to interdiffusion
troduced additional phonon scattering, and thus increased
resistance to phonon transport. With the increase of the a

FIG. 9. Diagram showing the dependence of the Kapitza c
ductance upon the degree of the vacancy. The system temper
was 1

3 andg51.3.
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interdiffusion, the degree of atomic disorder around the
terface was increased and the maximum disorder state
aroundnid50.5, corresponding to the section of the low
thermal conductivity. Whennid was larger than 0.5, althoug
the number of interdiffused atoms was increased, the de
of disorder decreased. Asnid was increased to 1, the interfa
cial region can be regarded as a region composed of t
ideal interfaces; this explains why the value ofsk at nid
51 was smaller than that atnid50. Figure 10 also shows
that sk decreases with an increase of the interdiffused
gion, nL .

For a better understanding of the process of the ene
transition, we created both ideal elastic and thermal ene
pulses close to the interface in filmA, and observed the evo
lution of their propagation. The ideal thermal energy pu
was generated by suddenly promoting atoms on the p
aroundx525a to a new equilibrium velocity distribution,29

while an elastic energy pulse was created aroundx525a by
moving all atoms forx,25a in a rigid-body manner instan
taneously a very small distance to the right. When the ato
around the perturbed plane were disturbed through
atomic interaction potentials, this disturbance first affec
mainly atoms close to the perturbed region and then pro
gated in both directions along thex axis, due to the periodic
boundary conditions in they andz directions. As an elastic
energy pulse was imposed, distributions ofTKE andT in the
computational regions at several times for an imperfect
terface withnL54, nid50.5 andg51.3 are shown in Fig.
11. As defined by Eqs.~3! and~4!, the departure ofTKE from
T was contributed by the elastic energy. Thus the propaga
of elastic and thermal energies could be observed from
11. At t5100Dt, temperature pulses ofTKE and T around
x525a were observed. Part of the imposed elastic ene
was transferred into the thermal energy, which was not
fused out far. Att5300Dt, a separation of the elastic wav
into two parts that propagated in opposite directions w
observed. The leftward part propagated at the sonic spee

-
ure

FIG. 10. Diagram showing the dependence of the Kapitza c
ductance as a function of the degree of the interdiffusion for diff
ent thicknesses of the interdiffused region. The system tempera
was 1

3, andg51.3.
2-6
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film A and its amplitude was gradually reduced. This in
cated, during its propagation, that the elastic energy was
over a longer period from being transformed into the dis
dered thermal energy. The rightward wave penetrated the
terface and propagated into filmB. The interfacial resistance
augmented by interdiffuse enhanced phonon scatte
helped to transform more elastic energy into thermal ene
At t5500Dt temperature,T on the left side of the interface
was clearly enhanced, and the difference betweenTKE andT
was smaller than on the leftward one wave. The rightw
wave kept penetrating the interfacial region andTKE and T
became close att5700Dt. At t5900Dt the rightward wave
passed the interface, and much thermal energy was accu
lated around the interfacial region. Att51100Dt, most of
the rightward elastic energy was transformed into therm
energy and became more indistinguishable, while the l
ward elastic energy still could be identified clearly.

The transmission coefficienta for both elastic and ther
mal energies passing through the imperfect interface
scribed in the previous paragraph were calculated and
cussed. As described in the preceding paragraph, only a
a half of the imposed elastic energy in filmA propagated to

FIG. 11. Panels showing the distributions of temperaturesT and
TKE in the computational domain for different times when an elas
energy pulse was imposed atx525a at t50. The interface was
imperfect withnL54 andnid50. The system temperature was1

3,
andg51.3.
20542
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the right and penetrated the interface. Once the elastic w
passed through the interface,a was defined as the total en
ergy increased in filmB divided by half of the initially ap-
plied elastic energy. The calculation ofa for the thermal
energy was different from that for the elastic energy beca
thermal energy was transferred through diffusion and a c
identification of the ending time of the transmission was d
ficult. Here a for the thermal energy was calculated as t
averaged total energy increased in filmB as t
5(4500– 5000)Dt divided by half of the initial imposed
thermal energy in filmA. For the elastic energy, Fig. 1
shows thata was close to unitary and its variation withnid
was slight whennL51. As nL was increased to 4, howeve
the effect of the interface ona was obvious, and its variation
with nid was significant. The elastic energy is a kind of e
ergy expressed by the collective behavior of atoms t
propagate through the lattice wave. If the range of the in
facial region was small, the longitudinal vibration wave w
disturbed slightly and the elastic energy penetrated with o
minor dissipation. As the interfacial region was enlarged,
ther its perturbation of the behavior of the collective, long
tudinal, harmonic vibration was considerable, else the p
non scattering due to the interdiffused atoms in t
interfacial region was substantial, and resulted in a lower
of the transmission coefficient. When a thermal energy w
transmitted into the same interfacial region, Fig. 12 sho
that the values ofa were much smaller. Because the trans
of the thermal energy is due to phonons that travel rando
in all directions, the more disordered the interfacial regi
the more strongly phonon scattering would happen; in ad
tion more thermal energy was blocked around the interfa
that led to the smaller transmission coefficient. As tim
elapsed, however, the accumulated thermal energy at th
terfacial region would be gradually diffused out until a ne
thermal equilibrium was reached.

IV. CONCLUSIONS

In this study, the interfacial conductance and both therm
and mechanical energy flows through an interface formed

c

FIG. 12. Diagram showing the dependence of the transmis
coefficient upon the degree of the interdiffusion for different thic
nesses of the interdiffused region. The system temperature wa1

3,
andg51.3.
2-7
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two dielectric thin films were studied by a molecular dyna
ics simulation. All numerical experiments were performed
a three-dimensional, filamentlike, lattice configuration co
sisting of fcc lattice particles. Two types of lattice particl
were employed to represent the two considered dielec
thin films. One was the Lennard-Jones~12-6! interaction po-
tential and the other was the Morse interaction potential. T
degree of material discrepancy between the two films w
realized by altering the parameter in the Morse potent
Interfacial defects due to interdiffusion and a vacancy w
considered. Computational results were obtained by exe
ing the law of motion for the 6000 atoms constituting t
computational region. Initial stresses among the lattice p
ticles induced by bonding the two films together were
leased by successively regulating the local averaged mom
tum to be zero. Law of motion for each atom was integra
by the fifth-order Gear prediction-corrector algorithm wi
numerical time steps of 6.031024. The effects of the atomic
discrepancy, interfacial defect, and temperature upon
Kapitza conductance, as well as upon the effective cond
tivity of the whole film, were presented and discuss
Propagation of thermal and elastic energy pulses was
served and the transition of energy was examined. The m
conclusions of this study are drawn as follows.

~1! At lower temperatures more than one third of the te
perature jump would occur at the interface. This jump d
creases with the increase of the system temperature. It is
resistance at the interface that dominates the effective
ductivity of the whole thin film structure.

*Associate Professor, author to whom correspondence shoul
addressed. Mailing address: Department of Mechanical Engin
ing, National Chung Cheng University, Chia-Yi, Taiwan 621, R
public of China. FAX: 1886-5-2720589. Electronic addres
imejrho@ccu.edu.tw
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