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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
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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.
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[. INTRODUCTION all phonons were diffusively scattered at the interface, i.e., an

incident phonon was reflected and transmitted into all pho-

Nowadays, due to the rapid progress in fabrication technon states with the same energy. A very informative study

nology, a highly sophisticated, multilayered thin film struc- about thermal boundary resistance that included a very com-

ture is often employed for a particular purpose in today'sPrehensive literature review upto the late 1980s was reported

state-of-the-art engineering systems. Energy transport at tH®y Swartz and PoH. . o

interface between thin solid layers is thus not only of funda- The theoretical models only work well for solid-solid in-

mental significance but also has a practical importance if€’faces at very low temperatures; however, they are not suit-

determining the performance of many components and gedble for situations at high temperature. From the viewpoint
. of phonon transport, neither of the above mismatched theo-

vices. Microscopically, the transfer of thermal and mechani- takes the oh di X ttact which b
cal energies in materials is accomplished through movementES 1akes the phonon dispersion eftect, which becomes more
ucial at high temperature, into account. The lattice-

of atoms. As the energy passes through an interface, the tyﬁynamical theory was thus employed to include these effects

of movement of the atoms may be significantly altered, an y several investigatofs1° Among these, Young and Maris
this sometimes results na considerable chang_e IN Property, esented a three-dimensional calculation of phonon trans-
One apparent example is when heat current is transport

; i N ission and the Kapitza conductance at the interface be-
across an interface between wo different mgtenalls, .therENeen two semi-infinite fcc lattices that had different masses
will in general be a macroscopic temperature d|spont|nU|ty ahnd spring constants. They calculated the spectral density of
3he transmitted phonon flux, the spectral dependence of the
X honon transmission coefficient, and the temperature depen-
ments of_the_ temper:?ature drop_ at the interface betvv_een CORfence of boundary resistance. They found tkr:at the Kapliatza
per a_nd liquid helium. The Kapitza conductgnce, defined .as resistance was proportional I at low temperatures and
0=Q/(AAT), can be employed to describe the effectiveindependent oT for temperatures larger than the Debye tem-
macroscopic interfacial conductance. In the above expresseraturedy, . Pettersson and MahHrextended the study to
sion, A is the area of the interfac@T is the temperature two bounded media with dissimilar lattice constants and al-
difference on the two sides of the interface, &his the heat lowed more phonons to be generated at the interface. The
flow across the interface. Theoretical estimations of the theradditional generated high-frequency phonons were found to
mal resistance at the interface between two solids were basée responsible for an appreciable amount of the reflected and
on the acoustic mismatched thebfyand the diffuse mis- transmitted heat. Introducing a scattering region between two
matched theor§.The former assumed that phonons propa-identical semi-infinite leads of uniform cross section, Fagas
gated as a plane wave, with a wavelength much larger thaet al? studied the generic properties of elastic phonon trans-
the interatomic spacings, and that the media were treated @®rt by the method of lattice dynamics. They found that pho-
continua. The latter, on the opposite extreme, assumed thabn transmittance is a strong function of the frequency and

noticed as early as 1936. Kapitza reported his measure-
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the disorder correlation length. ) Vg
Several experimental studies of the interfacial resistance "/ | Fima Film B 4
-15 ; ; ; 4
were also very no_tabIE’. Creating a suitable interface | § Conducting | i Conducting ‘ V"‘:ﬁ.'
condition and making a noninvasive measurement for thef g, | g T.7". Reeion “~ Region . |C 1B
ultrathin film structure, however, present new challenges to} .~| .1

experimental study. Another powerful tool to study the inter-
facial phenomena is the molecular dynamit4D) simula- )_
tion. With the improvement of the accuracy of the potential X
functions for molecules and the rapid progress of the com-
puter power, MD has demonstrated its great potential in phe- FIG. 1. Schematic diagram showing the lattice configuration and
nomena for materials with complicated structdfdkeshoji  indicating the terms used in this study.
and Hafskjold’ presented an algorithm for nonequilibrium
molecular dynamics to study heat conduction in liquids andhree-dimensional lattice structure formed by two dielectric
through a liquid-gas interface. They showed the size effecthin films, shown in Fig. 1, that was made up of two different
on thermal conductivity in a liquid state and observed a cleafypes of atomsA on the left side and on the right side,
temperature jump between the liquid-vapor interface. Maitirespectively. Hereafter we call these filtsand B. A physi-
et al1® studied heat flow and the Kapitza resistance acroséal interface was naturally formed at their junction. Atoms in
grain boundaries of crystalline Si using MD simulations. film A were assumed to interact with each other through the
Their results showed that Fourier's law was valid even undekennard-Jone$12-6) pair interaction potentials of the form
large temperature gradients, 1 K per A, and there was a dr& ;= 4¢[ (0/R;j)?— (0/R;j)°], where the subscript repre-
matic temperature jump across interface of different crystalssents the connection between pair atdnadj, R;; is the
Lukeset al!° used MD to predict the thermal conductivity of distance between the pair atoms to be considered, and the
a solid argon thin film in the direction perpendicular to theparameters: and o, providing the scale of energy and dis-
film plane. Their calculations showed that the thermal contance, represent the bonding energy and equilibrium separa-
ductivity at all temperatures increases with film thicknesstion distance between the pair atoms, respectively. For the
and that thin-film size effects were more pronounced agonvenience of a description and reduction of the potential
lower temperatures. More recently, MD had also been usegomputational roundoff error, we selected the energy scale
to study the thermal conductivity for a superlattice structurdength scaleo, and the atomic mass scate of the argon
where the phonon-based model is complex and the energgtom to nondimensionalize all subsequent expressions. The
transfer at interfaces remains unclé&r? dimensionless Lennard-Jones potential function was thus
The above review indicates that previous theoreticaBiven as
works on the Kapitza resistance were mainly based on the
assumption of an ideal interface formed by two semi-infinite pLyrip)=4[r; ?=r;°], 1)
structures at low temperatures, while studies by MD simula- _ _ . .
tions were also for an ideal interface but included the solig-2"d the resulting units for time, temperature, velocity, force,
liquid interface. Works that incorporated the effect of imper-2nd stress are/q\/@, kgT/e, vl \elm, f/(e/o), and
fections were also limited for semi-infinite structures. NoS/(S(Us)v respectively. Quantities presented in this study are
results, to the authors’ best knowledge, showing the procesdl! dimensionless. The atomic interaction potential for fsm
of the energy transition, especially at the duration of passing/as described by the Morse potential given as
through an interface, are available. This study employs the
MD method because, in MD, incorporating the effect of in-  ¢m(Fij) =d{exfg —2p(ri;—ro)|—2 exp—B(rij—ro)l}-
terfacial imperfections and observing the process of energy (2
transition are very straightforward and the influence of thery, this expressiond and 8 denote, respectively, the depth
mal fluctuations on phc_)non scatterlmg is included naturallyynq width of the potential, while, is the distance that cor-
The present worl_< _studles the Kapitza conductance and tr}%sponds to the minimum energy on the potential well.
effectlve c_onduc'tlwty' of a two-layered structure formed by  gketched in Fig. 1, the geometry of the considered model
different dielectric thin films. Dependences of the conducyas made up 0f100) fcc lattices that consisted of 60 unit
tance on the discrepancy of the two materials as well as 0Bg|is in the longitudinal direction, and of five unit cells in
the temperature are studied. Effects of the interface impekne transverse directionsand z. The dimensionless lattice
fection, due to interdiffusion a_nd the vacancy, on the Kapitzg.qnstant of the latticea, wasv?2, the density of the system
conductance and the effective conductivity are also preyas aty2, and totally 6000 atoms were involved in compu-
sented. The transformation of energy from kinetic into theryations, Except for the consideration of the temperature de-
mal is examln_ed. Transm_lssmn coefficients for elastic anq)endence, the system temperature was sét @ prevent
thermal energies through interface are also calculated.  the poundary effect in transverse directions, periodic bound-
ary conditions were used in boyhandz directions. Thus the
interface could be regarded as a border formed by two infi-
nite thin films. In thex direction, one additional surface
In order to study the interfacial properties and observe thédayer, represented by Potential wall in Fig. 1, composed of
transition of energy across an interface, we constructed kennard-Jones atoms was put on both endg=at 0.5 and

Il. PHYSICAL MODEL AND SIMULATION METHOD
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60a+0.5. These atoms interacted only in thdirection with
the atoms in the computational region through the interaction
potential described by Eql). To calculate the desired trans- 0.0 1
port phenomena at the interface, we divided the computa-

tional region for each thin film into three zones, from the end o(ry
toward the interface, the buffer zofBz in Fig. 1), the tem- 0.5 b A o
perature control zonéH or C, in Fig. 1), and the conduction

zone. The buffer zone, with width ofs2 was for the purpose

of connecting the boundary and the temperature control -1.0 1
zone. The temperature control zone, of thickneas ®as
designed to provide the required thermal conditions for the
conduction zone. The HLME meth&t?® was employed to
rule the atoms in the temperature control zone at the desired
kinetic temperatureT g, which is defined as

——— Lennard-Jonas(12-6)
Mores (g=1.0)
—— Morse (g=2.0)

FIG. 2. Diagram showing Lennard-Jones and Morse potentials
as functions of the atomic separation. The definition$\bffor the
1 N two potentials are schematically presented and the effegbafthe
_ 2 otential function is also illustrated.
TKE_WE Ui () P

where\ was the number of atoms that were used to evaluat¥V for both types of atoms, with the Lennard-Jones potential
the local temperature\ was 300 for the temperature control and the Morse potential, wereéV,;=0.35 and Wy
zone and 100 for the conduction zone. The temperature was 1.762758, respectively. Six values @, 1.0, 1.1, 1.3, 1.6,
defined as 1.8, and 2.0, were used in this study. A schematic diagram
showingW andg is shown in Fig. 2 and numerical values for
N N . : . ) .
_ iz e here V= EE 4 variables in Morse potential at differegs are presented in
= 3N 4 (Vi—v)"  where v= “ Vi @ Taple 1.r. in the table represents the cut off distance.
_ Initially a random kinetic energy drawn from a Boltzmann
These two expressions show that the two temperatures agrgstribution, subjected to the desired system temperature,
with each other at thermal equilibrium for solids. was first assigned to each atom in the computational region.
The thickness of each conduction zone was,2&here  Then the atomic spacing and the whole computational do-
each atom obeyed Newton's second law of motion. The heghain must be readjusted to release the initial stress. An initial

flux was calculated according to stress free sample was crucial to the computational results,
I N especially to phenomena and properties at an interface where
_ 1{ S vE+ 1 S (Fv) ] (5 different materials were joined. In this study, the stress was
=y = 2 gs Y ) released as follows: first, the equilibrium interatomic dis-

g

rij

¢|(rij):4[

1.0 11 13 1.6 1.8 2.0

tance betweeB atoms,, was adjusted until the stresses on
where) was the volume occupied by th¥ considered at- each end of the computational domain were the same; sub-
oms, F” was the interaction force between atomandj, Sequent'y’ the Corresponding parameter of thergmf B
N =ri—rj, and,Ei:%[miviz_l_z‘{\il,j;&iqs(rij)] was the en-  atoms were determined; finally, a stress-free, thermal equi-
ergy of the atoni. The interaction potential between the two librium sample was achieved by modifying the amount of the
different types of atomA and B was assumed through the average local momentum to be zero at every ten time steps.
Lennard-Jones potential of These procedures proved to be very effective. The initial
1 6 stress introduced due to junction of the different materials
_ (ﬂ) ©6) could easily be released after 40 000 time steps at most. Fig-
rij) |’ ure 3 is an example showing the initial distributions of
) _ . stresses and temperature in the computational domain at
whereo, was the mathematical mean of the equilibrium dis-_ 1 3 g5nqT= L Because of the symmetry in theand z
tances of theA-A and B-B atoms, and was equal t0 (1 gjrections, the shear stress was very close to zero and the
+10)/2. ‘normal stress at each location varied around 62.2, the value
We assumed that both the mass and depth of the potential
of the two considered atoms were unitary. The degree of ) _
discrepancy between the two materials was accomplished by TABL_E I. Numerical values _fo_r_ parameters in the Morse poten-
tuning the width of the potential fdB atoms, the parameter tial for dlfferent_\_/al_ues og_. The initial samples were stress free and
B in Eq. (2). With the change of3, the properties of filnB at thermal equilibriumr ¢ is the cutoff distance.
were changed and so was the state of the interface. To de-
scribe more quantitatively the degree of the discrepancy bel
tween the two materials, a parametgy defined asg g 5.027236 4.570214 3.867105 3.142022 2.792909 2.513618
=Wy /Wy, was employed as a free parameter in this studyy, 1.1520 1.1775 1.2320 1.3253 1.3901  1.4623
Wwas the width of the potential whepwas at its half value . 25 25 25 3.0 3.0 35
(¢=—13 in the dimensionless syst¢nNumerical values of
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FIG. 3. Diagrams showing the initial stress and temperature dis- el o el cagrsssion a
tributions in the computational domain for the samplé’at% and 0 T T T T T r
g=1.3. 1.0 1.2 1.4 1.6 1.8 2.0
of the preset system pressure. The close agreement betwee .. g
T nd T indi h mple was in hermal i- . . . .
IigrEiu?n d dicated that sample was in good thermal equ FIG. 5. Diagram showing the Kapitza conductance as a function

ofgatT= % The inserted diagram presents the temperature distri-
bution in the computational region fg=1.3. A large temperature
grop at the interface can be observed.

The Kapitza conductance was calculated as follows: first
the steady temperature distributiomg(x) and T,(x) (see
Fig. 4 were obtained; then, the temperature jump at interfac
AT, was calculated ad T, =T,(1/2L,) —T,(1/2L,); the
Kapitza conductance was finally calculated as, conductancery as a function of the parametgrwhen the
=Qx/AT;. Heregx=(qx1+ax2)/2, dx1, andqgy, were the  temperature difference between the hot and cold zones was
average heat fluxes in the two conduction zones. The effed®.2. With an increase of the discrepancy, one aspect of the
tive conductivity of the whole structure was calculated asparameteg of the two materials, the thermal resistance, in-
Ne=[(Lx/2)0x/ATq], Where ATez=Ti(3L0)—To(3Ly). Ly creased monotonically. From the viewpoint of phonon trans-

in the above expressions represented the length of the co prt_, with the increase of the discrepancy on the two sides_ of
putational domain that was equal to 850Resisivities for the interface, more phonons would be reflected from the in-

films A and B were calculated as the temperature differenceterface'_ The temper_atur_e distri_bution as a functiornx or
divided by the heat flux, and for interface was found byg=1.3 is presented in Fig. 5. It is shown that the temperature
VAT, is distributed quite linearly in both film& andB and a clear

temperature jump oA T;,;=0.068 was observed at the inter-
face. This calculation showed that about 34% of temperature
jump was occurred at interface.

Once the thermal equilibrium, stress-free sample was es- 1he influence ofg on the conductivity is further dis-
tablished, the temperature gradient was then set up by as-
signing the high and low temperatures on the temperature 400
control zonesH and C in Fig. 1. Newton’s law of motion
was numerically integrated for each atom using a fifth-order
Gear predictor-corrector algorithm with a time step of 6.0 300 -
X 10 *. The static interfacial properties were then calculated
as the steady state was achieved. Figure 5 shows the Kapitz%

IIl. RESULTS AND DISCUSSION

@® Fima

A Fimp

B Effective
— Regression

2004 ¥
A A
T a
100 - -
]
O 1 1 I I I 1
1.0 1.2 1.4 1.6 1.8 2.0
T,(X) g
FIG. 6. Diagram showing the conductivity of the whole thin film
I > X as a function ofg at T=%. The triangular points represent the
0 1L, 2L, 2L, L, conductivities as the whole film is formed solely fr@ratoms. The

circle point is the conductivity if the film is made up Wy atoms
FIG. 4. Schematic diagram demonstrating terms that are used t@lone. The rectangular points illustrate conductivities of the two-
calculate material properties in this study. layered thin film.
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FIG. 7. Diagrams showing the dependences of the sonic velocity
and the heat capacity upqatT=§ when the whole film is formed FIG. 8. Diagram showing the resistivities for the filknfilm B
solely fromB atoms. interface, and the effective resistivity of the whole film as a function

of temperature ag=1.3. Conductances for films andB at the low
cussed. In Fig. 6 the triangular points represent the thermaémperature region, indicated by the dashed circle, are presented as
conductivity as a function ofy when the whole thin film an inset.
structure is formed only fronB atoms. The circle point was
the conductivity as the whole film was made solely frém same figure.\ e, is observable for each film. From the
atoms. When filmA, with its state fixed at the state of the viewpoint of phonon transpoft, for nonmetal materials
circle point, was ideally bonded with filrB at differentg’s, « T3 at low temperature] < 6, , and\ = T* at high tempera-
the resulting effective conductivities of the whole thin film ture, T~ 6y or larger; thus there will be a peak value)oft
were represented by the rectangular points. It is shown that temperature smaller thaiy on theh-T plot. The Debye
the thermal conductivity of the thin film, when formed from temperature for the present dimensionless system was ex-
B atoms, decreases gradually with the increase.oThe pressed aglp=0.02946<v(67°ny)*3, wherevs was the
theory of lattice dynamics indicates<IC, v, whereC, is  sonic speed andy=N/V. The calculated, was about 2.3.
the specific heat per unit volume, is the speed of phonon, These calculations indicate thg, also exists in ultrathin
and| is the phonon’'s mean free pathThe mean free path dielectric films®® Shown in Fig. 8, the interface resistivity
was mainly dependent on the temperature. Here the systeR)erace d€Creases first more rapidly then more slowly with
temperature was fixed; thus only variationsvgfandC, on  the increase of temperature. The trend of the dependence of
g were considered. Figure 7 shows the dependences, of Kapitza conductance upon temperature is simply the inverse
andC, on g. Results indicated that, increased relatively of the interface resistivity Rierrace= 1/Acy). Our calcula-
slightly with g while v, decreased more rapidly with.  tions also indicated that with an increase of the system tem-
Therefore, the trend of the dependence @i g was similar  perature the temperature jump at the interface were gradually
to the dependence afs on g. From the viewpoint of the reduced and the interface became more and more ambiguous.
potential function, an increase gfimplies an increase of the The interface was almost indistinguishable as the system
width of the potential well(see Fig. 2, that results in an temperature was close to the phase transition temperature.
augmentation of each atom’s effective distance as well as Bigure 8 shows that the effective resistivRggeciive first de-
decrease of the lattice elasticity. The former is related to thereased with the increase of temperature, reached a mini-
increase ofC, while the latter corresponds to the decrease ofmum, and then increased with a further increase of tempera-
sonic velocity. Since both the interfacial conductafineFig.  ture. The effective resistivity was simply the superposition of
5) and film B were decreased with the increasegofFig. 6  each individual resistivity, i.e.,Refective™ Rrimat Rrims
depicts the effective thermal conductivitythe rectangular  + Rjerface: At the low temperature region the resistance of
points of the whole film decreased with the increasg.dt ~ the whole film was mainly contributed by the resistance at
is noted that atj= 1, a reduction of about 40% in the thermal the interface; thuRcgccive Presented the same trend of tem-
conductivity arose due to the formation of the interface.perature dependence &eirace With an increase of tem-
Thus, it is the resistance at the interface that dominates comperature, the influence of the interface was reduced and re-
ductance of the whole film. sistances from both films were increased, this resulted in the

Figure 8 shows the dependence of resistivities for the filmncrease oRgfective-

A film B interface, and the effective value of the whole thin  In a solid structure an interface can be formed by a con-
film structure as a function of temperature. Both dielectrictact or bond of two different materials or by different atomic
films A andB show an increase of resistivity as the tempera-structures in the same material. In the preceding discussions
ture is increased, except in the low temperature region indiwe assumed that the junction of filn# and B formed a
cated by the dotted circle. To highlight this region whereperfect interface. In real situations some interfacial imperfec-
thermal resistivities are small, the corresponding conductivtions, such as defects, voids, interdiffusion, and dislocation,
ity as a function of temperature is presented as an inset in thgossibly caused by differences in the atomic lattice constant,
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FIG. 9. Diagram showing the dependence of the Kapitza con- F|G. 10. Diagram showing the dependence of the Kapitza con-
ductzi\nce upon the degree of the vacancy. The system temperatiifictance as a function of the degree of the interdiffusion for differ-
wasj andg=1.3. ent thicknesses of the interdiffused region. The system temperature

1
. . . . .. wasj3, andg=1.3.
the chemical potential of the constituents, or from variations  ° ¢

of the fabrication process or ambient temperature, may exist

around the interface. In what follows imperfections due tointerdiffusion, the degree of atomic disorder around the in-
interdiffusion and vacancy will be studied and discussed. Théerface was increased and the maximum disorder state was
influence of a vacancy on the thermal resistance was studieatoundn;4=0.5, corresponding to the section of the lower
by arbitrarily takingM atoms away from the interface. An thermal conductivity. When;q was larger than 0.5, although
indexV,=M/M; was defined to represent the degree of va-the number of interdiffused atoms was increased, the degree
cancy. HereM,; is total number of atoms on the two atomic of disorder decreased. Agy was increased to 1, the interfa-
planes forming the interface. Figure 9 indicates that thecial region can be regarded as a region composed of three
Kapitza conductance decreased monotonically with the inideal interfaces; this explains why the value @f at nig
crease olV/,. Vacancies on the interface reduce the number=1 was smaller than that aty=0. Figure 10 also shows

of passageway for phonon transport, and thus reduce thbat o, decreases with an increase of the interdiffused re-
thermal conductivity. The vacancy can also be regarded as agion, n, .

impurity that, from the viewpoint of phonon transport, intro-  For a better understanding of the process of the energy
duces additional obstacles to the scatter phonon and leads ti@ansition, we created both ideal elastic and thermal energy
an increase of the resistance. pulses close to the interface in fil& and observed the evo-

To discuss the effect of interdiffusion on the thermal con-lution of their propagation. The ideal thermal energy pulse
ductivity, we defined another parameter, called the index ofvas generated by suddenly promoting atoms on the plane
the interfacial inter-diffusivity asq=Ng/Npa. Ng is the  aroundx=25a to a new equilibrium velocity distributiof?,
number of atoms interchanged whil,,, is the total number  while an elastic energy pulse was created aroxmd®5a by
of atoms of the considered atomic layers that are allowed tenoving all atoms foix<<25a in a rigid-body manner instan-
interchange. Thereforen;y=0 means a perfect interface taneously a very small distance to the right. When the atoms
without any interdiffusionn;y=1 represents a state of total around the perturbed plane were disturbed through the
exchange, and;;=0.5 means that 50% of atoms in the con- atomic interaction potentials, this disturbance first affected
sidered interchangeable layers were exchanged, corresponaainly atoms close to the perturbed region and then propa-
ing to the most disordered state around the interfacial regiorgated in both directions along thxeaxis, due to the periodic
Figure 10 shows the Kapitza conductance as a function dfoundary conditions in thg and z directions. As an elastic
nig when g was fixed at 1.3. In Fig. 101 indicates the energy pulse was imposed, distributionsTgfz: andT in the
number of atomic layer&tomic planeson each side of the computational regions at several times for an imperfect in-
interface that atoms were allowed to interchange with eaclerface withn, =4, n;;=0.5 andg=1.3 are shown in Fig.
other. Thusn, can be regarded as an indication of the thick-11. As defined by Eq4$3) and(4), the departure of «g from
ness of the interdiffused region. Generally, first decreased T was contributed by the elastic energy. Thus the propagation
gradually with the increase af;y from n;4=0, reached its of elastic and thermal energies could be observed from Fig.
minimum arounch;4= 0.5, and increased progressively again1l. At t=100At, temperature pulses &fxg and T around
until n;y=1. But the values o, aroundn;y=1 were lower x=25a were observed. Part of the imposed elastic energy
than those around;4y=0. As the phonon reached the vicinity was transferred into the thermal energy, which was not dif-
of the interface, the extra disorder due to interdiffusion in-fused out far. Att=300At, a separation of the elastic wave
troduced additional phonon scattering, and thus increased thito two parts that propagated in opposite directions were
resistance to phonon transport. With the increase of the atombserved. The leftward part propagated at the sonic speed of
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|2 w’\’w": FIG. 12. Diagram showing the dependence of the transmission
V3] A/ M coefficient upon the degree of the interdiffusion for different thick-
1.0 nesses of the interdiffused region. The system temperatureﬁ,was
9004 andg=1.3.
/‘g the right and penetrated the interface. Once the elastic wave
1/31 WM passed through the interface,was defined as the total en-
ro—— — — ergy increased in filnB divided by half of the initially ap-
11004¢ plied elastic energy. The calculation ef for the thermal
energy was different from that for the elastic energy because
W thermal energy was transferred through diffusion and a clear
13 v ST W identification of the ending time of the transmission was dif-

ficult. Here « for the thermal energy was calculated as the
i averaged total energy increased in filnB as t
Number of ce = (4500—5000At divided by half of the initial imposed

FIG. 11. Panels showing the distributions of temperatdresd ~ th€rmal energy in filmA. For the elastic energy, Fig. 12
T«e in the computational domain for different times when an elasticSNOWS thaix was close to unitary and its variation withy

energy pulse was imposed &t25a at t=0. The interface was Was Slight whem, =1. Asn,_ was increased to 4, however,
imperfect withn, =4 andn,y=0. The system temperature wis the effect of the interface o was obvious, and its variation

andg=1.3. with n;4 was significant. The elastic energy is a kind of en-
ergy expressed by the collective behavior of atoms that
) ) _ ~_propagate through the lattice wave. If the range of the inter-
film A and its amplitude was gradually reduced. This indi-facial region was small, the longitudinal vibration wave was
cated, during its propagation, that the elastic energy was kepfisturbed slightly and the elastic energy penetrated with only
over a longer period from being transformed into the disor-minor dissipation. As the interfacial region was enlarged, ei-
dered thermal energy. The rightward wave penetrated the irther its perturbation of the behavior of the collective, longi-
terface and propagated into filB1 The interfacial resistance tudinal, harmonic vibration was considerable, else the pho-
augmented by interdiffuse enhanced phonon scatteringon scattering due to the interdiffused atoms in the
helped to transform more elastic energy into thermal energynterfacial region was substantial, and resulted in a lowering
At t=500At temperatureT on the left side of the interface Of the transmission coefficient. When a thermal energy was
was clearly enhanced, and the difference betwignandT  transmitted into the same interfacial region, Fig. 12 shows
was smaller than on the leftward one wave. The rightwardhat the values o& were much smaller. Because the transfer
wave kept penetrating the interfacial region afek and T of the thermal energy is due to phonons that travel randomly

became close dt=700At. At t=900At the rightward wave in all directions, the more disordered the interfacial region

passed the interface, and much thermal energy was accumw‘-e more strongly phonon scattering would happen; in addi-

lated around the interfacial region. At 1100At, most of tion more thermal energy was blocked around the interface,

the rightward elastic energy was transformed into therma‘hat led to the smaller transmission coefficient. As time

energy and became more indistinguishable, while the Ieftgalapsed, however, the accumulated thermal energy at the in-

ward elastic energy still could be identified clearly. terfacial regi_qn .WOUId be gradually diffused out until a new
The transmission coefficient for both elastic and ther- thermal equilibrium was reached.

mal energies passing through the imperfect interface de-

scribed in the previous paragraph were calculated and dis-

cussed. As described in the preceding paragraph, only about In this study, the interfacial conductance and both thermal

a half of the imposed elastic energy in filtnpropagated to and mechanical energy flows through an interface formed by

o 10 20 30 40 50 60
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two dielectric thin films were studied by a molecular dynam-  (2) Both the Kapitza conductance at the interface and the
ics simulation. All numerical experiments were performed oneffective conductivity of the whole film decrease with the

a three-dimensional, filamentlike, lattice configuration con-increase of the discrepancy between the two films as well as
sisting of fcc lattice particles. Two types of lattice particleswith the thickness of the defect and the degree of disorder at
were employed to represent the two considered dielectrithe interfacial region.

thin films. One was the Lennard-Jon@2-6) interaction po- (3) With the increase of the system temperature, the ef-
tential and the other was the Morse interaction potential. Théective resistance first decreases and then increases. The first
degree of material discrepancy between the two films waslecrease is due to the reduction of the resistance at the inter-
realized by altering the parameter in the Morse potentialface, while the increase is contributed by an enhancement of
Interfacial defects due to interdiffusion and a vacancy werehe resistance of each film. A maximum conductangg,
considered. Computational results were obtained by executhus occurs on the.-T plot for the two-layered thin film

ing the law of motion for the 6000 atoms constituting the structure.

computational region. Initial stresses among the lattice par- (4) As an elastic energy is propagating through an ideal
ticles induced by bonding the two films together were re-interface formed by two thin films with close lattice con-
leased by successively regulating the local averaged momestants, most of the energy penetrates with only a little dissi-
tum to be zero. Law of motion for each atom was integratecpation. However, the degree of the transmission decreases
by the fifth-order Gear prediction-corrector algorithm with with the increase of the discrepancy between the two films as
numerical time steps of 62010~ 4. The effects of the atomic well as the thickness and the degree of disorder at the inter-
discrepancy, interfacial defect, and temperature upon théacial region. If the energy is thermal, the degree of trans-
Kapitza conductance, as well as upon the effective conduanission is much smaller.

tivity of the whole film, were presented and discussed. (5) The process of energy transition at the interface can be
Propagation of thermal and elastic energy pulses was olsbserved by the current molecular dynamics simulation
served and the transition of energy was examined. The majanethod.
conclusions of this study are drawn as follows.

(1) At lower temperatures more than one third of the tem-
perature jump would occur at the interface. This jump de-
creases with the increase of the system temperature. It is the Support for this work by the National Science Counsel of
resistance at the interface that dominates the effective corthe Republic of China under Grant No. NSC90-2212-E-194-
ductivity of the whole thin film structure. 030 is gratefully acknowledged.
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