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Heat conduction in ZnS:SiO2 composite films
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The thermal conductivity of RF sputtered ZnS:SiO2 composite film is measured in the temperature range
between 50 K and 300 K using the 3v method. This composite film shows two distinct modes of behavior.
One is that, at room temperature, the thermal conductivity of the composite film is lower than the convention-
ally estimated minimum values for disordered ZnS and SiO2. The other is that the temperature dependence is
weaker than for usual glasslike films. Although the Einstein model could explain values of the conductivity at
room temperature, the contribution of phonons cannot be excluded at lower temperatures. The low thermal
conductivity is more successfully explained by the presumed thermal boundary resistance between ZnS par-
ticles and the SiO2 matrix.
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I. INTRODUCTION

Recent progress in thin-film technology has enabled
fabrication of artificial structures with varying physical pro
erties. The thermal properties of thin films are very differe
from that of bulk and furthermore depend on growth con
tions and resulting microstructures. In particular, the h
conduction mechanisms in composite films have been l
studied—ZnS:SiO2 is an example. This composite film i
used as a thermal barrier in digital versatile disk–rand
access memory~DVD–RAM!.1 It consists of nanometer
sized crystalline ZnS particles dispersed in an amorph
SiO2 matrix. The macroscopic parallels to this film ha
been studied extensively by dispersing highly conduct
particles into less conducting matrix like epoxies.2,3 The
thermal conductivity of macroscopic composites was
plained theoretically in terms of the thermal bounda
resistance.4,5 It was suggested that the thermal conductiv
of composites can be even smaller than that of the matr
the thermal boundary resistance between the constit
components is larger than the critical boundary resistanceRc
or the size of conducting particles is smaller than the criti
sizeac .

However, the validity of the theory is neither tested n
clarified for nanoscale composites. One of the reasons is
the theory is based on the Fourier heat equation involv
only macroscopic properties, namely the thermal conduc
ity and the boundary resistance. The thermal boundary re
tance arises from the phonon scattering due to differ
acoustic properties of the two interfacing materials while
thermal conductivity arises from the phonon scattering ins
the material due to imperfections of intrinsic and extrin
nature. For ZnS:SiO2 film, since the phonon mean free pa
of ZnS is expected to be limited to nanometer scales, lo
wavelength phonons would be scattered at the ZnS/SiO2 in-
terface while short-wavelength ones would encounter imp
PRB 610163-1829/2000/61~9!/6036~5!/$15.00
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fections both inside the composite and at the interfa
Therefore, it is evident that the thermal conductivity of Zn
particles in the composite should be considered in a differ
way from that of the bulk case even though the particles
as crystalline as the bulk crystals.

On the other hand, the thermal boundary resistance
been explained using the acoustic mismatch model or
diffused mismatch model.6 At low temperatures, where long
wavelength phonons are the major heat carriers and the
terface behaves as the major phonon scatterer, these aco
models suitably describe the measured boundary resista
However, at elevated temperatures where high-freque
phonons are the dominant heat carriers, some measurem
disagree with the theoretical calculations by an order of m
nitude for metal-dielectric interfaces.7 The boundary phonon
scattering seems to be more complicated and dependen
the anharmonicity of interfacing materials as well as on
interface quality. Recently, there have also been trials to
plain the thermal boundary resistance between the solid-s
interface in the filmed structure based on interfacial phon
scattering and the Boltzmann transport equation
phonons.8

In this paper, the thermal conductivity of ZnS:SiO2 com-
posite film is measured. The lower bound of the ‘‘effective’’
thermal boundary resistance is defined to understand
thermal property of the composite film, which is derive
from the lower bound theory of thermal conductivity b
Torquato and Rintoul.4 The effective thermal boundary resis
tance is compared with the result of the conventional d
fused mismatch theory.

II. EXPERIMENT

RF sputtered ZnS:SiO2 film was deposited on 5-in-Si sub
strate using a ZnS(80%):SiO2(20%) composite target. A
transmission electron microscope image showed that
6036 ©2000 The American Physical Society
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PRB 61 6037HEAT CONDUCTION IN ZnS:SiO2 COMPOSITE FILMS
was particulate with small-sized particles~average radius:a
;2 nm) in an SiO2 matrix.1 The volume fraction of ZnS
particles was estimated to be 63.6% from the bulk density
ZnS and SiO2. This value is comparable to the random
closed-packing density (63–64%).9 The film thickness was
determined by a scanning electron micrograph. The th
ness uniformity of the film was found to be better than 4

Thermal conductivity of the film was measured using t
3v method.10 The gold heater/thermometer line, of 11-mm
width and 1-mm length, with a thin-chromium-adhesi
layer was patterned using the lift-off method. The thermo
eter response appears as a superposition of the temper
oscillation of the substrate and the temperature drop ac
the film and interfaces. The measurements were carried
on two kinds of films with different thickness~100 nm and
560 nm!. From the difference between the apparent therm
conductivity data of the two films, the intrinsic thermal co
ductivity of ZnS:SiO2 film was obtained. At each thicknes
the data were reproducible for three samples.

III. RESULTS AND DISCUSSION

The measured intrinsic thermal conductivity of ZnS:SiO2
composite film is given in Fig. 1 as a function of temper
ture. The data indicate much lower values for the therm

FIG. 1. Thermal conductivity of ZnS:SiO2 composite film. The
size effect of ZnS particle on scattering rate~dashed-dot-dot line! is
calculated from Eq.~1!. Dotted lines are the calculated minimu
thermal conductivity of disordered SiO2 and ZnS and the solid line
is the minimum value derived from the Einstein model. Therm
conductivity of ZnS single crystals~Ref. 14! and SiO2 amorphous
bulk ~Ref. 11! are shown for comparison.
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conductivity than those for ZnS single crystal and SiO2
amorphous bulk. Also, the reported minimum thermal co
ductivity of SiO2 ,kmin

SiO2 , which was calculated either by th
disordered phonon transport model11 or by the Einstein
model,12 lies well above the measured data at room tempe
ture.

Thus, as a first step, the possibility that ZnS particles m
have such a low-heat conductivity is examined from a m
croscopic point of view based on the phonon-scattering r
The phonon mean free pathl i in the ZnS single crystal is
approximated from fits to the data for the single crystal
follows,

ł i5~A/l i
41BTe2C/T/l i

211/D !21, ~1!

where l i is the wavelength ofi th mode phonons andA
throughD are parameters. The three terms in the right-ha
side of Eq.~1! are related to the Rayleigh scattering, phono
phonon scattering, and boundary scattering, respectiv
The parameterD is a measure of the maximum phonon me
free path for the single crystal and was about 40mm for the
data fit. For ZnS particles, the particle size should affect
boundary scattering rate and impose restrictions on the p
non mean free path down to the particle size,D54 nm in
Eq. ~1!. The calculated values for ZnS particles,kparticle

ZnS ,
however, are still much larger than the measured data
shown in Fig. 1.

Next, the data for the composite film are compared w
the minimum thermal conductivity,kmin

ZnS, which describes
successfully the lower limit of the thermal conductivity o
single-layer films.13 But the minimum thermal conductivitie
of disordered ZnS and SiO2, calculated by using the param
eters in Table I, are also larger than the thermal conducti
of the composite film at room temperature. At room tempe
ture, the data are rather well explained by the minimu
value of the Einstein model for ZnS,kEinstein

ZnS , where the pho-
non effect is excluded. This value is believed to be the low
limit of the thermal conductivity of ZnS. The difference be
tween the measured data andkEinstein

ZnS may be attributed to the
limitation in accuracy of our measurement, the calculat
for the single component of the composite, and incorrect
of the acoustic information; we used the value for the b
phases. However, at low temperatures, the measured dat
ZnS:SiO2 film show so weak temperature dependence t
the value exceeds both the minimum thermal conductiv
and the nonphonon transport limit calculations.

l

TABLE I. Parameters for the calculation of minimum therm
conductivity and thermal boundary resistance:n represents atomic
number density,r the mass density, andv l andv t represent longi-
tudinal and transverse sound velocities, respectively.

ZnS SiO2
a

n(1022 /cm3) 5.05 6.61
r(g/cm3) 4.075b 2.198
v l(105 cm/s) 5.45c 5.8
v t(105 cm/s) 2.92c 3.7

aReference 11.
bReference 15.
cReference 16.
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These imply that the heat transport in the composite fi
may be dissimilar to that of normal amorphous films li
SiO2. Thus, instead of estimating the thermal conductivitya
priori , the data are analyzed from the phenomenolog
point of view using the thermal boundary resistance, wh
reflects the areal scattering at the interface.

Torquato and Rintoul studied the thermal boundary re
tance effect on the thermal conductivity of composites wh
highly heat conductive spheres were randomly dispersed
less conductive matrix.4 They obtained the upper boundkupp
and lower boundk low of the thermal conductivity based o
the energy dissipation theory with the variational meth
using the trial temperature gradient field and the heat
field as follows,

k low<ke<kupp,

S fm

km
1

fp

kp
13

R

a/kp

fp

kp
2ED 21

<ke<~kmfm1kpfp2F !,

~2!

wherek andf are the thermal conductivity and the volum
fraction of particle and matrix (fm512fp), respectively,
with the subscriptp ~particle! and m ~matrix!. ke is the ef-
fective thermal conductivity of composite. Here,E andF are
functions of the thermal conductivity, volume fraction, pa
ticle radiusa, a geometric configuration parameterz of the
constituent components, and the thermal boundary resist
R between them. The simulation result ofz50.134 for fp
50.6 is used in this study.17 The same calculation was pe
formed based on their model assuming that all the ZnS
ticles were hard spheres of identical size. If there is no th
mal boundary resistance between the particles and
matrix, the results for the effective thermal conductivity
ZnS:SiO2 composite indicate much larger values than for o
data as shown in Fig. 2.

To understand the thermal conductivity of ZnS:SiO2 com-
posite film, we estimate the thermal boundary resistance
tween ZnS particles and the SiO2 matrix by solving the in-
verse problem of either the lower bound or upper bound s
of Eq. ~2!. In practice, the lower bound corresponds to t
case where the temperature gradient is mainly generate
the thermal boundary resistance perpendicular to the
flow while the upper bound approximates the case where
heat tends to flow along the conducting matrix rather th
through the embedded spheres. As Torquato suggested
lower bound is more reasonable for the resistance casekm
!kp .18 Since there is no evidence to confirm that the na
crystalline ZnS spheres are less conductive than the S2
matrix, the measured data were considered as the lo
bound of the system. The lower bound of the effective th
mal boundary resistanceRLB was thus obtained by fitting th
lower bound of Eq.~2! to the measured data. The upper a
lower bounds of thermal conductivity for the caseR5RLB
are plotted in Fig. 2.

The empirical lower bound of the effective therm
boundary resistanceRLB is compared with the prediction o
the well-known diffused mismatch model~DMM ! for solid-
solid semi-infinite interfaces. Although this comparison m
not give a self-consistent explanation for the thermal bou
ary resistance, it is valuable to examine the order of mag
al
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tude of the resistance estimated. The DMM assumes tha
phonons scattered at the interface preferentially propaga
the interfacing material having a larger Debye density
state.6 The thermal boundary resistance between ZnS
SiO2 bulk based on DMM,RDMM , is calculated using the
bulk parameters in Table I.RDMM is smaller thanRLB as
shown in Fig. 3. At high temperatures, high-frequen
phonons predominantly contribute to the heat conduction
hence the thermal boundary resistance also depends o
quality of the interface.7 In composite film, the imperfection
at the interface due to the mechanical instability betwe
ZnS and SiO2 may cause additional phonon scattering resu
ing in a higher thermal boundary resistance.

It is noted that the temperature dependence ofRLB does
not follow that of RDMM . Since the long-wavelength
phonons are the major heat carriers at low temperatures
fact indicates peculiar aspects ofRLB of this composite; the
boundary of the ZnS particle seems more transparent to lo
wavelength phonons. Such frequency dependence can b
served from the phonon scattering by point or line defect19

Hence we may suggest that some ZnS particles are in con
with strain-/stress-induced defects in that contact regi
Then the phonons may be scattered at the contact region
vn dependence. To complete the discussion, further stud
the thermal boundary resistance by multilayer films of Z
and SiO2 is necessary. Unfortunately, however, the latti
mismatch between ZnS and SiO2 is so large that growth of
the stable ZnS/SiO2 multilayer film is very difficult.1

FIG. 2. The upper bound and lower bound of thermal cond
tivity of the composite in Eq.~2! for the lower bound of empirical
thermal boundary resistance~solid line!. The calculated therma
conductivity of the composite without boundary resistance is a
plotted for comparison~dotted line!.
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PRB 61 6039HEAT CONDUCTION IN ZnS:SiO2 COMPOSITE FILMS
At room temperature, the empirical resistance betw
ZnS and SiO2 , RLB , is smaller than the typical therma
boundary resistance between metals and dielectrics, i.e.
;331028 Km2 W21,20 while the thermal conductivity of
the composite film is smaller than the minimum conducti
ties of the constituent components. For fixed boundary re
tance, the smaller the particle size, the larger the tempera
gradient around the particle. Then heat transport through
conducting sphere becomes more difficult than through
less conducting matrix as particles become smaller than
critical sizeac . The critical size of ZnS particles, estimate
by ac5RLB /(1/kp21/km), is plotted in Fig. 4. The size o
ZnS in this experiment is smaller than the estimated crit
size. Hence, the dominant effect on the thermal conducti
of the composite is attributed to the nanosized ZnS parti
as well as the thermal boundary resistance.

Finally, we also note that other heat transport mechani
may be responsible for our observation. This argumen
based on the weak temperature dependence of our data
cording to the recent work for the thermal conductivity
network forming glass, the increase of the thermal cond
tivity above the plateau region was attributed to the vib

FIG. 3. Temperature dependence of the empirical ther
boundary resistance between ZnS and SiO2 ,RLB obtained by fitting
the lower bound of the effective thermal conductivity in Eq.~2! to
the measured data. The results of DMM are also shown for c
parison. The error inRLB is ascribed to the uncertainty,;65% of
the film thickness that is a parameter in determining the ther
conductivity of the film.
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tional hopping motion of the localized modes via extend
phonon.21 If the hopping process is hindered by some mec
nism in the glass system, the plateau region may be exten
to higher temperatures. Since the investigated ZnS:SiO2 is an
aperiodic or amorphous mixture system, the observed w
temperature dependence may be explained in the view p
of an extended plateau.

In summary, ZnS:SiO2 composite film shows very low
thermal conductivity and weak temperature dependen
Neither the size effect on the scattering rate nor the minim
thermal conductivity of a single component of the disorde
materials can explain the low value. At room temperatu
the data are as low as the results of the Einstein mo
However, at low temperature, the contribution of phono
must be considered. From the phenomenological point
view, we estimated the lower bound of the effective therm
boundary resistance from fitting the lower bound of therm
conductivity to the measured data. The effect of the bou
ary resistance on thermal conductivity explains our d
rather successfully.
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FIG. 4. The critical radius of ZnS particles. The average rad
of ZnS in this study, 2 nm, is indicated by the dotted line.
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