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Heat conduction in ZnS:SiO, composite films

E.-K. Kim and S.-I. Kwun
Department of Physics, Seoul National University, Seoul 151-742, Korea

S.-M. Lee and H. Seo
LG Corporate Institute of Technology, Seoul 137-724, Korea

J.-G. Yoon
Department of Physics, University of Suwon, Kyunggi 445-743, Korea
(Received 6 July 1999

The thermal conductivity of RF sputtered ZnS:§i@mposite film is measured in the temperature range
between 50 K and 300 K using thew3method. 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,Sihe 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 Si@matrix.

[. INTRODUCTION fections both inside the composite and at the interface.
Therefore, it is evident that the thermal conductivity of ZnS
Recent progress in thin-film technology has enabled thearticles in the composite should be considered in a different
fabrication of artificial structures with varying physical prop- way from that of the bulk case even though the particles are
erties. The thermal properties of thin films are very differentas crystalline as the bulk crystals.
from that of bulk and furthermore depend on growth condi- On the other hand, the thermal boundary resistance has
tions and resulting microstructures. In particular, the heapeen explained using the acoustic mismatch model or the
conduction mechanisms in composite films have been littigliffused mismatch modélAt low temperatures, where long-
studied—ZnS:SiQ is an example. This composite film is wavelength phonons are the major heat carriers and the in-
used as a thermal barrier in digital versatile disk—randonterface behaves as the major phonon scatterer, these acoustic
access memoryDVD—RAM).! It consists of nanometer- Models suitably describe the measured boundary resistance.
sized crystalline ZnS particles dispersed in an amorphouklowever, at elevated temperatures where high-frequency
SiO, matrix. The macroscopic parallels to this film have Phonons are the dominant heat carriers, some measurements
been studied extensively by dispersing highly conductivedisagree with the theoretical calculations by an order of mag-
particles into less conducting matrix like epoxfesThe  hitude for metal-dielectric interfacésThe boundary phonon
thermal conductivity of macroscopic composites was ex-Scattering seems to be more complicated and dependent on
plained theoretically in terms of the thermal boundarythe anharmonicity of interfacing materials as well as on the
resistancé:® It was suggested that the thermal conductivityinterface quality. Recently, there have also been trials to ex-
of composites can be even smaller than that of the matrix iPlain the thermal boundary resistance between the solid-solid
the thermal boundary resistance between the constitueffiterface in the filmed structure based on interfacial phonon
components is larger than the critical boundary resistitace Scattering and the Boltzmann transport equation for
or the size of conducting particles is smaller than the criticaphonons’
sizea,. In this paper, the thermal conductivity of ZnS:SiGom-
However, the validity of the theory is neither tested norPosite film is measured. The lower bound of theffective
clarified for nanoscale composites. One of the reasons is th§eérmal boundary resistance is defined to understand the
the theory is based on the Fourier heat equation involvinghermal property of the composite film, which is derived
only macroscopic properties, namely the thermal conductivirom the lower bound theory of thermal conductivity by
ity and the boundary resistance. The thermal boundary resid-orauato and Rintoul The effective thermal boundary resis-
tance arises from the phonon scattering due to differenf@nce is compared with the result of the conventional dif-
acoustic properties of the two interfacing materials while thefused mismatch theory.
thermal conductivity arises from the phonon scattering inside
the material due t.o imperfections of intrinsic and extrinsic Il EXPERIMENT
nature. For ZnS:Si©film, since the phonon mean free path
of ZnS is expected to be limited to nanometer scales, long- RF sputtered ZnS:Si¥ilm was deposited on 5-in-Si sub-
wavelength phonons would be scattered at the ZnS/81©  strate using a ZnS(80):Si0,(20%) composite target. A
terface while short-wavelength ones would encounter impertransmission electron microscope image showed that ZnS
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S 7 1 conductivity than those for ZnS single crystal and $iO
= S o amorphous bulk. Also, the reported minimum thermal con-
E g *° ductivity of Si0,, x> 2, which was calculated either by the
=S Yy T disordered phonon transport motebr by the Einstein
] model?? lies well above the measured data at room tempera-
ture.
Thus, as a first step, the possibility that ZnS particles may
have such a low-heat conductivity is examined from a mi-
. croscopic point of view based on the phonon-scattering rate.
e . The phonon mean free pathin the ZnS single crystal is
0'240 100 400 approximated from fits to the data for the single crystal as
Temperature (K) follows,
FIG. 1. Thermal conductivity of ZnS:SiCcomposite film. The b=(AN+BTe ©T\2+1/D) 4, (1)

size effect of ZnS particle on scattering rétiashed-dot-dot lines
calculated from Eq(1). Dotted lines are the calculated minimum where \; is the wavelength oith mode phonons ané
thermal conductivity of disordered Sj@nd ZnS and the solid line throughD are parameters. The three terms in the right-hand
is the minimum value derived from the Einstein model. Thermalside of Eq.(1) are related to the Rayleigh scattering, phonon-
conductivity of ZnS single crystaldRef. 14 and SiQ amorphous phonon scattering, and boundary scattering, respectively.
bulk (Ref. 13 are shown for comparison. The parameteD is a measure of the maximum phonon mean
free path for the single crystal and was about 4én for the
was particulate with small-sized particlésverage radiusa data fit. For ZnS patrticles, the particle size should affect the
~2 nm) in an SiQ matrix! The volume fraction of ZnS boundary scattering rate and impose restrictions on the pho-
particles was estimated to be 63.6% from the bulk density ofon mean free path down to the particle sidez4 nm in
ZnS and SiQ. This value is comparable to the randomly Ed. (1). The calculated values for ZnS particleg;yye.
closed-packing density (63—6493)The film thickness was however, are still much larger than the measured data as
determined by a scanning electron micrograph. The thickshown in Fig. 1.
ness uniformity of the film was found to be better than 4%. Next, the data for the composite film are compared with
Thermal conductivity of the film was measured using thethe minimum thermal conductivityxiny, which describes
3w method!® The gold heater/thermometer line, of Idn  successfully the lower limit of the thermal conductivity of
width and 1-mm length, with a thin-chromium-adhesion single-layer films-® But the minimum thermal conductivities
layer was patterned using the lift-off method. The thermom-of disordered ZnS and SiQcalculated by using the param-
eter response appears as a superposition of the temperat@ters in Table |, are also larger than the thermal conductivity
oscillation of the substrate and the temperature drop across the composite film at room temperature. At room tempera-
the film and interfaces. The measurements were carried otiire, the data are rather well explained by the minimum
on two kinds of films with different thicknes€00 nm and  value of the Einstein model for Zn&Z i, Where the pho-
560 nm. From the difference between the apparent thermahon effect is excluded. This value is believed to be the lower
conductivity data of the two films, the intrinsic thermal con- limit of the thermal conductivity of ZnS. The difference be-

ductivity of ZnS:SiQ film was obtained. At each thickness, tween the measured data arf,.;,may be attributed to the

the data were reproducible for three samples. limitation in accuracy of our measurement, the calculation
for the single component of the composite, and incorrect use
IIl. RESULTS AND DISCUSSION of the acoustic information; we used the value for the bulk

phases. However, at low temperatures, the measured data for
The measured intrinsic thermal conductivity of ZnS:g8i0 ZnS:SiG film show so weak temperature dependence that
composite film is given in Fig. 1 as a function of tempera-the value exceeds both the minimum thermal conductivity
ture. The data indicate much lower values for the thermahnd the nonphonon transport limit calculations.
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These imply that the heat transport in the composite film 80 ————q
may be dissimilar to that of normal amorphous films like [
SiO,. Thus, instead of estimating the thermal conductieity
priori, the data are analyzed from the phenomenological [ u
point of view using the thermal boundary resistance, which i
reflects the areal scattering at the interface.

Torquato and Rintoul studied the thermal boundary resis-
tance effect on the thermal conductivity of composites where
highly heat conductive spheres were randomly dispersed in a
less conductive matriThey obtained the upper bounrd,,
and lower boundk,,, of the thermal conductivity based on
the energy dissipation theory with the variational method
using the trial temperature gradient field and the heat flux
field as follows,

" ®m g ZnS crystal

—_
<
T
1

T Koppaeo) 4

"""" K jow(r0)

K"PP(R'RAJ

K owRary ]

'y

[ ] ...
SiO,bulk ¢® .
[ J ]

<p.<
Kjow™ Ke= Kypp:

—
T

R ¢, -1
—— — —E| SkeS(kmdmtrpdp—F),

)

wherex and ¢ are the thermal conductivity and the volume
fraction of particle and matrix ¢,,=1— ¢;), respectively, b
with the subscripp (particle andm (matrix). « is the ef- 02 Lo .
fective thermal conductivity of composite. HeEeandF are 40 100 400
functions of the thermal conductivity, volume fraction, par- Temperature (K)
ticle radiusa, a geometric configuration parameteof the
constituent components, and the thermal boundary resistance FIG. 2. The upper bound and lower bound of thermal conduc-
R between them. The simulation result & 0.134 for ¢,, tivity of the composite in Eq(2) for the lower bound of empirical
=0.6 is used in this study. The same calculation was per- thermal_b_oundary resistanc_(eoliq ling). The calculated ther_mal
formed based on their model assuming that all the ZnS pa,Qonductlvny of the_ composnte_wnhout boundary resistance is also
ticles were hard spheres of identical size. If there is no therPlotted for comparisoridotted ling.
mal boundary resistance between the particles and the
matrix, the results for the effective thermal conductivity of tude of the resistance estimated. The DMM assumes that the
ZnS:SiQ composite indicate much larger values than for ourphonons scattered at the interface preferentially propagate to
data as shown in Fig. 2. the interfacing material having a larger Debye density of
To understand the thermal conductivity of ZnS:Si@m-  state® The thermal boundary resistance between ZnS and
posite film, we estimate the thermal boundary resistance beSiO, bulk based on DMMRpuwm , is calculated using the
tween ZnS particles and the Si@atrix by solving the in-  bulk parameters in Table Rpyy is smaller thanR, g as
verse problem of either the lower bound or upper bound sidshown in Fig. 3. At high temperatures, high-frequency
of Eqg. (2). In practice, the lower bound corresponds to thephonons predominantly contribute to the heat conduction and
case where the temperature gradient is mainly generated thence the thermal boundary resistance also depends on the
the thermal boundary resistance perpendicular to the heguality of the interfacé.ln composite film, the imperfection
flow while the upper bound approximates the case where that the interface due to the mechanical instability between
heat tends to flow along the conducting matrix rather tharZnS and SiQ may cause additional phonon scattering result-
through the embedded spheres. As Torquato suggested, they in a higher thermal boundary resistance.
lower bound is more reasonable for the resistance egse It is noted that the temperature dependenc&af does
<Kp.18 Since there is no evidence to confirm that the nanonot follow that of Rpyyv. Since the long-wavelength
crystalline ZnS spheres are less conductive than the SiQphonons are the major heat carriers at low temperatures, the
matrix, the measured data were considered as the lowdact indicates peculiar aspects Rf g of this composite; the
bound of the system. The lower bound of the effective therboundary of the ZnS particle seems more transparent to long-
mal boundary resistand® g was thus obtained by fitting the wavelength phonons. Such frequency dependence can be ob-
lower bound of Eq(2) to the measured data. The upper andserved from the phonon scattering by point or line def&tts.
lower bounds of thermal conductivity for the caRe=R, 5 Hence we may suggest that some ZnS particles are in contact
are plotted in Fig. 2. with strain-/stress-induced defects in that contact region.
The empirical lower bound of the effective thermal Then the phonons may be scattered at the contact region with
boundary resistancR, g is compared with the prediction of " dependence. To complete the discussion, further study of
the well-known diffused mismatch modédMM) for solid- ~ the thermal boundary resistance by multilayer films of ZnS
solid semi-infinite interfaces. Although this comparison mayand SiQ is necessary. Unfortunately, however, the lattice
not give a self-consistent explanation for the thermal boundmismatch between ZnS and Si@ so large that growth of
ary resistance, it is valuable to examine the order of magnithe stable ZnS/SiQmultilayer film is very difficult?
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FIG. 3. Temperature dependence of the empirical thermaPf ZnS in this study, 2 nm, is indicated by the dotted line.
boundary resistance between ZnS and,SR)g obtained by fitting
the lower bound of the effective thermal conductivity in B2 to  tional hopping motion of the localized modes via extended
the measured data. The results of DMM are also shown for comphonon? If the hopping process is hindered by some mecha-
parison. The error iR, g is ascribed to the uncertainty; +5% of ~ nism in the glass system, the plateau region may be extended
the film thickness that is a parameter in determining the thermato higher temperatures. Since the investigated ZnS:&i@n
conductivity of the film. aperiodic or amorphous mixture system, the observed weak

. _ temperature dependence may be explained in the view point
At room temperature, the empirical resistance betweegf an extended plateau.

ZnS and SiQ, R g, is smaller than the typical thermal In summary, ZnS:Si@ composite film shows very low

~3x10"% Km?W~ %% while the thermal conductivity of Neither the size effect on the scattering rate nor the minimum
the composite film is smaller than the minimum conductivi-thermal conductivity of a single component of the disordered
ties of the constituent components. For fixed boundary resiSnaterials can explain the low value. At room temperature,
tance, the smaller the particle size, the larger the temperatugie data are as low as the results of the Einstein model.
gradient around the particle. Then heat transport through thgowever, at low temperature, the contribution of phonons
conducting sphere becomes more difficult than through thehyst be considered. From the phenomenological point of
less conducting matrix as particles become smaller than thgew, we estimated the lower bound of the effective thermal
critical sizea.. The critical size of ZnS particles, estimated boundary resistance from fitting the lower bound of thermal
by a.=Ryg/(1/ky—1/kp), is plotted in Fig. 4. The size of conductivity to the measured data. The effect of the bound-

ZnS in this eXperiment is smaller than the estimated Criticahry resistance on thermal Conductivity exp|ains our data
size. Hence, the dominant effect on the thermal conductivityather successfully.

of the composite is attributed to the nanosized ZnS patrticles
as well as the thermal boundary resistance.

Finally, we also note that other heat transport mechanisms
may be responsible for our observation. This argument is This work was supported in part by the Korea Science and
based on the weak temperature dependence of our data. AEngineering Foundation through the Research Center for Di-
cording to the recent work for the thermal conductivity of electric and Advanced Matter Physics at Pusan National Uni-
network forming glass, the increase of the thermal conducversity and in part by the academic research fund of the
tivity above the plateau region was attributed to the vibra-Ministry of Education.
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