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Lo (100 -15.000 cin™") by thin Pt/Al,O, cermet films prepared by electron beam evaporation onto
o -
' i sapphire substrates were measured using a Fourier transform spectrometer. The high value of the dc
5

pereolation threshold [ (0.50<f-<0.59) for the Pt/Al,O4 system is evidence for correlations in the
positions of the particles that can be described by coated-grain topologies. The data were compared

with the predictions of five effective medium models. which feature different microstructural topologies.

91 4 02 120




and values of f-. Published data on the dielectric functions of the component materials were used in
the modeling. The Maxwell-Garnett and Bruggeman models do not describe the data adequately. A
simpiified version of a model by Sheng (f.~0.453) provides an improved description. The best
agreement is achieved for two models with adjustable. high values of f.. We conclude that an effective
medium theory is able to describe the infrared optical properties of a cermet systemn over a wide range

of composition if proper account is taken of both the microstructure and the value of f..




[. INTRODUCTION

Effective medium theories' are commonly used to model the optical properties of granular
3 g
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composite materials such as rermet films™™'%,

If one considers a two-component metal-insulator
composite material over the complete range of composition, a characteristic parameter relevant to both
the electrical and optical properties is the percolation threshold. f.. If f is the volume fraction of the
metallic component imbedded in a perfectly insulating host. f. indicates the onset of electrical
conduction. Sufficiently close to {., the quasistatic approximation that underlies the effective medium
approarh breaks down b-:iuce the mean cluster size exceeds the wavelength®®. In this region of

. . . . a0_2
composition, recent theories based on scaling are applicable?®~26

In this work, we de not focus on the
region near f.; rather, we are concerned with a broad range of composition. The role of the
microstructurc especially the topology of the material at the microscopic level, in determining the
effective optical properties of composite materials has been demonstrated™. For example, Gibson, et
al.?, applied a simplified version of a model introduced by Sheng®?, which was based on ideas

concerning the growth of cermet films. to successfully account for the optical properties of their

samples.

in this paper. we present room temperature transmittance and reflectance data on thin
granular Pt/Al,O4 cermet films that were deposited on crystalline sapphire substrates. The set of
samples covers a broad range of composition. This system possesses a relatively high value of f., which
is indicative of a coated grain topology. The data are compared with five effective medium theories
that describe different microstructural morphologies and feature different values of f.. Published
optical data on the component materiz's arc used in the inodeling. The best agreement between theory
and experiment is provided by theories with adjustable high values of f.. The differences in predicted

optical properties of effective medium theories with the same f. are associated with the microstructure.

Section Il discusses the effective medium theories used in this paper. The Maxwell-Garnett?®,
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Bruggeman-’, and Sheng?’ effective medium theories are reviewed. Two effective inedium theories
with adjustable values of f. are introduced. The value of f. is set by specifying composition dependent
fractions for the basic cells that describe the microscopic topology of the medium. One of these models
is based on the model of Mantese. et al.%, for the dc conductivity of the same Pt/Al,O, films under
consideration here. The other model represents a different microstructural topology. The effects of
particle correlations are included in both models. The effective medium theories are compared for the
case of the frequency dependence of the imaginary part of the effective dielectric function for a Drude
metal in a perfect insulator. The effecive medium theories that are based on rather complex basic cells
predict a plethora of structure in the optical properties. Section III discusses the experimental work. A
1

brief account given earlier®!. Section IV contains the comparison between the five effective medium

theories and the data. Section V summarizes the results.

[I. THEORY

In the effective medium approach, the microscopically inhomogeneous composite material is
modeled by a complex frequency dependent homogeneous dielectric function. This approach is valid if
the quasistatic approximation applies: i.e.. if the wavelength of the electromagnetic radiation in all of
the component materials is much greater than the grain sizes and cluster sizes. The results of
electrostatics are used to match the fields at the boundaries. A set of basic unit cells, usually with
spherical symmetry, is chosen based on the microstructure of the composite material. Self consistency
is achieved®? by demanding that there be no additional scattering when the basic cells are imbedded in

the effective medium. For spheres in three dimensions, this condition is

N _
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where p, is the probability that a cell is of the ith type, ¢; is its effective dielectric function, ¢=7"+i¢"
is the complex frequency dependent dielectric function of the effective medium. and N is the number of
distinct basic cells. In general. p, can depend on plle composition. For example, for a two-component
metal-insulator composite with metallic volume fraction f, p;=p,(f). The choice of basic cells should
be based on an understanding of the microstructural morphology of the composite material. The
importance of microstructure in determining the effective optical constants of composite materials has

. 2,12 . - .
been demonstrated experimentally™"". In addition. it is thought that .ne region of the complex plane
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accessible to ¢ by the Milion-Bergman bounds is related to the possible microstructures””.

In this section we discuss the five effective medium theories that we later compare with our
data on Pt/Al,O4 cermet films. The associated basic cells are shown schematically in Figure 1. Note
that the number of basic cells need not be the same as the rumber of component materials. For each

model, we discuss the behavior of #"(w:f), the dissipative part of & for a two-component composite

material consisting of Drude metal imbedded in an insulating host. The Drude dielectric function is

em(w) = c,<1+—;“’?’;)), (2)

where w is the circular frequency. <, is the plasma frequency, 7 is the relaxation time, and ¢; takes
core polarization into account. For the calculations, we choose &, =10.000 cm™"' (T =w/27c is the

1

frequency in wavenurabers), (2xer)™'= 10 em™', and ¢;=1. For the insulating host, ¢,=2.0.

Although the optical properties of the component materials are simple, surprisingly complex structure

is predicted by some of the effective medium theories.

A. Maxwell-Garnett Model

The Maxwell-Grrnt+?8 /MO (fficiive dieiectric funetion cai be obtained by inserting the




dielectric function for a dielectric-coated metal sphere®3, ¢, into Eq. 1. The result is
q

,21=Dey +(142M)em
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There is no percolation threshold associated with this model. due to the coated metallic grain topology.
For the MG model to apply to a composite with large metallic content it is clear that the particles
must be highly correlated. Fig. 2 shows &”{w;f). The sharp plasma resonance, with frequency
wa :mup in the low f limit, shows a redshift and broadens with increasing f. One can also

derive a reversed MG model based on a metal-coated dielectric sphere as the basic cell.

B. Bruggeman Model

The Bruggeman model?®, sometimes called "the effective medium theory,” is obtained by

choosing spherical basic cells of each component material for Eq. 1. The quadratic equation

flem—z) (1=D(e,—7)
€m+2E ch+2E

=0 (3)
must be solved. The correct solution is the one with positive €, corresponding to dissipation. Eq. 5 is
symmetric in the component materials. The percolation threshold is fc:%. Figure 3 shows that the
sphere resonance associated with an isolated metallic particle is broadened into an “impurity band?%"
even at low f. This band broadens and its peak is redshifted with increasing f. A nonzero value of €
at zero frequency associated with nonzero dc electrical conductivity is obtained for f>f.. Above f., the
“impurity band” narrows and approaches the frequency of the dielectric “void™ resonance,

waz= 2, /(2¢;4¢, }wp, corresponding to a dielectric surrounded by metal, as f approaches nnity.




C. Sheng Model

Sheng®” introduced a probabilistic growth model for cermet films. We make use of a
simplified version of the inodel that was introduced by Gibson. et al.>. The basic cells are dielectric-
coated metai (€;) and ctal-crated dielectric (e,) spheres, each having the composition of the

cormposite material. The dielectric function is obtained by solving

piley —€) | palea =8 _
€1+‘ZZ €2+22 -

0, (6)

where ¢, and ¢, are identical to € for the MG model and reversed MG model. respectively. The
probabilities p; and p, are determined by a free volume argument. p, is proportional to the number of
possible configurations of a metal sphere of radius r within a larger dielectric sphere of radius R.

Assuming that all configurations are equally probable, p1~(1—r/R)3. Since f=(r/R)3,

3 (1733
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and p,=1-p;. The percolation threshold is obtained from the equation for the effective dc

conductivity,
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for I>f.. Setting =0 in Eq. Y, we obtain

pi(fe) = 3. (10)

The result is f.~0.455 in three dimensions®’.

The rather complex structure in the optical properties of a composite material predicted by
this model is illustrated in Fig. 4. At low f, we see the sphere resonance associated with the dielectric-
coated metal sphere. which dominates at low f. The plot for f=.20 shows additional resonances, ncar
~=10 and w=w,. These resonances are associated with the metal-coated dielectric sphere. imbedded in
an insulating effective medium (f<f.). The "impurity band” structure at intermediate compositions is
far more complex here, so that it is difficult to interpret in detail. The appearance of a peak at .ero
frequency corresponds to the onset of dc conduction. At large f (near 1), the dielectric void resonance
associated with the metal-coated dielectric sphere appears. To the best of our knowledge, most of the

predicted structure in the optical properties has not yet been observed experimentally.

D. Modified Mantese-Curtin-Webb Model

Mantese, et al.3°

. introduced a model for the composition dependence of the room temperature
de resistivity of Pt/Al,O5 cermet films from the set of samples under study here. The model includes
the contribution of interparticle tunneling, and a principal conclusion of their paper is that tunneling is
required to explain the measured dc electrical conductivity and noise. It is also important that

correlations between the particles are included. This model is not easily generalized to finite

frequencies.

We introduce a model with a similar microstructure and the same composition dependence for

the probability distribution of the basic cells. Mantese, et al, chose p(f)=f* for the fraction of




conducting cells in a film with metallic volume fraction f. Note that the basic cells and their
probability distributions may be indepeundently specified. We chouse the basic cells of the simplified

5

Sheng model. but use p,(f)=f*. The percolation threshold obtained from Eq. 10 is f-=1/y3~0.577.

Figure 5 shows the frequency and composition dependence of &' for this model. Not

surprising.y, the qualitative behavior is similar to the Sheng model.

E. Effective Medium with Correlated Particles

We have seen that it is important to consider both the microstructure and the value of f. when
constructing an effective medium theory.  For the samples under consideration, the measured
percolation threshold is high®® (0.5 <f.<.59). so that the particles are correlated. We introduce a new

effective medium thecrv with a different microstructure than those discussed above.

The percolation thresholds of the BR and Sheng models are too low for the present application.
We introduce corielations by adding to the basic cells of the BR model a dielectric coated sphere (See
Fig. 1). The metallic fraction ir the coated sphere is f, the volume fraction in the material as a whole.
The new model is asymmetric in the components, but apparently so is the Pt/Al,O, system. The
percolation threshold can be varied over 1/3<f. <1 through the choice of the probability distributions.
We note that a similar effective medium theory with low percolation thresholds (0<f.<1/3) can be
constructed by choosing a metal-coated dielectric sphere. The dielectric function for this Correlated

Effective Medium Theory (CEMT, is determined by solving

(1=p) flem—7) +(.1—10)(l—f)(<r€) plec—¢) _
Cm+ 20 h ¥ 28 cet2t

The function p(f} is chosen by ansatz. We choose p(f)=cos?(7f/2), where a is an adjustable

parameter. This function obevs p(0)=1 and p(1)=0. The first condition states that the entire




medium has the coated grain topology, like the MG model. at f{=0. The latter condition is required so

that the de conductivity approaches the bulk value continuously as f approaches unity.

The percolation threshold is determined by soiving the equation for the effective conductivity,

similar to Equation 11. under the condition ¢, =¢.=0. The resulting condition is

1 — 3[1—p(f)] fe = 0. (12

For our chosen distribution,

Cdn(1-1/30)
A= In{cos(mf. /2))

We choose {.=1/43. for comparison with the modified model of Mantese, et al. Thus, a~1.78.

Figure 6 shows & for the CEMT. The sharp sphere resonance is observed at small f. At
intermediate f, rather complex behavior associated with “impurity bands™ is obse-ved. Near f=1. the

band associated with the dielectric void resonance is observed.

HI. EXPERIMENT

The Pt/Al,05 granular films®® were prepared by coevaporation of Pt and Al,O5 onto single
crystal sapphire wafers in a dual e-beam evaporator with a low base pressure (inid 1077 torr). The
volume fraction of Pt in the films, which ranges from 0.23 to 1.00, was determined by monitoring the
relative deposition rates of the two materials using quartz crystal oscillators inside the evaporation
chamber. The film thickiesses. which were measured with a Dektak surface profilometer. ranged from
L1100 A to 2100 A. The orientations of the sapphire substrates. as determined by back reflection Laue

photographs. were about 20° from the ordinary axis. The percolation threshold. as determined by the
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temperature dependence of the dc resistivity, was in the range of 50-59% Pt by volurie™ . Although no
direct determination of the microstructure by electron microscopy has been performed on these filins,
the high value of f. is a strong indicator of a coated grain topology. Llectron micrographs on cermet

- . . 39— 4¢
films prepared by the same method support this conclusion 9-40,

The room temperature transinittance and relative reflectance data were mcasured using a
Nicolet 740 Fourier transtorm infrared spectrometer under a nitrogen purge. The spectral range
100—15.000 cm ™" was covered using three combinations of sources, beamsplitters, and detectors. The
range 0D —5.000 cm ™! was covered using a glowbar source. KBr beamsplitter. and DTGS detector.
I'he near infrared was covered using a tun sten lamp, solid quartz beamsplitter. and roomn temperature
PhSe 15.000—11.000 em "1 and Si diode (11.000-15.000 cm™") detectors. The resolution was 4 em ™!
for ail three regions. For the transmittance measurements, the “sample in—sample” out method was
used.  For the reflectance measurements, the samples were mounted on a Spectra Tech Model 500
variable angle specular reflectometer. The angle of incidence was set at 3° from the normal. A 100%
Pt film from the set of samples was used as the reflectance reference. The reflectance. as displayed in
the figures. was obtained by multiplying the reflection ratio by interpolations of tabulated values®! of

he reflectance of Pt. Thus. we have an estimnate of the absolute reflectance of the sample.

The dependence of the rransmittance and reflectance of the [=0.23 sampic on the angle of
rotation about the beam axis were measured to determine if the optical anisotropy of the sapphire
<ubstrate ffects the results.  The transmittance varies by about 3—4'7 as the sample is rotated
through 360° in 15" increments. The reflectance measurements show no such effect. The orientational
dependence of transmittance and reflectance was also studied with the sample placed between crossed
2.

polarizers*®. Four maxima in transmittance were observed for a 360" rotation.

. . [ . L . .
Yariv and Yra reat the problem of transmission through an anisotropic material between

crossed polarizers using Jones calenlus. The transmitted intensity is
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ley) = ,1—) sinz(‘ )sing('.?t)). (14)

Here v is the angle of rotation about the beam axis and v = (no—ne(t)) dJ. whnere n, and n.(?) are
the ordinary and extraordinary indices of refraction, respecri= iy, @ is the angle between the beam and
the symmetry axis of the uniaxial crystal. d is *he substrate thickness. and T is the frequency in
wavenumbers. Eq. 11 predicts four maxima, in agreement with experiment. ‘e conclude that
substrate anisotropy is a sufficiently important effect that we cannot reliably convert our data into
aptical constants.  Thus. we compare the measured transmittance and reflectance directly with

computed spectra.

1IV. RESULTS AND DISCUSSION

We test the five effective medium models by direct comparison with the measured
transmittance and reflectance of Pt/Al,Oy films covering a broad range of composition. Theoretical
expressions for the transmittance and reflectance are obtained using the matnix method** for absorbing
films on an absorbing substrate. Interference efficts are included for tlie film but neglected for the
substrate. [n the course of this work, we rediscovered an interesting interference effect that takes place
when an electromagnetic wave propagat'ng in an absorbing medium is incident on an interface*S. Due
to this effect, the sum of the transmittance and reflectance. calculated by ratios of Poynting vectors in
the usual fashion do not sum to unity. Of course, when one examines the situation in detail, there is

no violation of conservation of energy.

The calculations require knowledge of the bulk dielectric functions of the component materials.

. . . . . 1
perhaps modified to account for size-inauced effects. For P't. Weaver's data ' were used down to a06

1
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et A Drude model extrapolation was used for lower frequencies™ .  The properties of granular
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Al,O4 host material have been measured by Eriksson, et al'*. The optical properties of the crystalline

~ . 18
sapphire substrates are based on an oscillator fit to measured data by Barker™®.

Figure 7 shows the measured transmittance for those films in the sample set that tiansmit
infrared radiation and the predictions of the five effective medium theories. The noise in the data in
the middle frequency region is due to the weakness of the signal. which was attenuated severely to
mintmmize nonlinearity in the PhSe detector response.  Some sharp lines due to atmospheric absorption
not entirely eliminated by purging are also evident. The step near 10,000 cm™! is an artifact due to
the change in detectors. [t is clear that Maxwell-Garnett and Bruggeman models do not provide a
vood description of vur data.  T'he roles of microstructural topology and values of f. are important.
The MG model predicts too much transmission. especially at high f. because there 1s no percolation.
he BR model predicts insufficient transmission, since f. is too low. The Sheng model does a better
job. but the two models with adjustable, and hence high, f. are best. We feel that the details of the
transmission, as well as the magnitude, are best described by *he CEMT, although the modified model

30 -
of Mantese et a/.*% is almost as good.

Figures X and 9 provide comparisons of the measured reflectance with the predictions of the
effective medium theories for a wide range of composition.  OQver the complete range of infrared
frequencies. the two effective medium theories with large - that include the effect of correlations
provide the best deseription. with a slight edge to the CEMT. Note that the details of optical structure
discussed for a simple Drude metal imbedded in a nonabsorbing host are not observed. Pt is certainly
not a Drude metal, and the frequency region covered does not include the entire interesting region in
Pt. Figure Y shows the low frequency reflectance, where details of optic phonons of the host material
and crystalline sapphire substrate are evident. Notice that the structure due to the optic phonons is
masked for concentrations near and above the percolation threshold. since the conductive properties of

the film dominate.  The percolation threshold estimated by this optical method agrees with the de

13




value.

Figure 10 shows the volume fraction dependence of the absorptance (1 —R~—T) for selected
iufrared frequencies. Tlere is an anomalous peak in the measured absorptance near the percolation
threshold. Such absorption has been identified in previous experiments®®. The peak broadens and
shifts to lower volume fractions with increasing frequency. The CEMT once again provides the best

description of the complete data set.

Robin and Souillard?*~?® have developed a model for the arcn.alous absorption in the infrared
properties of granular metal films based on scaling ideas. The absorption is associated with the large
clusters of metal particles that exist near p.. They predict that the width of the region of anomalous

: ! —1/v . o
absorption behaves as éf~(A/27a) . where A is the wavelength, a the particle size. and v the
exponent associated with the percolation correlation length®®. This model correctly predicts the

increase in width with frequency, at least qualitatively.

V. CONCLUSION

We have compared the measured transmittance and reflectance of Pt/Al,O4 films covering a
broad range of composition with the predictions of effective medium theories and the measured optical
properties of the bulk component materials. We conclude that the effective medium approach provides
an good description for our system. which shows a relatively high percolation threshold. if the
theoretical f. is adjusted to the measured value and the effective medium theory has the appropriate
microstructural topclogy. We conclude that the correlations between particles make an important
contribution to the optical properties in this system. Future work on cermet films should include a
detailed examination of the behavior very close to f. to further test recent theoretical progress based on
scaling theory. Refinements in techniques of sample preparation will be required to precisely control

both the composition and microstructure.
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FIGURE CAPTIONS

Figure 1. Schematic of self-consistent imbedding of basic unit cells associated with the five effective
medium models. The darkly shaded regions represent metal, the unshaded regions
insulator, and the lightly shaded regions the homogeneous effective medium. The
microscopic topologies are associated with the following models: a) Maxwell-Garnett. b)

Bruggeman. ¢) Sheng and modified model of Mantese, et al., and d) CEMT.

Figure 2. Frequency and volume fraction dependence of the imaginary part of the effective dielectric
function for a two-component metal-insulator composite predicted by the Maxwell-Garnett
model. The dielectric function of the metal is given by the Drude model with w,=10,000

1

em™!, (27er)" =10 cm 7!, and €;=1.0. The insulating component is a perfect dielectric

with €, =2.0.

Figure 3. Frequency and volume fraction dependence of the imaginary part of the effective dielectric
function for a two-component metal-insulator composite predicted by the Bruggeman
model. The dielectric function of the metal is given by the Drude model with w,=10,000
em™!, (27er)™'=10 em™!, and ¢;=1.0. The insulating component is a perfect dielectric

with ¢, =2.0.

Figure 4. Frequency and volume fraction dependence of the imaginary part of the effective dielectric
function for a two-component metal-insulator composite predicted by the Sheng model.
The dielectric function of the metal is given by the Drude model with wp=10,000 cm™!,

(27cr)"'=10 em™!, and ¢;=1.0. The insulating component is a perfect dielectric with

€,=2.0.
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Figure 5. Frequency and volume fraction dependence of the imaginary part of the effective dielectric

function for a two-component metal-insulator composite predicted by the modified model
of Mantese, et al. The dielectric function of the metal is given by the Drude model with
wp=10,000 cm ™, (27xcr)"'=10 em™!, and ¢;=1.0. The insulating component is a perfect

dielcctric with €, =2.0.

Figure 6. Frequency and volume fraction dependence of the imaginary part of the effective dielectric

function for a two-component metal-insulator composite predicted by the CEMT. The
dielectric function of the metal is given by the Drude model with w,=10,000 cm™l,

(2xcr)"'=10 ecm™', and ¢,=1.0. The insulating component is a perfect dielectric with

€, =2.0.

Figure 7. Comparison of mieasured transmittance of Pt/Al,O5 films with the predictions of effective

Figure 8.

medium thearies. a) Data. b) CEMT. c¢) modified model of Mantese, et al. d) Sheng

model. ¢) Bruggeman model. ) Maxwell-Garnett model. For the calculated spectra the

line types denote volume fractions as follows; ( ——) f=0.23, (----) {=0.33, (—-—")
£=0.42, (=) f=0.50, (= — —) f=0.58, (—--—--- ) £=0.71, and
(-—-—) f=0.83.

Comparison of measured reflectance of Pt/Al,O5 films with the predictions of effective
medium theories. a) Data. b) CEMT. c) modified model of Mantese, et al. d) Sheng

model. ¢) Bruggeman model. f) Maxwell-Garnett model. For the calculated spectra the

line types denote volume fractions as follows: ( ——) f=0.23, (----) f=0.33, (—-—"-)
f=0.42, (<) (=050, (= — —) f=0.58, (— - —--- } £=0.71, and
(-—-—) f=0.83.
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Figure 9.

Figure 10.

Comparison of measured low frequency reflectance of Pt/Al,O, films with the predictions of
effective medium theories. a) Data. b) CEMT. c¢) meodified model of Mantese, et al. d)

Sheng model. e} Bruggeman model. ) Maxwell-Garnett model. For the calculated

spectra the line types denote volume fractions as follows: ( ——) £=0.23, (----) {=0.33,
(—-—-) =042, (---) {=0.50, (—— =) {=0.58, (—--- —--- ) f=0.71, and
(-—-—) f=0.83.

Comparison of the Pt volume fraction dependence of the measured absorptance of
Pt/Al,O4 films with the predictions of effective medium theories. a) data, b) CEMT, ¢)

modified model of Mantese, et al, d) Sheng model, e) Bruggeman model, and f) Maxweil-

Garnett model. The line types denote frequencies as follows: ( ———) 4,000 cm™, (----)
6.000 cm™, (-—-=) 8000 em™, (-—) 10,000 em™, (——-) 12,000 em™, and
(ciimee —) 14,000 cm ™",
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