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Optical properties of thin semicontinuous gold films over a wavelength range of 2.5 to 500 lM,m
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The optical reflectance and transmittance of percolating gold films close to the metal-insulator transi-

tion were measured over an extended wavelength range: from 2.5 to 500 pm. It is shown that the inho-

mogeneous nature of such films controls the optical properties even at such long wavelengths as 500 pm,
where the typical grain size is 10 nm. Effective-medium theory is shown to be invalid close to the per-

colation threshold even at 500 pm. Comparison of the measured data of all the samples with the scaling
model of Y. Yagil et al. [Phys. Rev. B 43, 11 342 (1991)]yields excellent agreement over the entire wave-

length range. In particular, the short length scale determined by the anomalous diffusion relation is

shown to be the relevant length scale for the optical measurements. This scaling model for the optical
properties of such films is thus experimentally justified, both qualitatively and quantitatively.

INTRODUCTION

The optical properties of composite materials have
been widely investigated, both theoretically and experi-
mentally. For the metal-insulator composites an anoma-
lous absorption peak is found in the visible or near-
infrared regime, resulting from the Maxwell-Garnett
dipole-dipole resonance (see, for example, Ref. 1).
Several effective-medium theories have been used to cal-
culate the optical properties of such materials, where the
simplest ones are the Maxwell-Garnett, the Bruggeman,
and modifications of these two approaches. It has been
found that these theories are applicable if the samples are
not too close to the metal-insulator transition and the op-
tical wavelength is long enough, i.e., as long as the optical
wavelength is much larger than the metallic grains. '
Recently, a new scaling model was suggested calculating
the optical properties of two-dimensional composites
near the percolation threshold (the metal-insulator transi-
tion}. In this model the relevant length scale L (co} is the
anomalous diffusion length on the time scale

lento

(co is
the optical frequency) and is much shorter than the opti-
cal wavelength. As long as the percolation correlation
length g is larger than L(co), the film is inhomogeneous
and the effective-medium approach is not applicable.
Only when L(co) is much larger than g can the film be
treated as a homogeneous medium. Following the above
arguments, films close to the percolation threshold may
appear inhomogeneous even in the far-infrared regime,
where g is much shorter than the optical wavelength but

larger than L(co) The tes.t of this prediction is the goal
of this work.

In situ optical measurements' have shown that such
films should be considered as inhomogeneous over a wide
range below and above the percolation threshold at a
wavelength of 2.2 pm. Much longer wavelengths should
thus be used in order to detect the crossover from inho-
mogeneous to homogeneous behavior. Measurements
over an extended wavelength regime (2.5—500 ism} were
done, using three types of spectrometers, to study the op-
tical properties of semicontinuous gold films close to the
percolation threshold. The measured data are compared
with the effective-medium theory and with the scaling
model. The results verify the scaling approach and show
that the anomalous diffusion length is indeed the relevant
length scale.

EXPERIMENT

Samples of various average thicknesses were evaporat-
ed on glass or on silicon substrates in a vacuum of
2X10 Torr. The sheet resistance R, of each sample
was measured immediately after removal from the vacu-
um chamber. Since the same evaporation conditions
were repeated very carefully on each run, and because we
are in the percolating regime, the average mass thickness
d can be taken as proportional to the surface coverage
parameter p. ' This relation yields a power-law depen-
dence between R, and the average mass thickness d, as
shown in Fig. 1. Four samples (denoted here as A, B, C,
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FIG. 1. A log-log plot of the measured sheet resistance of all
the samples vs the absolute value of the normalized thickness
parameter ~d

—d, ~ld„d,=6.8 nm. The measured resistance
immediately after the evaporation is indicated by squares (R, in
Table I) and the resistance before the optical measurements by
triangles (R2 in Table I). The silicon substrate samples are indi-
cated by filled squares and triangles. Note that the silicon and
glass substrate samples fit the same power law [R ~ (d —d, )"j
with the same value for d, (the linear fit is sensitive to d, but not
to the exact value of p). This behavior indicates that the micro-
geometry of the Au film on both substrates is identical, as both
d, and p, are sensitive to the exact microgeometry.

and D) were evaporated on silicon substrates, transparent
for wavelengths larger than 2 pm. " Normally, both the
average mass thickness at the percolation threshold, d„
and the critical surface coverage value p„aresensitive to
the exact microgeometry. Films evaporated on different
substrates are thus expected to yield different values of
these two quantities, and will not fit the same linear line
on a log-log plot. In contrast, both the silicon and the
glass substrate samples are described by the same power
law, as shown in Fig. 1. We conclude that the film
growth is identical on glass and on silicon substrates,
probably due to the oxide layer of the silicon substrate [a
naturally SiOz layer is formed with a typical thickness of
2 nm (Ref. 12)j.

Reflectance and transmittance measurements were
done with three different spectrophotometers: Cary-17
for the visible and infrared (IR) regime (up to 2.7 pm),
Perkin-Elmer 580B for the 2.5 —25-pm region, and a
Bruker IFS 113V Fourier transform spectrometer (FFT)
for the far-infrared (FIR) measurements (17—500 pm).
The absolute accuracy of the above spectrometers are
1%, 2%, and 5 —10%, respectively. The optical mea-
surements were done a couple of months after the sam-
ples were prepared. The sheet resistance of all the sam-
ples had changed during this period, as listed in Table I
and shown in Fig. 1. Note that a couple of samples, very
close to the percolation threshold, underwent a transition
from metallic to insulating. This behavior is common to
such films, i.e., they are unstable when removed from the
vacuum chamber, and may show slow variations with
time. After completion of all electrical and optical mea-
surements, the "silicon" samples were covered by a thin
carbon layer and removed from the silicon substrate by a
chemical method. Figure 2 shows the TEM (transmis-
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FIG. 2. TEM micrographs of samples A —D.

Sample
dc

d.
Rl
sqr

R2

sqr

1

2
3
4
5

6
7
8
9

10( A)
11
12
13

14(B)
15
16
17

18(C)
19
20
21

22(D)
23
24
25
26
27
28
29

1.35
2.65
4.03
4.70
4.88
5.35
6.00
6.47
7.03
7.03
7.06
7.67
8.06
8.06
8.06
8.56
8.56
9.38
9.41
9.41

10.05
10.05
10.70
12.88
15.02
15.02
18.23
21.46
24.99

—0.800
—0.608
—0.403
—0.303
—0.277
—0.207
—0. 111
—0.042
0.041
0.041
0.045
0.137
0.193
0.193
0.193
0.267
0.267
0.389
0.394
0.394
0.490
0.490
0.585
0.908
1.226
1.226
1.700
2.180
2.702

1 240000
800.0
205.0
466.0
108.0
92.0

101.0
105.0
41.2
62.0
32.0
85.2
33.6
30.0
20.2
15.2
11.2
6.8
5.2
3.6
2.8
2.4

3 620.0
19 500.0

600.0
114.0
94.8

116.0
110.6
39.6
60.0
35.7
67.2
37.6
30.4
25.6
14.2
9.5
6.6
4.6
3.3
2.6
2.0

TABLE I. Summary of the data of all the samples: average
mass thickness d (nm), measured resistance immediately after
removal from the vacuum chamber, R&, and measured resis-
tance just before the optical measurements, R2. The critical
mass thickness at the percolation threshold is d, =6.8 nm.
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FIG. 3. Optical results of all the samples evaporated on glass
substrate. (a} Reflectance. (b} Transmittance —T/To, where To
is the transmittance of the glass substrate. The transmittance of
the glass itself is indicated by a dashed line and its reflectance by
dots. The marked curves are for the following samples: a, 6; b,
7;e, 8;d, 11;e, 12.

sion electron microscope) micrographs of these samples.
One can easily see that samples C and D are well above
the percolation threshold p„sample B is metalhc and
much closer to it, and sample 3 is very close to p„the
percolation correlation length g is larger than the size of
the picture, hence from the TEM micrograph it is not
clear if it is metallic or insulating. These micrographs
were digitized and the surface coverage parameter p of
each sample was calculated. The results were compared
to the average mass thickness d and show a linear depen-
dence, as expected (p =0.66,0.74, 0.80,0.84,
d =7.03, 8.06,9.38, 10.05 nm for samples A, 8, C, and D,
respectively).

Transmittance ( T) measurements in both the Cary-17
and the Perkin-Elmer spectrometers were done with a
clean substrate in the reference beam. The glass substrate
samples were cut in two pieces, the one without a metal-
lic film being used in the reference beam. This procedure
ensures the absence of differences between the actual sub-
strate and the reference one, which is most important in
the 2.5-5-pm regime, where the glass substrate is highly
absorbing. Re6ectance (R) measurements were done us-
ing a special V-8" adapter, ~here the light beam passes
the sample twice, obtaining R . In order to have enough
sensitivity for low reflectance, we have used an aluminum

mirror for one of the two re6ection paths, obtaining
RR~, rather than R (R~, was measured in the same
way). The same V-8" adapter was used in both the Cary-
17 and the Perkin-Elmer 580B spectrometers, enabling
accurate calibration of the Perkin-Elmer data by those of
the Cary-17. These results are all summarized in Fig. 3.

The Bruker FFT spectrometer has already been well
described. ' ' lt works under vacuum, in order to avoid
the water absorption which is significant in the FIR re-
gime. This apparatus is mainly built as a Michelson in-
terferometer in the Genzel configuration. ' ' The optical
path difference 5 is accurately determined by monitoring
the interferogram using the monochromatic wave of a
He-Ne laser. The large wavelength range scanned here
requires several modifications of the interferometer i.e.,
light source, beamsplitter, and detector. These are au-
tomatically performed by the speciaHy dedicated comput-
er. We have separated the wavelength range into two
parts: up to 20 pm we have used a HCT (He-Cd-Te)
detector cooled at 77 K, together with a Ge/KBr beam-
splitter and a Globar light source. For the 20-500-pm
regime, we have used a germanium Bolometer cooled at
4.2 K with a special bandpass filter, a 6-pm-thick Mylar
beamsplitter, and a Hg I. light source. Reflectance mea-
surements were performed using a re6ection unit, operat-
ing at an angle of incidence of 11'. This is slightly
difFerent from the 4' V-8' rejecting setup used on both
the Cary-17 and the Perkin-Elmer 580B spectrometers.
Each spectrum represented in the experimental results is
an average over 100 scans recorded with a spectral reso-
lution of 0.5 cm '. The raw spectra exhibited well-
defined oscillations due to interference between the waves
rejected by the two faces of the thin silicon substrate
(300 pm). These oscillations were smoothed out by nu-
merical filtering.

In order to calibrate our FIR measurements as accu-
rately as possible, we have calibrated the FFT data to
those of the Cary-17 and the Perkin-Elmer 580B spec-
trometers. On the FFT spectrometer, absolute values of
the transmittance are obtained after taking into account
the transmittance measurements of a bare silicon sub-
strate and of an empty aperture. In contrast, the
reflectance measurements are not absolute: they have to
be compared to, and calibrated by using a well-known
sample. For this purpose, we have used a bulk optically
polished gold mirror, over the whole wavelength range.
Finally we have adjusted the data of the Perkin-Elmer to
that of the Cary-17 at 2.5 pm and the data of the FFT to
the modified Perkin-Elmer data in the range 17—25 pm.
Taking into account all the steps of the measurements
and calibration, we obtain an overall accuracy of 1 —2%
in the 3—30-pm regime for both R and T. For the
30—500-LMm range, the reAectance data accuracy is of the
order of 5—6% while the transmittance accuracy is of
the order of 3%.

RESULTS

The measured reAectance R and transmittance T of the
Au films evaporated on glass substrates are shown if Fig.
3, where the transmittance of one of the glass substrates
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is shown by a dashed line. These measurements are limit-
ed to 5 pm as the glass substrate is opaque beyond this
wavelength. The reflectance R has an intermediate value
and is almost wavelength independent close to the per-
colation threshold p, . R is high and increases with in-

creasing wavelength for conducting samples and is low
and decreases with increasing wavelength for the insulat-
ing ones. The transmittance data T/To, where To is the
transmittance of the glass substrate, shows the same gen-
eral behavior: intermediate values and weak wavelength

FIG. 4. Transmittance of two samples from 0.3 to 2.7 pm.
The absorption peak at 0.8 pm is due to the Maxwell-Garnett
resonance. The data indicate that above 1.5 pm the existence of
this resonance is unimportant.

dependence close to p„low value and decrease with in-
creasing wavelength for the conducting samples, and the
opposite trend for the insulating ones. Such a behavior
was detected at shorter wavelengths (normally up to 2.5
pm) and interpreted by the inhomogeneity of the samples
at length scales shorter than the percolation correlation
length. ' Observation of such a broadened transition
region from metallic to dielectric behavior at 5 pm indi-
cates that the relevant length scale is much shorter than
the optical wavelength. The Maxwell-Garnett resonance
for these films is at about 0.8 pm and its effect may be
neglected above 1.5 pm as shown in Fig. 4.

Optical measurements beyond 5 pm were done on films
evaporated on silicon substrate, which is transparent in
the far-infrared regime. The measured reflectance and
transmittance of films A —D as well as that of the silicon
substrate are shown in Fig. 5. Films C and D show a
clear metallic behavior, i.e., a high reflectance and a very
low transmittance at the long wavelengths. Film B shows
a much higher transmittance and lower reflectance, but
can still be determined as a metallic film with poor con-
ductivity (i.e., the long-wavelength response is well de-
scribed by its dc conductivity, using the Drude formula).
The optical response of film A seems to be insulatorlike,
since the reflectance is relatively low and the transmit-
tance approaches that of the substrate for very long
wavelength. Analysis of the optical properties of these
films requires the separation of the contributions of the
gold film and the silicon substrate. For a homogeneous
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FIG. 5. ReAectance (a) and transmittance (b) of samples
3 —D and of the silicon substrate, over the entire wavelength

range 2.5 —500 pm. Note that the wavelength axis is logarith-
mic.

FIG. 6. The complex refractive index n = n +i~ of the silicon
substrate as measured by us. (a) The real part n, (b) the imagi-

nary part ~ (logarithmic scale).
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film, the effective complex dielectric constant may be de-
duced from the above data. In our case, however, the
films cannot be treated as homogeneous ' and such a
separation is not allowed. We thus have calculated the
complex refractive index n =n+i~ of the silicon using
our measurements on a bar substrate. We then have used
these values to calculate the optical response of the film

on the substrate, in terms of the effective-medium theory
(EMT) and the scaling model. These can be directly com-
pared to the measured quantities. The measured refrac-
tive index of the silicon substrate is shown in Fig. 6. For
the real part we find a fairly constant value over the en-
tire wavelength range n =3.3, very close to the values
listed in the literature. " The imaginary part, a, is wave-
length dependent as shown in Fig. 6(b). The extra struc-
ture above 10 pm results from interaction with pho-
nons.
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EFFECTIVE-MEDIUM APPROACH

The effective-medium approach assumes that the film
can be treated as homogeneous at the relevant length
scale, hence the inhomogeneous nature is smeared out.
For a homogeneous media, the inverse wave number
k '=A, l2n. is the relevant length scale, which is of the
order of tens of micrometers in the FIR regime. One
would expect percolating films with typical grain size of
10 nm to be homogeneous on such length scales. We thus
have tried to fit the optical data to the modified Brugge-
man EMT (Refs. 3 and 1), which is the more relevant one
close to the percolation threshold. In this model, two
components with dielectric constants e and e; and
volume fractions p and (1—p), respectively, are assumed
to be present as small ellipsoids embedded in the sup-
posedly uniform effective medium. The condition that
the total dipole moment induced in these ellipsoids van-
ishes leads to the equation
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FIG. 7. Fitting of the measured data by the EMT method
(fu11 lines) for samples A -D. The measured data are shown by
dashed lines. The fitting parameters are given in the Appendix.
For sample A fitting by EMT is impossible as illustrated by a
family of graphs of various surface coverage parameter p (indi-
cated in the graph; p, =0.68). The extra structure of the
transmittance curves at the wavelengths 15—20 pm is due to the
silicon substrate.

ge +(1 g)e s ge;+(1 g)6 ff

where g is the depolarization factor of the ellipsoidal
grains (g= —,

' for spheres). This model has four parame-
ters: e;, e, p, and g. The metal-insulator transition in
this model is at p =g thus g =p, =0.68 as estimated from
the TEM micrographs. The surface coverage p is again
given by the TEM analysis, however, we allowed some
variations of this quantity for better fitting. In the FIR
regime, the metal behaves like Drude's free electron gas,
and we can use e =eo+i4mod, /(1 iso.r), where —o.d, is
determined from the optical properties of samples C and
D at long wavelengths, and ~ served as a fitting parameter
at short wavelengths. For better fitting we have used
Theye's formula for the frequency dependence of the re-
laxation time 7 7p '+b co, where b, is another fitting
parameter. It should be emphasized that the value of ~
affects only the short wavelengths, and the optical prop-
erties at the long wavelengths depend mostly on crd, and
p. The calculated reQectance and transmittance including
the silicon substrate are shown in Fig. 7 and the parame-

ters used for each sample are given in the Appendix. The
optical properties of samples C and D are well described
by the EMT calculation, except that they present some
discrepancies at the short wavelengths. For sample 8,
good agreement with the measured values is achieved by
artificially reducing the surface coverage parameter p
from 0.74 down to 0.715 or (p —p, ) is 0.035 instead of
0.06. However, this result shows that the critical region
of the percolation transition in the EMT picture is too
narrow, as was shown in Ref. 8. For sample A we could
not fit the experimental data using the EMT approach.
The family of curves for various values of p close to p,
show that film A behaves as a more metallic film at short
wavelengths and as an insulating one at longer wave-
lengths, hence it cannot be described by the effective-
medium approach. This film is the most inhornogeneous
one and its percolation correlation length g is the largest.
The disagreement at such long wavelengths suggests that
the relevant length scale in this case is much shorter than
k ', as g is of the order of a few micrometers. We con-
clude this section by emphasizing that very close to p,
effective-medium theory is not valid at any optical wave-
length.
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SCALING APPROACH

o, =od, /(1 &cur)—,

0 2 LcoCP

(2a)

(2b)

where Cp is the capacitance between two adjacent metal-
lic grains. The total ac conductivity of a square of linear
size L « g is given by the scaling function

Recently a scaling based model was suggested for the
optical properties of semicontinuous two-dimensional
(2D) metal films. The outlines of this approach are the
following: (1) The effective dielectric constant has no
physical meaning close to p, . Moreover, one has to aver-
age the reflectance and transmittance on different areas,
where the film have different contributions. (2) The local
optical response is deduced from the local complex ac
conductivity on the relevant length scale. This quantity
is described by a bimodel distribution function, taking
into account the ac conductivity of the metallic grains
and the intercluster capacitance. (3) The relevant length
scale is much shorter than the optical wavelength and is
given by the anomalous diffusion relation
L(co)=LO(l/kgo)' ' + ', where k is the wave number,
0=0.8 for 2D, Lp is a coefficient of the order of unity,
and go is the basic scale of the percolation correlation
length g=[(p —p, )/p, j '. Both L and g are measured
in units of go. The two basic conductivities entering the
model for a semicontinuous metal film are given by

changes. o d, was adjusted to recover the optical response
of films C and D at long wavelengths, where the scaling
model reduces to a Drude metal with reduced dc conduc-
tivity. The optical relaxation time ~ '

7 p '+b, co was
adjusted for each film to fit the short-wavelengths
response. $0= 10 nm, which is the average grain size and
fits the short-wavelength behavior of films A —C. The
full parameter listings of both the EMT and the scaling
model calculations are given in the Appendix. The calcu-
lated reQectance and transmittance are shown in Fig. 8
where the data include the silicon substrate contributions
as measured (see Fig. 6). The calculated curves fit the
measured data within 2—3%%uo for all films and at all wave-
lengths, i.e., well within the experimental uncertainty.

The crossover from inhomogeneous to homogeneous
behavior does occur at the wavelength
&g=2~(0(g/Lo) + where L(co) =g. The values of A,t for
samples C and D (see the Appendix) show that they
should be treated as homogeneous films over the entire
measured range, thus the scaling model reduces to the
effective-medium description. However, at short wave-
lengths this model yields better agreement with the mea-
sured values than the EMT ones. This difference will be
discussed later. For film 8, A,&=10.6 pm hence EMT is
not valid in this range and at shorter wavelengths. As
discussed above, the optical properties of film 8 could be
calculated using the EMT approach only if (p —p, ) is re-
duced by a factor of 2.

0.9
o(L)=o,L " "F((o. , /o )L'"+' ) (3)

The ac conductivity of a "metallic" square is thus given
by

A &Odc(L)= L
1+m 2

o.7-.
C0
00
e 05--

Q

———measured
calculated

C

A ) cTd~cov'
+i L " —A 2Cpa)L'

1+co 7 0.3
10 100 1000

o (L)=o (g), L(~) &&g

L(co) «g, (4a)

(4b)

Wavelength (pm)

and for a "dielectric" square (zero dc conductivity): 0.6

o;(L)= A C
L (P+2 )/v

A 3 CO Cp C07 L'&+"'—A C ~L"4 pCO

L(co) «g (Sa)

0)
O

0.4--0
e

E

0 o.2--

I—

———measured
calculated

o, (L)=o, ((), L(co)»(, (5b)

where L =L(co) if L(co) «( and L =g at the opposite
limit. The local dielectric constant is given by the usual
relation e= ep+i 4~o /~, and the optical response of each
square of linear size L may then be calculated. Essential-
ly there are no fitting parameters in this model, however,
the values of some physical parameters are unknown.
We have thus used the parameters of Ref. 8 with several

0.0
1 10 100

CD
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FIG. 8. Fitting of the measured data by the Scaling model
(full lines) for samples A —D. The measured data are shown by
dashed lines. The fitting parameters are given in the Appendix.
The extra structure of the transmittance curves at the wave-

lengths 15—20 pm is due to the silicon substrate.
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The most important result is that of film A which is

slightly below the percolation threshold. In this case the
EMT approach cannot yield any optical response which
is close to the measured data while the scaling model
does. For film A, A,

&
is larger than 500 pm, the film is

predicted to be inhomogeneous over the entire measured
regime, and the effective dielectric constant is meaning-
less at all wavelengths. The agreement between the scal-

ing model and the measured data shows that the relevant
length scale is indeed much shorter than the optical
wavelength and the anomalous diffusion assumption is

verified.
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DISCUSSION

The calculated reflectance, transmittance, and absorp-
tance of films A Dwith—out the silicon substrate e+ect are
shown in Fig. 9. The data are determined using both the
EMT and the scaling calculations, as described above,
where the silicon substrate is replaced by vacuum, i.e., a
"substrate" with @=1. For film A, these two models
yield a totally different response as has been discussed in
the previous sections, where EMT was shown to fail. The
scaling model yields a large absorptance, slowly decreas-
ing with increasing wavelength. This optical response
shows, experimentally, the shortness of L ( cd ) compared
to the inverse wave number k '=A, /2m. For film A,
/=2 pm hence kg= 1 at A, =10 pm where L(co)If= 1 at
A, )500 pm. The optical response of this film confirms,
experimentally, that L(c0) is indeed the relevant length
scale.

The EMT and scaling responses of films B—D are simi-
lar in the long-wavelength regime (A, & 10 pm). At short-
er wavelengths, EMT yields a slow decrease in the optical
absorptance with decreasing wavelength, while the scal-
ing model yields an increase for films C and D, and a de-
crease for film B. Films C and D are supposed to be well
described by the EMT approach even at these wave-

lengths, hence it is interesting to understand the origin of
these differences. In the limit where L(co) is not much
larger than g, and for p &p„the scaling model yields a
distribution of metallic conductances, which becomes
narrower as [g/L(co)] decreases. If the average conduc-
tance is relatively high (i.e., yields a low absorptance), the
absorption is enhanced by the distribution of the local
conductances. Such a distribution is, of course, absent in
the EMT approach and may thus explain the differences
in the short-wavelength regime. Enhancement of the op-
tical absorptance results also from the intercluster and in-
tracluster capacitance. This effect is not included in the
EMT calculation used here. The importance of the con-
ductance distribution and of the capacitance depends on
the optical wavelength and on hp =(p —p, )/p, . The ca-
pacitance becomes important when [see Eq. (4)]

B
g OA"

c
o ~— ~ olI 0.2

A

B
"0.4

c'
D o.2

0.0
1 10 100

Wavelength (pm)
1000 1 10 100

Wavelength (yam )

--- 0.0
1000

A C cd/ '=A o2 0 1 dc 1+

For a fixed wavelength, one may define a threshold con-
centration hp, above which the capacitance may be
neglected. Replacing g by bp,~' "yields

2 0 1+ 2&CDA C
pep= '

A, ~o.d,

2 1/(p+s)

Capacitance effects are thus important if hp (hp, .
The conductance distribution is broadened if L(co) & g.

For L(co) & g this distribution decays as [g/L(cd)] . For
a fixed wavelength, the threshold concentration hpd is
thus given by

I/[ v( 2+ 8) ]

—L
—1/v 7T p

d 0

i.e., for b p )Apd the distribution decays rapidly.
The wavelength dependence of Ap, is stronger than

~ g
—2/(p+s) g

—1/1. 3
CP

Apd ~A, ' ' + ' =A, ' . One can define a crossover
wavelength Xco, where Ap, p =Apd. Assuming co~»1:

FIG. 9. Reflectance, transmittance, and absorptance of films

A -D without the silicon substrate effect, as calculated by the
scaling and the EMT models. The complete set of parameters is
given in the Appendix. Film A is calculated with p=0.667 in
both models. Note the difference between the two models in the
short-wavelength regime for films B-D.

ko=2m'CO1 ~0 A C 2g (p+s)/v
0 7C 0

—[v(2+ 8)j/[2v(2+ 0)—(p+s)]
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while for m~ && 1 we get

A,coq = 2m go
A 1 ~dc

I.~I'+
2 0

[v(2+ 0)]/(p+s)

(10)

Estimating the above quantities (using p =s = 1.3,
9=0.8, and r=5X10 '

) yields A,co&-—2.6 pm,
Qpco, =0.17 (car»1), hence A, &Leo, over the entire
measured wavelength regime. The long-wavelength
crossover (cur«1) yields Acop —85 pm, bpcoz=0. 05.
In the range A, co& & A, & A, co&, both the capacitance and
the conductance distributions are important for
bp & hp, (A, ). The capacitance correction to the metallic
conductance becomes less important as hp increases,
while the conductances are still distributed and the film is
considered as inhomogeneous (note that the nonmetallic
eonductanees are always dominated by the capaeitanee).
If hp is further increased, the film becomes homogeneous
(bp & bp&) and is well described by the EMT approach.
In the two regimes A, & A,co, and A, & I,( Qi and for films

with bp& &p &hp, z, capacitance effect dominates. In
these regimes, the films may be considered as homogene-
ous, i.e., the effective-medium approach is valid, provided
the capacitance is taken into account. For example, the
optical properties are well described by o (g).

The capacitance effect criterion at wavelengths of 1

and 10 pm yields bp, (A, =l pm)=0. 3 and bp, ~(A, =10
pm)=0. 05 (which is the lower limit of bp, ). For the
conductance distribution, one finds Ape(i, = 1 pm) =0.17
and hpz(A, =10 p,m)=0. 1. The normalized concentra-
tions of samples A Dare —Ap( A ) = —0.02,
bp(B)=0.09, bp(C)=0. 18, and hp(D)=0 24 For f.ilm.

C, Ap(C)=hpco, hence at the short wavelengths (say
2.5 —5 pm) both the capacitance and the conductance dis-
tributions have a significant effect. At longer wave-
lengths (up to 10 pm), the conductance distribution dom-
inates, as hp, decreases much more rapidly with increas-
ing wavelength. This picture is true for film D as we11,

i.e., the enhanced absorption results mainly from the con-
ductance distribution. It means that the optical proper-
ties of these two films will not show the excess absorp-
tance should the capacitance effect be included in any
effective-medium approach.

For film B, these two contributions are essential, as
bp(B) &hpco, . In this case, the conductance distribu-
tion decreases the optical absorption because (a) the film
is inhomogeneous for A. &10 pm, containing thus dielec-
tric areas which have lower absorption, and (b) the aver-

age conductance of the metallic regions of film B yield a
high absorptance, hence the distribution of metallic con-

ductances introduces less absorbing metallic contribu-
tions.

In summary, the experimental results show unambigu-
ously that geometrical details at length scales much
shorter than the optical wavelength are crucial in the op-
tical response of such films. It was shown that a set of
films evaporated on glass substrates have a wide optical
metal-insulator transition even at a wavelength of 5 pm.
Moreover, we have shown that close to p, effective-
medium theory is not valid even at a wavelength as long
as 500 pm, as in the case of film A. In contrast, the new
scaling model is shown to be accurate and powerful over
the entire wavelength regime. The agreement between
the measured reflectance and transmittance and the cal-
culated ones is excellent for all samples over the entire
range of wavelengths (see Fig. 8). The experimental
verification of this model over such an extended wave-
length regime shows that the relevant length scale is
effectively determined by the anomalous diffusion rela-
tion, which was one of the main assumptions made in the
above model. The shortness of this length scale is thus
verified quantitatively as well as qualitatively. The opti-
cal response of film A, as well as the short-wavelength be-
havior of the more metallic films (especially film B) show
the importance of the intercluster capacitance which was
taken into account in the above model. We conclude that
the new scaling model for the optical properties of per-
colating films is accurate and applicable. Experimental
determination of the scaling functions used in this model,
as well as the conductance distribution function and the
crossover from inhomogeneous to homogeneous behavior
can thus be done by optical measurements of such films
or alternatively by microwave measurements on comput-
er generated networks.
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APPENDIX

The parameters for the EMT and scaling calculations
are, for EMT, cr&, =0 7X 10' se.c ' (the bulk conductivi-

ty is 3.5 X 10' sec '), co=6.5, d =d, /p, =10 nm,

g =p, =0.68; and for scaling, o-d, =2.6X 10' sec
E'0=6. 5 d = 10 Ilm p =0.68 A1 = A2= 1

Ai=A4=0. 75, CO=0. 5, (o=10 nm, LO=4, p=1.43
(see Refs. 8 and 10). The sample-dependent parameters
are

A
B
C
D

0.66
0.74
0.80
0.84

0.715
0.79
0.84

Sample p(TEM) p
EMT
ro (sec ')

2x 1O-"
2X 10
7x lO-"
6x 10-"

b, (sec)

2X 10
2X 10

—16

1.8X10
O. 5x 1O-"

0.667
0.74
0.80
0.84

ro (sec')

3X10
3xlO "
6x lO-"
6x 1O-"

ScaHng
b, (sec)

1.5X10
1.5 x lO-"
3.5X10
1.5x lo-"

2
0.25
0.1

0.07

3590
10.6
0.82
0.3

g (pm) A, e (pm)

where g= gg= goop ', b p = (p —p, )/p„v=—', , and A. is the optical wavelength at which L (co ) =g, i.e.,
A.e=2ngo(g/goLO)

+ .
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