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Optical, electrical, and electron-microscopy studies on granular Ag-SiO, and Au-SiO, films, prepared
by cosputtering the metal and the insulator, were made over the composition range 10-90% by volume
Si0,. Electron diffraction patterns indicate crystalline metals with lattice constants equal to those of
the bulk metals. For films with less than 50-vol% SiO, the structure consists of amorphous SiO,
inclusions in a continuous metal matrix; for films with more than 50-vol% SiO,, separate metallic
particles are dispersed in an amorphous SiO, continuum. Near the 50-vol% SiO, composition the
electrical resistivity increases abruptly and the infrared transmission changes from metal-like to
insulatorlike behavior. The absorption and transmission peaks in the visible, observed both in the
continuous-metal as well as in the continuous-insulator regimes, are explained by a generalized
Maxwell-Garnett theory. It is concluded that metal particles as small as 20 A have optical constants
that do not differ significantly from those of the bulk metals.

I. INTRODUCTION

The optical properties of small-metallic-parti-
cle systems have been of interest for almost a
century. Such systems exhibit a strong character-
istic absorption peak which is absent in the bulk
metal. For example, in suspensions of gold col-
loidal particles the absorption peak gives rise to
a beautiful ruby-red color. There have been nu-
merous investigations of the optical properties of
gold and silver particles!~® dispersed in dielectrics
or in island film structures. However, no sys-
tematic study is available in which the concentra-
tion of the metallic phase is varied over the entire
range, going from the pure metal to isolated me-
tallic particles. We have undertaken such a study
in granular Ag and Au films, which were prepared
by cosputtering the metal and SiO,. We have ob-
served the gradual evolution of the characteristic
absorption peaks in the visible and studied the tran-
sition from metallic to dielectric behavior in the
near infrared.

The previous experimental work was interpreted
in terms of the theory of Maxwell-Garnett, ” which
takes into account the modification of the applied
electric field at any point within the medium by the
dipole fields of the surrounding metal particles.
The theory assumes that the metal particles are
spherical and small compared to the wavelength of
light., In the metal-rich-composition region,
where the metal particles coalesce, the Maxwell-
Garnett theory breaks down. In order to extend
the theory into this composition range, we have
treated the metal as a continuum with dielectric
inclusions. We have also extended earlier work
on the effect of particle shapes in the Maxwell -
Garnett theory to include ellipsoidal shapes. The
theory is found to be in accord with the present
experimental results.

|

II. EXPERIMENTAL

A. Film Preparation

The granular metal films were prepared by sput-
tering from composite targets of the metal and the
dielectric. The sputtering was rf at 12. 56 MHz
using argon gas at 4x10°3 torr. The self-biased
dc cathode voltage was —800 V. The composite
targets were made by placing a {5 -in. -thick silica
(SiO,) plate of the appropriate shape on top of a Au
or Ag 6-in. -diam disk. The target configurations
used for sputtering of the different films and the
relative position of the substrate with respect to
the target are shown in Table I. The substrates
were fused quartz, # in. wide, 53 in. long, and
#in. thick, and were greased down on a water-
cooled substrate holder at a height of 2% in. above
the target. The sputtered film had a continuous
variation in composition along its length, being
metal rich at the end facing the metallic part of the
target and SiO, rich in the region facing the part of
the target covered by silica. The compositions of
the film were determined from the measured thick-
ness of the films using the method of Hanak.® This
method of composition determination yielded an
estimated accuracy of about +10-vol% SiO, in the
compositional range 30 to 70-vol% SiO,. For those
compositions outside of this range, the accuracy
may be somewhat poorer. Even though the abso-
lute values of the compositions are not known ac-
curately, the relative compositions in a given sput-
tered strip are known very accurately.®

B. Electron Microscopy

The transmission-electron-microscopy studies
were made with a Philips EM300 electron micro-
scope with a resolution of about 2 A. The Ag-SiO,
and Au-SiO, films were sputtered onto carbon films
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TABLE I. Target geometry with the indicated dimen-
sions (in inches) used for the different samples. The
shaded area indicates metal. The dashed line outlines
the position of the substrate above the target.

Sample Target Geometry
;'——Gin.—ot
|
i ;
2327, 2407, 2307, 2310 /
lin- r-

/

2323, 2316, 2303 'g,
¢

2410

mounted on a copper mesh. The diffraction pat-
terns obtained on the films were characteristic of
the constituent metal in the film; the diffraction
lines become progressively broader with increas-
ing SiO, concentration. The values of the lattice
constants were ay=4.08 A for the Ag-SiO, films
and ay=4.07 A for the Au-SiO, films, independent
of the SiO, concentration up to 80-vol% of SiO,.
These values are close to those of crystalline Ag
and Au (4.086 and 4.080 A, respectively), obtained
from x-ray diffraction. The fact that the metal
grain lattice constants are close to those of the
bulk metal indicates that the SiO, does not enter
the metal lattice either substitutionally or inter-
stitially. This conclusion is further borne out by
the direct observation in the electron micrographs
of (111) lattice planes and also by the frequency
with which the Moiré fringes occur. The latter
observation shows that metal crystallites are su-
perimposed on each other.

The micrographs of the Au-8iO, films in Fig. 1
show a matrix inversion from a metal matrix with
isolated SiO, particles to a SiO, matrix with iso-
lated gold particles. In Fig. 1(a) the white cir-

cular disks about 20 A in diameter are probably
Si0, columns. In Fig. 1(b) the SiO, appears as
thin curved isolated platelets. Fig. 1(c) shows a
labyrinth with a gold continuum and large isolated
dendrites of SiO,. The matrix inversion is com-
plete in Fig. 1(d), which has an SiO, continuum
with isolated gold particles. It is interesting to
note the abruptness of the transition; patterns 1(c)
and 1(d) differ by only 10-vol% SiO,. As the con-
centration of SiO, is further increased, the Au
grain size decreases until, for 90-vol% SiO,, the
average size of the Au particles is down to ap-
proximately 20 A. Close inspection of the elec-
tron micrographs in Fig. 1 suggests that, in ad-
dition to the large Au particles, extremely small
Au particles (~5 A) are dispersed in the §i0,. X-
ray line-broadening studies of gold films on quartz
gave particle sizes in good agreement to those ob-
tained by electron microscopy, indicating that the
sputtered films have very similar structures on
the different substrates. Electron microscopy
studies on SiO,-rich Au-SiO, cermets by Miller

et al.® show structures similar to those observed
in our SiO,-rich films.

It is possible to estimate the volume percent of
the SiO, from the electron micrographs. We find
that this procedure yields reasonable agreement
with the method of Hanak® for the SiO,-rich sam-
ples. However, for the metal-rich samples, such
as those in Figs. 1(a) and 1(b), the SiO, concentra-
tions estimated from the micrographs are appre-
ciably lower than those determined by the Hanak
method. The explanation for this discrepancy is
not known as yet. In this paper we shall consis-
tently employ the compositions determined by the
Hanak method.

Figure 2 shows a similar matrix inversion effect
in the Ag-SiO, system. However, the labyrinth
pattern is not as clear cut as for the Au-SiO, films,
and some instability of the films was observed in
that, with beam exposure, coalescence of the sil-
ver crystallites occurred in some samples. Elec-
tron micrographs made on Au-SiO, and Ag-SiO,
films of varying thicknesses indicate that the par-
ticles are cylindricallike in shape, with the long
axis perpendicular to the plane of the film and an
average aspect ratio of about 1,7 : 1,

C. Electrical Resistivity

The dc electrical resistivity was measured as a
function of composition by evaporating on top of the
granular metal gold electrodes, 0.010 in. wide,
spaced 0.100 in. along the length of the film. The
thicknesses of the films used for the resistivity
measurements were about 1 . The resistivities
measured at 300 °K are plotted as a function of
composition in Fig. 3. The abrupt rise in the re-
sistivities near 40-vol% SiO, is associated with
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FIG. 1. Electron micrographs of Au-SiO, films. Thickness and composition are given in the figure. (a) Au matrix
with white circular disks, about 20 A in diameter, which are probably SiO, columns. (b) Au matrix with SiO, as thin
curved platelets. (c) Au matrix with SiO, isolated dendrites. (d) Complete matrix inversion: SiO, continuum with iso-

lated Au particles.

the transition of the granular metal from isolated
SiO, particles in a continuous metal matrix to iso-
lated metal particles in an SiO, matrix, as clearly
evidenced by the electron micrographs in Figs.
1(c) and 1(d). For films with up to about 50-vol%
SiO,, the resistivity varied only slightly with tem-
perature; for compositions with more than 50-vol%
Si0, the resistivities increased sharply with de-
creasing temperature. The above results are in
agreement with previous®® work on the electrical
properties of granular metals.

D. Optical Measurements

Transmission measurements at normal incidence

were made at 300 K on a Cary spectrometer using
a rectangular slit 0.2X1.0 cm. The narrow di-
mension of the slit was parallel to the long direc-
tion of the sample. The measured optical densi-
ties for several Ag-SiO,; and Au-SiO,; films are
plotted as a function of wavelength in Figs. 4 and
8. For clarity the curves are displaced vertical-
ly with respect to one another. An approximate
determination of the relative transmission of the
Ag-Si0O; films can be made using the experimental
fact that the optical density at the transmission
peak Ar =3200 A was nearly the same for all the
Ag-SiO, samples. The wavelength A,, corre-
sponding to the absorption peak in the visible which
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(a)
I9-vol % Si0,

230 A THICK

|

(b)
62-vol % Si0,

130 A THICK

FIG. 2. Electron micrographs of Ag-SiO, films. Thickness and composition are indicated in the figure. (a) Ag ma-
trix with white disks which are probably SiO, columns. (b) SiO, matrix with embedded isolated Ag particles.

develops with increasing SiO, concentration, is
plotted as a function of SiO, concentration in Figs.
5 and 9 for the samples given in Figs. 4 and 8, as
well as for the other samples listed in Table 1.
Also plotted in Figs. 5 and 9 is the wavelength A,
for which the optical transmission has a relative
maximum,

The granular Au films exhibited rotation of the
plane of polarization of light when placed between
a crossed polarizer and analyzer. This result
suggests that the Au particles have a net average
orientation in the plane of the film. No such effect
was observed for the granular Ag films.

III. THEORY
A. Maxwell-Garnett Theory

The analysis of our experimental results will be
based on the dielectric theory of Maxwell-Garnet.’
This theory takes into account the modification of
the applied electric field by the dipole fields of in-
dividual polarizable entities, in this case the met-
al particles. The particles are assumed to be
spherical. They must be sufficiently large so that
the macroscopic Maxwell equations can be applied
to them but not so large that they approach the
wavelength (or the attenuation length) of light in
the medium. The former condition allows us to
characterize the metal particles by a frequency-
dependent dielectric constant ¢,(w), while the lat-
ter condition assures the existence of a dielectric
constant €(w) for the ensemble of particles. The
size of the Ag- and Au-metal particles encountered
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FIG. 3. Electrical resistivities of Ag-SiO, and Au-SiO,
films as a function of volume percent of SiO, measured
at 300 °K.
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FIG. 4. Logarithms of the optical transmission T of
Ag-SiO, films, measured at room temperature, as a
function of wavelength of light. The sample numbers,
the volume percent of SiO,, and thicknesses are indicated
in the figure. The first part of the sample number iden-
tifies the particular film strip and target geometry used
(see Table I). The second part of the number indicates
the distance of the sample (in inches multiplied by 10)
measured from the metal-rich end of the strip. For clar-
ity the curves are displaced vertically with respect to
one another.

in our experiments appear to meet these criteria.
The derivation of the Maxwell-Garnett result is

short and straightforward. One starts with the

familiar Clausius-Mosotti equation, applied to a

collection of metal particles, which expresses the

relationship between €(w) and the volume density

n and the polarizability a(w) of the metal particles:

L= tmatw). )

Equation (1) must be modified to take into account
the fact that the metal particles are dispersed in
a polarizable insulator of dielectric constant €,(w)
rather than in vacuum. Thus, in the calculation
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of the local electric field, it is necessary to con-
struct a spherical cavity filled with the insulator
instead of a completely evacuated cavity, as was
the case in the derivation of Eq. (1). We then ob-
tain a generalized Clausius-Mosotti equation:

€(w)-€(w)  4malw)
e(w)+2¢(w)”  3¢(w) °

Because the metal particles are assumed to be suf-
ficiently large for macroscopic dielectric theory

to be applicable, one can substitute for a(w) the
expression for the polarizability10 of an isolated
metal sphere immersed in a medium of dielectric
constant €,(w). This substitution leads directly to
the Maxwell-Garnett result:

@)

E(w)_ii(w) =(1 _ ) €m(w)_€‘(w) (3)
€(w) +2€;(w) €n(w)+2€(w) °

In Eq. (3), x is the volume fraction of insulator
and €,(w) is the dielectric constant of the metal.
The simplicity of this result is self-evident: Given
a knowledge of the dielectric constants of the met-
al and the insulator, and their relative concentra-
tion, the dielectric properties of a granular metal
can be predicted.

B. Effect of Particle Shape

As was noted above, the Maxwell-Garnett theo-
ry assumes the particles to be spherical. In the
analysis of our experimental results we shall con-
sider the effect of various particle shapes. Al-
though allowing for nonspherical shapes adds a
new parameter to the elegantly simple Maxwell-
Garnett theory, it will be of interest to test the
sensitivity of the theory, as applied to the granular
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FIG. 5. Absorption-peak wavelength A, and the trans-
mission-peak wavelength A as a function of wavelength
for several Ag-SiO, samples. The curves were calculated
from Eqs. (7) and (8) for the particle shapes indicated
in the figure. The dielectric constants of SiO, (€=2.2)
and that of Ag (Ref. 12) were used.
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metals, to particle shape.

Galeener, 1 in his treatment of submicroscopic
voids in amorphous Ge, has proposed a simple
method for treating the case of aligned ellipsoidal
particles with the direction of polarization parallel
to a principal axis of an ellipsoid. The ellipsoids
are assumed to be identical in shape and orienta-
tion (but not necessarily in size) with a character-
istic depolarization factor L,. Galeener’ s result
is equivalent to substituting for a(w) on the right
side of Eq. (2) the expression!® for the polarizabili-
ty of an isolated metallic ellipsoid immersed in a
dielectric medium. Equation (2) then becomes

€p(®) — €(w)

€(w)-¢lw)
=) ALy - @

e(w)+2¢,(w)  °

Although, as noted by Galeener, the above equation
is valid for x close to unity, inconsistencies arise
if one applies Eq. (4) to larger concentrations of
metal. For example, for the case L, =0 (flat me-
tallic plates whose normals are perpendicular to
the electric field or long cylinders with axes paral-
lel to the field), we know that there are no induced
polarization fields outside an individual particle
and, therefore, no modification of the applied elec-
tric field. The dielectric constant of the medium
should then be the simple weighted average of the
individual dielectric constants of the metal and in-
sulator:

€(w)=x€;(w)+(1 -x)e,(w) for L,=0. (5)

However, Eq. (4) does not yield this result except
in the limit of small metal concentration. Another
case where Eq. (4) leads to an inconsistency is
that of flat metallic plates with their normals par-
allel to the electric field (L,,=1). This cage is
equivalent to an array of capacitors arranged in

series. The correct formula for €(w) is elemen-
tary:
el(w)=x W)+ -2 Hw) for L,=1.  (6)

Once again, Eq. (4) does not yield the correct an-
swer for e(w).

The inconsistencies arising from Eq. (4) can be
avoided if, in the calculation of the modification of
the electric field by the dipole fields of the metal
particles, one employs a cavity whose shape is
congruent to that of the metal particles; e.g., the
cavity is ellipsoidal with depolarization factor L,
associated with the principal axis that is parallel
to the electric field. We shall adopt this mathemat-
ical construction. The generalized Clausius-Mo-
sotti equation (2) is then modified, and, in place of
Eq. (4), we obtain

€(w) - €;(w)
Lye(w)+ (1 -L,)e(w)
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€p(w) - €4(w)

=U-0) O - L)) ()

Equation (7) gives the correct results, Egs. (5) and
(6), for L,=0 and 1, respectively. Naturally, it
reduces to the Maxwell-Garnett result, Eq. (3),
for the case of metallic spheres L,=3%. Equation
(7) agrees with Eq. (4) in the limit of small metal
concentration, giving the same result for €(w) to
first order in the quantity (1 -x). For larger val-
ues of metal concentration, we find that €(w) given
by Eq. (7) is less sensitive to departures from
sphericity than Eq. (4). To see this, we note that
Eq. (7) can be obtained from Eq. (4) by performing
the transformation L, ~[L,x+3 (1 ~x)] in Eq. (4).
One can then verify that the variation of L, over its
full range 0< L, <1 in Eq. (7) corresponds to a
smaller excursion of L, in Eq. (4).

Since our experiments cover the entire range of
%, we shall utilize Eq. (7) to predict the optical be-
havior of the granular films.

C. Metal-Rich Limit

Although Eq. (7) predicts the correct result
€(w)~ €,(w) in the pure-metal limit x~0, in prac-
tice Eq. (7) is not expected to be valid for small
values of x because neighboring metal particles
touch and form a labyrinth structure [see Fig. 1
(c)]. Doremus* ascribed the failure of the Max-
well-Garnett theory in gold-rich cermets to such
an effect. Certainly the physical picture of indi-
vidual ellipsoidal metal particles breaks down in
these circumstances, and it becomes more reason-
able to regard the granular metal as consisting of
insulating inclusions in a continuous metal matrix,
rather than metal particles in a continuous insulat-
ing matrix. Such a structure is actually observed
in the electron micrographs of Figs. 1(a)-1(c) and
2(a). The appropriate dielectric constant for such
a system is obtained simply from Eq. (7) by invert-
ing the role of the metallic and insulating compo-
nents of the granular metal. We perform the trans-
formations €,-~¢;, €;~¢€,, (1-x)=-x, L, - L, and
find

€(w) - €,(w) —x €;(w) - €,(w)
Lie(w)+(1 - Lye,(w) ™7 Lig(w)+(1 - Ly)e,(w)’

®)
where L, is the effective depolarization factor of
the insulating inclusions. As we shall see in Sec.
I E, Egs. (7) and (8) display qualitatively differ-
ent behavior. Thus it should be possible to deter-
mine from the optical data the concentration x at
which the continuous-insulator picture, described
by Eq. (7), goes over into the continuous-metal
picture, represented by Eq. (8). As will be shown
in Sec. IV, the transition occurs at x=0. 4.
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D. Dielectric Constants €, (w) and €,(w)

For the metal dielectric constant €,(w), we have
employed the known constants of Ag'? and Au, **
modified to take account of the decrease in the con-
duction-electron relaxation time 7 due to the small
particle microstructure. Specifically, €,(w) is
decomposed into a free-electron part €\ (w) and an
interband part €9 (v):

€n(w) =€ (W) + € (w), 9
where
. ~2
D)o LSBT/ @
e (w)=1+ Toior (10)

Here &, is the free-electron plasma frequency. To
obtain the values of €, (w) used in our calculations
we have assumed €' (w) and @, to be unchanged
from bulk Ag and Au and have used the value 7=2.5
%107 sec, rather than the bulk values 7=16x10"°
sec for Ag12 or 7=9x107"° sec for Au.®® For a
Fermi velocity of 10 cm/sec the small value of 7
used here gives rise to a mean free path of 25 A.
According to Doyle, 15 such a mean free path cor-
responds to a particle size of about 50 A. Strict-
ly speaking, 7 is expected to decrease as the con-
centration x of the insulating component is in-
creased, falling from the bulk value for particles
significantly larger than the bulk mean free path

to its lowest value in the insulator-rich regime,
where the metal particles reach their smallest
size. Evidence for such a size effect is found in
the work of Doremus® and of Marton and Schlesing-
er'® on discontinuous Ni films. In the interest of
simplicity we have chosen to neglect the x depen-
dence of 7 in our calculations. The effect of the
smaller value of 7 is primarily to increase the
imaginary part of €,(w) over the bulk value, while
leaving the real part relatively little changed.

This conclusion follows easily from Eq. (10), once
it is realized that, even with the value 7=2.5x107°
sec, the quantity wt is still substantially larger
than unity (~3 to 20) in our experiments. Over the
wavelength range investigated, the change in the
real part of € {’(w) is always less than 8%, while
the imaginary part is increased by a factor ranging
between 3 and 7, depending on the wavelength and
whether Ag or Au is being considered. As will be
seen in Sec. IIIE the wavelength at which observed
features occur depends primarily on Re €,(w); only
the magnitude or strength of the features depends
on the imaginary part. Thus, uncertainty in the
value of 7 is not important in understanding the es-
sential aspects of our results.

For the insulator dielectric constant €;(w), we
have used a real, frequency-independent value ¢;.
Specifically, the value!’ €;=2.2, characteristic of
fused quartz in the visible, was employed in all the
calculations. This approximation is expected to be
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valid if (i) the wavelengths investigated do not co-
incide with the fundamental SiO, absorption bands,
and if (ii) the tunneling of electrons from separated
metal particles through the insulator, or increased
insulator conduction due to possible doping of the
insulator by the metal, can be neglected. Thefirst
condition is expected to be well satisfied in our ex-
periments, but the second condition requires clos-
er attention. In order for the tunneling contribu-
tion to €;(w) to be negligible we must have

€,> 4m0p/ w, (11)

where o7 is the effective tunneling conductance of
the insulator. We can use Eq. (7) to relate o to
the observed dc conductivity o= (4mi)-! lim,.o[we(w)]
in the insulator-rich regime. Assuming spherical
particles, L,=1%, and taking €,(w)> €;(w) (the con-
ductance is limited by the insulator), Eq. (7) gives

o=07(3 - 2x)/x. (12)

Combining Eq. (12) with the condition (11), the
condition on the resistivity p=1/¢ is

47 x
>_.

p> we; 3-2x ° (13)

For x=0.4 [the smallest value of x for which our
experiments show Eq. (7) to be valid] and for the
longest wavelength measured, 1.7 p, the above
condition is

p>8x10™ Q cm.

As can be seen from Fig, 3, the measured resis-
tivities are approximately equal to this value at
x=0.4 and increase with x far faster than the right
side of the condition (13). Thus, we are justified
in neglecting the effect of electron tunneling in
€;(w) for ¥ 20.4. For smaller values of x, Eq. (8)
applies, and the conductivity is determined by per-
colation through long metallic paths, so that ¢, can
not be obtained directly from ¢. Some experimen-
tal evidence will be presented in Sec. IV that the
approximation of €;(w) by a real constant does in-
deed break down for small values of x.

E. Predictions of the Theory

The important predictions of the theory involve
the infrared behavior, the presence of a dielectric
anomaly below the plasma frequency, and the plas-
ma frequency itself. We now discuss, in turn,
each of these characteristic features.

1. Infrared Behavior

The infrared behavior of granular metals is ob-
tained from Eqs. (7) and (8) by proceeding to the
limit'® | €,(w)l > | ¢,(w)!. This limit is well obeyed
for the dielectric constants of Ag, Au, andSiO,, for
wavelengths larger than about 1 4. We easily ob-
tain the following formulas for e(w):
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1-x
xL,,

(W)= ¢, ('1 +

) (continuous insulator),
(14a)

€(w)= €,(w) %?%ﬂ—f‘(—;l-(continuous metal).
(14b)

From Eq. (14a) it is seen that, in the continuous-
insulator regime appropriate for high insulator
concentrations, the infrared dielectric constant of
the granular metal is determined only by that of
the insulator and the values of x and L,. There-
fore, one expects the infrared transmission of a
granular metal film to be high and independent of
frequency; the granular metal acts as a dielectric.
On the other hand, Eq. (14b) predicts that €(w) in
the continuous-metal regime is determined by the
metal dielectric constant €,(w), along with the val-
ues of x and .L;. Consequently, in this regime the
theory predicts that the infrared transmission will
be characteristic of that of a metal, i.e., small
and increasing with frequency. Thus, the infrared
transmission is expected to be a useful tool for
investigating the transition from metallike to in-
sulatorlike behavior in granular metals.

2. Dielectric Anomaly

Equations (7) and (8) predict the existence of a
dielectric anomaly in €(w). An approximate ex-
pression for the frequency w, at which the anomaly
occurs can be obtained from Eqgs. (7) and (8) by
neglecting Ime,(w) and seeking the condition for
which €(w)—=. This procedure easily yields.

€nlwg)=— E,(—-}—— - 1) (continuous insulator)

L,.x
" (15a)

€L,(1-x%)

T-L,0-x) (continuous metal).

(15b)
From Eqs. (15) we see that the anomaly is pre-
dicted to occur for negative values of €, and to
shift to larger (less negative) values of ¢, as x is
increased. For a simple metal, this means the
anomaly is expected to be observed below the plas-
ma frequency, moving to higher frequencies for
increasing x. In the extreme insulator-rich limit
x=~1, Eq. (15a) gives ¢,(w,)=~-¢,(1-L,)/L,, cor-
responding to the condition for a singularity in the
polarizabilitym of an isolated metallic ellipsoid
immersed in a medium of dielectric constant ;.
Naturally in the opposite limit x= 0, Eq. (15b)
gives the condition for a singularity in the polar-
izability of an isolated insulating ellipsoid im-
mersed in a metallic medium. In real metals the
presence of a finite Ime,(w) damps the anomaly,
thereby removing the singularity. The strength

of the resulting peak in €(w) is then inversely pro-
portional to Ime,(w) and is a function of concentra-
tion, decreasing to zero as x~1 in Eq. (7), and as

€n(wy)=~

|

x=0in Eq. (8).

The nature of the anomaly in the continuous-
insulator regime has been discussed in detail by
Marton and Lemon'® for the Maxwell-Garnett the-
ory (L,=%). Itis derived from the usual dc con-
duction resonance in a metal but is pushed to op-
tical frequencies because of the small particle
microstructure. In a rough way, the frequency w,
represents the boundary between the low-frequency
behavior, characteristic of an insulator [Eq. (14a)],
and the high-frequency behavior, in which the me-
tallic properties of the metal-insulator composite
become apparent. In the continuous-metal regime,
the anomaly is actually an additional resonance
caused by the insulating inclusions in the metal
matrix. This resonance has been treated by Ga-
leener!! for the case of a small concentration of
voids in an amorphous Ge matrix. In principle,
measurements of w, over the entire range of x
can provide another means of optically determin-
ing the metallike-to-insulatorlike transition.

In order to observe a strong dielectric anomaly,
one should choose metals that have small inter-
band contributions to €,(w) below the plasma fre-
quency. In that case, there is no chance that the
anomaly can be confused with interband absorption
processes. Furthermore, the small value of Ime{? (w)
reduces the damping of the anomaly, thereby
enhancing its strength. In these respects Ag is
an excellent choice for such an investigation, so
that a strong anomaly should appear in a frequency
range in which no such effects are normally seen.
In the case of Au, the onset of strong interband ab-
sorption'? in the visible considerably increases the
value of Re €,(w) and permits Eqgs. (15) to be sat-
isfied at frequencies just below the onset of the
interband absorption. Thus, in the Au-SiO, system
the dielectric anomaly should appear as a precur-
sor to the interband absorption peak.

3. Plasma Resonance

The Maxwell-Garnett theory predicts a shift of
the metal plasma frequency w, to lower frequencies
as the concentration of insulator is increased.

This shift has been discussed in detail by Marton
and Lemon®® for the special case of a free-electron
metal €' (w)=0. The shift in w, predicted by the
theory can be obtained from Eqs. (7) and (8) by
setting the real part of €(w,) equal to zero and solv-
ing for the required ¢,(w,). The condition for the
plasma frequency can be estimated easily if we
again neglect the damping contribution to the metal
dielectric constant. We find?®

€nlw,) =~ Tsfji(ll;lz"))— (continuous insulator),
~Lm
(16a)

(16b)

Thus, in the continuous-metal regime, where the

€n(wy)=0 (continuous metal).
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metal particles join together to form extended net-
works, no change in w, is expected. As more in-
sulator is added, the particles separate, and the
plasma frequency is predicted to occur at frequen-
cies for which ¢, is increasingly more negative,
e.g., lower frequencies for a simple metal. In the
limit x~ 1, Eq. (16a) yields €,(w,)=-¢,(1 - L,)/
L,. so that w, corresponds to the frequency w, giv-
en by Eq. (15a) for x=1. Naturally the strength of
the plasma resonance, as represented by the ener-
gy-loss function Ime™(w,), vanishes in this limit.
From these considerations, one sees that the ob-
servation of a sudden drop in w, would be a signal
of the transition from the continuous-metal to the
continuous-insulator regime. However, since
longitudinal plasmons can not couple to transverse
photons, a perpendicular incidence transmission
experiment is not capable of detecting plasmons
directly.# Experiments designed to detect the pre-
dicted shift in w, are presently underway.

IV. DISCUSSION

We shall first briefly review the experimental re-
sults presented in Sec. II. The electron micro-
graphs given in Figs. 1 and 2 for the Au-SiO, and
Ag-Si0, films demonstrate the evolution of the mi-
crostructure from a continuous metallic film,
through a labyrinth structure, to a system of dis-
tinct metal particles separated by SiO,. The elec-
trical and optical properties are closely correlated
with the microstructure. The electrical resistiv-
ities, shown in Fig. 3, rise abruptly at the compo-
sition which has approximately 40-vol% SiO,. This
abrupt increase is a result of the transition to an
isolated particle structure, as indicated in Figs. 1
and 2. For SiO, concentrations larger than 50
vol%, the resistivity of the granular metals was
observed to increase with decreasing temperature.
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This behavior is characteristic of electrical con-
duction due to tunneling between isolated metal par-
ticles. The metal activation energy arises from
the charging energy required to add an electron to
a neutral grain.® The optical properties, as deter-
mined from the experimental results, Figs. 4 and
8, can be summarized as follows: (i) For compo-
sitions less than about 40-vol% SiO,, the infrared
behavior is characterized by an increasing trans-
mission with decreasing wavelength. Above 40-
vol% SiO, the transmission is observed to decrease
slightly with decreasing wavelength. The SiO, con-
centration x=0.4 at which the transition in the in-
frared behavior is observed coincides with that for
which the electrical resistivity increases abruptly
(Fig. 3). (ii) An absorption peak in the visible de-
velops with increasing SiO, concentration. This
peak, characteristic of neither the pure metal nor
SiO,, is related to the microstructure of the gran-
ular film. The wavelength \,, corresponding to
the absorption peak, is plotted as a function of SiO,
concentration x in Figs. 5 and 9 for the case of Ag
and Au, respectively. (iii) A sharp peak in the
transmission spectra persists to the highest con-
centrations of SiO,. The wavelength A, for the oc-
currence of the peak is plotted against x in Figs. 5
and 9.

A. Optical Properties of Ag-SiO,

We now compare in detail the experimental re-
sults with the theoretical predictions, In Figs. 6
and 7 are shown the calculated transmission spec-
tra for Ag-SiO, films, assuming a thickness of 450
A. The curves in Fig. 6 were calculated using Eq.
(8) with a depolarization factor L;=0.9 for the SiO,
inclusions in a Ag continuum, while those in Fig.

7 were calculated from Eq. (7) assuming spherical
metal particles, L, =% (the Maxwell-Garnett theo-

T T 5 T 1
Ag-Si0,, d=450A

FIG. 6. Computed op-
tical densities for pure
silver (dashed curve) and
granular Ag-SiO, (full
curves) as a function of
20 wavelength A. The volume
10 percents of SiO, are indi-

cated. The curves were
computed from Eq. (8)
assuming inclusions of
SiO, with depolarization
factor L;=0.9 in an Ag
continuum. The dielectric
constant for Si0,, €;=2.2,
and those for Ag (Ref. 12)
were used.

80%Si0,

0.4 0.2
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FIG. 7. Computed optical densities for pure silver (dashed curve) and granular Ag-SiO, (full curves) as a function of
wavelength A. The volume percents of SiO, are indicated. The curves were computed from Eq. (7) assuming silver
spheres (depolarization factor L,,=3) in an SiO, continuum. The dielectric constant for SiO,, €=2.2, and those for Ag

(Ref. 12) were used.

ry), in an SiO, continuum. For the dielectric con-
stants of the metal, €,, we employed published val-
ues, '2 modified to include the finite mean free path
of the electrons (see Sec. IIID). The constant val-

ue'” €, = 2. 2 was used for the dielectric constant of
SiO,. The spectra for samples in Fig. 4 with

x= 0. 36 agree qualitatively with the corresponding
calculated curves in Fig. 7 over the entire mea-
sured range of wavelengths. Specifically, the in-
frared behavior is characteristic of that of an in-
sulator, i.e., high transmission which is weakly
dependent on wavelength. Furthermore, the posi-
tion of the absorption peak in the visible is con-
firmed, although the strength of the peak is some-
what smaller than expected. The experimental da-
ta for samples with x < 0. 28 agree with the calcu-
lated curves in Fig. 6 in the infrared region (met-
allike behavior, i.e., increasing transmission
with decreasing wavelength), but the absorption
peak in the visible disappears at small values of

x more rapidly than is predicted by the theory.
The spectrum for the film that contains 6-vol%
SiO, is very close to that calculated for pure Ag
(Figs. 6 and 7).

We see that the optical data in the infrared in-
dicate that for x < 0. 36 the microstructure con-
sists of a metallic continuum with SiO, inclusions,
while for x2 0. 36 the microstructure is one of iso-
lated metallic particles in a dielectric medium.

Thus, the microstructure, as deduced from the op-
tical data, is in agreement with the observations
from electron microscopy (Figs. 1 and 2).

In Fig. 5 are compared the experimental and cal-
culated values of the wavelengths X, and A for the
absorption peak and the peak in the transmission,
respectively. The curves for ), for the isolated-
metal-particle model were calculated using Eq. (7)
with depolarization factors corresponding to
spheres (L,,=3) and cylinders (L, =3) with their
axes perpendicular to the film. The curve for 2,
for the continuous-metal model was computed from
Eq. (8) using the value L;=0.9, corresponding to
platelike inclusions of SiO, with the plates perpen-
dicular to the plane of the film. For small values
of x, the experimental data for x, cross from the
curve for SiO, plates to that for Ag cylinders. For
larger values of x the experimental data generally
fall between the curves for Ag cylinders and Ag
spheres. Thus, the shapes of the particles deduced
from Fig. 5 are qualitatively in agreement with
those observed by the electron microscope. The
calculated value A= 3200 A is independent of x
for the case of Ag spheres and for the case of SiO,
plates for x<0.35. Indeed this prediction is in
agreement with the experimental results shown in
Fig. 5.

A significant discrepancy between the experimen-
tal results for Ag-SiO, (Fig. 4) and the theoretical
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FIG. 8.

Logarithms of the optical transmission T of
Au-8iO, films, measured at room temperature, as a

function of wavelength of light. The sample numbers,
volume percent SiO,, and thicknesses are indicated in the
figure. The first part of the sample number identifies the
particular film strip and target geometry used (see Table
I). The second part of the number indicates the distance
of the sample (in inches multiplied by 10) measured from
the metal-rich end of the strip. For clarity the curves
are displaced vertically with respect to one another.

predictions (Figs. 6 and 7) is the observed rapid
disappearance of the dielectric anomaly as x=0,
while the calculations predict a more gradual de-
crease in the magnitude of the absorption peak such
that, for values of x as small as 0.1, a substantial
peak should still be observed. A possible explana-
tion for this discrepancy involves the breakdown of
the assumption that the insulator dielectric con-
stant €, is pure real. At small values of x, the in-
sulating regions may be sufficiently thin so that
electron tunneling through these regions can give
rise to an appreciable imaginary contribution to ¢;.
For example, the value Ime,; =5 is sufficient to sup-
press the absorption peak in Ag-SiO; at x=0.1 and
reproduce the observed behavior for this composi-
tion. This value of Ime¢; corresponds to an effective
tunneling conductance o,=1.7x10° @™ ¢cm™. The
observed dc conductance for this composition, o
=10° @ cm™, is still much larger than o, so

that tunneling through the insulator does not signif-
icantly alter the preduminant conduction process
(percolation through connected metal networks).

If we assume a tunneling barrier of 1 eV, the es-
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timated value of o, implies an effective insulator
thickness® of about 5 A, somewhat smaller than is
observed in the electron microscopy. However, it
is plausible that the apparent penetration of very
small metal particles into the insulator, as sug-
gested by the electron microscopy, can provide
enhanced conduction through considerably thicker
insulating regions, thereby leading to the required
value of or. We do not believe that the rapid dis-
appearance of the absorption peak can be due to an
underestimate of the damping contribution to €,.

To show this we calculate that a value Ime,, > 25 is
necessary to suppress the peak at x=0.1 in Ag-
SiO,. Such a large value of Imeg,, is considered ex-
tremely improbable since (a) adjusting 7 in Eq.

(10) to give the maximum value of the free-elec-
tron contribution to Ime,, yields only Ime¥’ = $(&,/w)?
=6.5 for Ag (7®,/e=9.2 eV*?) at A=0,485 y, and (b)
the interband contribution Ime!¥ is only about!? 0. 2
in this frequency range.

B. Optical Properties of Au-SiO,

The computed transmission spectra for the Au-
Si0, films are shown in Figs. 10 and 11, The pro-
cedure employed to calculate these curves was the
same as for the case of Ag-SiO, except that the
thickness was taken to be 1300 A and, of course,
the values of the Au dielectric constants!® were
used.

06
A
=
2,:Si0,
PLATES
05
a + -
A7 Si0, PN 7 :
Au- Si0, PLATES '
04 1 1 1 Il . 1 1 1 1
"0 10 20 30 40 50 60 70 80 9% 00
vol-% Si0,

FIG. 9. Absorption-peak wavelength A4 and the trans-
mission-peak wavelength Ay as a function of wavelength
for several Au-SiO, samples. The curves were calculated
from Egs. (7) and (8) for the particle shapes indicated
in the figure. The dielectric constants of SiO, (€;=2.2)
and that of Au (Ref. 13) were used.
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FIG. 10. Computed optical densities for pure gold
(dashed curve) and granular Au-SiO, (full curves) as a
function of wavelength A. The volume percents of SiO,
are indicated. The curves were computed from Eq. (8)
assuming inclusions of SiO, with a depolarization factor
L;=0.9 in an Au continuum. The dielectric constant for
Si0y, €;=2.2, and those for Au (Ref. 13) were used.

The optical properties of the Au-SiO, films ex-
hibit similar behavior to those of the Ag-SiO, films.
The major difference between the two systems is
that, while in the case of Ag-SiO,; A; was indepen-
dent of x (see Figs. 4 and 5), for the Au-SiO, sys-
tem Ay is observed to decrease with x (see Figs.

COHEN et al, 8

8and 9). Wenote from Fig. 9 that the experimental
data for A ; fall very closetothe calculated curve for
Auspheres overthe entire range of x, evenforx 0.4.
This is contrary to our expectation that for x<0. 4,
Ar should decrease more rapidly for small values
of x according to the theoretical curve for the mod-
el of SiO, plates.

V. CONCLUSION

Electron microscopy studies have shown that
granular Ag-SiO, and Au-SiO, exhibit an abrupt
matrix inversion in which, at concentrations below
approximately 50-vol% SiO,, the material consists
of Si0O, inclusions in a metallic matrix, while above
50-vol% SiO, its microstructure consists of sepa-
rated metallic particles embeedded in an insulating
matrix. This metallike-to-insulatorlike transition
manifests itself in the electrical and optical prop-
erties of the material. The electrical resistivity
is observed to increase rapidly in the concentration
region near the transition. At the same time the
infrared transmission changes from metallic to
dielectric behavior. With the exception of the
metal-rich Au-SiO, transmission peaks, the po-
sitions of the absorption and transmission peaks
in the visible are explained in terms of a general-
ized Maxwell-Garnett theory. This agreement in-
dicates that the size of the metal particles (average
particle size as small as 20 A for 90-vol% SiO,)
does not significantly alter their optical constants,
aside from the effect of increased boundary scat-
tering. The theory and experiment disagree in the
magnitude of the absorption peaks; the experimental

M=——————————— =

T ! Si0,
W 90%

70
FIG. 11. Computed

optical densities for pure
50 gold (dashed curve) and
granular Au-SiO, (full
curves) as a function of
wavelength A. The volume
percents of SiO, are indi-
cated. The curves were
computed from Eq. (7) as-
. suming gold spheres (de-
polarization factor L,,=3
in an SiO, continuum. The
- dielectric constant for SiO,,
€=2.2, and those for Au
(Ref. 13) were used.

E 4| Au-siop ,
g d=1300 A
//
5 ///
.——-"’//

6+

7+ ~

8 1 1 1 1 1 A 1 1 1 | 1
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value is higher and drops off more rapidly with de-
creasing SiO, concentration than predicted theoret-
ically. This discrepancy may arise from the uncer-
tainty in the composition for metal-rich samples
and from an imaginary component of the dielectric
constant of SiO,.

The observed abrupt matrix inversion effect and
the attendant sharp rise in the resistivity appears
to be characteristic of granular Ag-SiO, and Au-
SiO,. In contrast with these materials, Ni-SiO,, 2
Al-SiO,, # and Al-Al1,0,% do not exhibit the laby-
rinth pattern, and the rise in resistivity near the
metal-to-nonmetal transition is more gradual, %2

The applicability of the Maxwell-Garnett theory
to granular metal systems over an extended range
of metal-particle concentrations has been convinc -
ingly demonstrated. The effect of particle shapes
has been included in the theory in a simple and
consistent manner. The results of the analysis of
the experimental transmission spectra of the Ag-
SiO; and Au-SiO; films agree with the electron mi-
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croscopy in that (i) in the continuous-insulator re-
gime, the metal particles in the sputtered films are
cylindrical with their axes normal to the plane of
the film, and (ii) in the continuous-metal regime,
the SiO, inclusions are platelike with a large (L,
=0.9) effective depolarization factor. The ability
of optical measurements to determine such details
of the microstructure of granular metals is remark-
able in view of the fact that the wavelength of light
is so much larger than the scale of the microstruc-
ture. The successful experimental discernment of
these details illustrates the power of the simple
Maxwell-Garnett theory.
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(a) (b)
70R THICK  30-vol % SiO, 85 & THICK  40-vol % siO,

(d)
70 R THICK 50-vol % SiO, 60 R THICK 590l % SiO,

FIG. 1. Electron micrographs of Au-SiO, films. Thickness and composition are given in the figure. (a) Au matrix
with white circular disks, about 20 A in diameter, which are probably 8iO, columns. (b) Au matrix with SiO, as thin
curved platelets. (¢) Au matrix with SiO, isolated dendrites. (d) Complete matrix inversion: SiO, continuum with iso-
lated Au particles.



(a) (b)
230 A THICK  19-vol % sio,, 130 A THICK  62-vol % sio,

FIG. 2. Electron micrographs of Ag-SiO, films, Thickness and composition are indicated in the figure. (a) Ag ma-
trix with white disks which are probably SiO, columns. (b) 810, matrix with embedded isolated Ag particles.



