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We prepared discontinuous gold films by ultrahigh-vacuum deposition onto Corning 7059 glass substrates.
Optical transmittance at normal incidence was recorded; an anomalous absorption band occurred in the
visible range. We described the optical properties within the Maxwell Garnett formalism with proper account
taken of a size-dependent dielectric permeability of the islands. These were represented by prolate spheroids
with symmetry axis along the substrate; their morphology was characterized by mean eccentricity, log
normal distributions of ‘half axes, and average interisland separation. Interactions among the islands were
accounted for by following a procedure by Bedaux and Vlieger. The computed transmittances were lowered
significantly by evan narrow distributions of interparticle separations. This complex situation was simulated
by one parameter (the only free parameter in our theory); reasonable values yielded computed
transmittances in excellent agreement with measurements as long as the islands were not too irregular.
Effects of substrate interaction and dielectric pellicles on the islands were shown to be less influential.
Hence, the optical properties of discontinuous metal films seem to be governed entirely by the morphology of
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the islands, and possible effects of modified band structure and/or size quantizations are not manifest.

I. INTRODUCTION

This paper describes a thorough investigation
of the optical properties of discontinuous gold
films. The wavelength interval of 0.3-2 um is
studied for films with average thicknesses of
1-4 nm, which corresponds to growth from ex-
tremely small islands up to a stage in the vicinity
of large-scale coalescence. A structure analysis
of similarly prepared films was givenin Ref. 1.

As an introduction we show by the solid curve
in Fig. 1 the optical transmittance for a metal
film comprised of tiny islands. The detailed an-
alysis of this type of curve will be the main topic
of this paper. The wavelength-dependent trans-
mittance is seen to resemble qualitatively the be-
havior of individually isolated gold particles pre-
pared by gas evaporation, as given by the dashed
curve which is reproduced from a recent work?®
of two of the present authors. The most salient
features of the two curves are the transmittance
minimum in the visible range and the high trans-
parency in the infrared. A principally very dif-
ferent behavior is encountered for a well-annealed
continuous gold film (dotted curve) which repre-
sents bulk properties. For the latter curve it is
seen that by going to smaller wavelengths the
transmittance is first enhanced, as expected from
the free-electron (Drude) theory, but at A<0.51
Lm a sharp decrease occurs due to the onset of
interband transitions.

From Fig. 1 it is immediately clear that the
discontinuous films exhibit optical properties

which are strikingly different from the bulk be-
havior. This fact has been known, qualitatively,
for a long time, and as early as in 1857 it was
proposed by Faraday® that the brilliant colours
observed by him in extremely thin silver and gold
films should be ascribed to their aggregated na-
ture. About a century later this supposition was
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FIG. 1. Comparison of measured transmittance vs
wavelength for perpendicular incidence onto gold de-
posits produced in different ways. Data are shown for a
discontinuous film (average thickness 3.0 nm), spheri-
cal particles prepared by gas evaporation (the curve is
reproduced from Ref. 2) and for a continuous film
(thickness 48 nm). Note the different vertical scales
for the curves, as indicated by the arrows.
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proved by electron microscopy. Particularly
during the last 25 years there has appeared a vast
number of investigations of the optical properties
of discontinuous Cu, Ag, and Au films?™?; a
wealth of experimental results has been collected
and many theoretical models—all based on the
granular film structure—have been used to in-
terpret the data. A motivation for our scrutinizing
this well-studied subject anew is therefore in or-
der.

The first reason for this investigation is our
previous work! on the size distributions and mor-
phology of islands in discontinuous gold films pre-
pared by evaporation in ultrahigh vacuum onto a
glass substrate. One of the results was that a
good approximation for the three-dimensional
island shapes is given by prolate spheroids with
their symmetry axes parallel with the substrate
plane. As a consequence of the spheroidal forms
the internal electric fields in the islands are con-
stant when these are placed in a uniform external
field, which makes a detailed theoretical des-
cription of the optical properties possible. This
leads to the second motivation, which is our re-
cent detailed investigation® of the optical trans-
mittance through deposits of spherical and,in-
dividually isolated gold particles prepared by
evaporation in air. One curve from this work is
reproduced in Fig. 1. An elaborate theoretical
description, including the roles of dipole-dipole
interactions, oxide coatings, etc., was carried
out. Here we benefit from this earlier study,?
although it should be stressed that the treatment
of the optical properties of discontinuous metal
films is not identical with that for gas evaporated
deposits. The main differences are the non-
spherical shapes of islands, the two-dimensional
nature of the films, and the possibility of having
interactions between substrate and islands. Des-
pite these difficulties we are able to show here
that the optical properties of discontinuous metal
films can be understood in great detail provided
proper account is taken of—in particular—the
sizes and shapes of the islands and their dipole-
dipole interaction. :

The layout of this article is as follows: In Sec.
II we report on the experimental results. We des-
cribe briefly the details regarding evaporation
and electron microscopy of the discontinuous gold
films and show then measured optical transmit-
tance through films with different mass thicknes-
ses. Section III gives a careful discussion of the
sample characterization, which is obviously a
point of extreme importance for a reliable theo-
retical description of the optical properties. We
treat size distributions of the three-dimensional
islands and derivations of accurate measures for

average interisland distance and for mean devia-
tion from spherical shape. In Sec. IV we formu-
late a Maxwell Garnett-type effective-medium
theory for a planar array of ellipsoidal islands.
Interactions among these are incorporated by
defining the “optical” film thickness appropriately,
as shown by Bedaux and Vlieger.*®* Section V con-
tains a preliminary comparison of computed data
and experimental results. The roles of island
size and shape—described by a mean eccentric-
ity—are treated. The main conclusion is that cal-
culated transmittances are much too high to be
reconciled with the experimental facts. The origin
of this discrepancy is dwelt upon in the discussion
in Sec. VI. We first regard substrate interaction.
This leads to an enhanced absorption, but the
effect is estimated to be too small to account for
the measured results alone. We then return to
the local-field effects and argue, from a modest
extension of the work by Bedaux and Vlieger,*?
that these can be significantly enhanced by even a
narrow distribution of particle-particle separa-
tions, which would lead to a lowered transmit-
tance. Our approach introduces one adjustable
parameter. Reasonable values of this single para-
meter yield calculated transmittances being in ex-
cellent accord with measured data for the thinner
films, whereas the predicted transmittance min-
ima are too narrow for the thicker films, which
is expected when considering their very irregular
island shapes. In Sec. VII we conclude this paper
by a summary of the main results and some final
remarks. '

Our present study forms part of a larger in-
vestigation of gold films which considers also the
morphology and size distributions of the islands,
the in situ conduction of a growing film, the change
of conduction following interruption of deposition
and the subsequent properties of structurally sta-
ble films. These aspects were covered in Refs.

1 and 44-48. Some preliminary results from our
optical studies were given in Refs. 49 and 50.

II. EXPERIMENTAL TECHNIQUE AND RESULTS

A. Evaporations

The procedure to prepare the discontinuous
films was discussed in Refs. 45 and 48. Below
we content ourselves with an outline of the main
points of the experimental technique.

Gold of 99.99% purity was deposited onto Corning
7059 glass substrates under ultrahigh vacuum condi-
tions (pressure during evaporation <4 X 10™ Torr;
background pressure <1 X 10™° Torr). The film size
was 5 X5 mm. A resistively heated alumina cruc-
ible served as vapour source. The substrate tem-
perature was kept constant at 290 +5 K, and an
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electric field of 20 V/cm was maintained in the
substrate plane. The amount of material impinging
towards the substrate was recorded on a quartz
crystal oscillator microbalance whose reading
was converted to an effective thickness for an
ideal continuous film having bulk density. The
thickness monitor was calibrated to an accuracy
of +5% by use of a Tolansky interference micro-
scope. After the depositions the films were aged
in ultrahigh vacuum for more than 20 h. The films
(on their backings) were then transferred to a
spectrophotometer for measurements of the wave-
length dependent optical transmittance. Subse-
quently a stabilizing amorphous carbon layer
was deposited on top of the gold in a conventional
bell jar.evaporator. The glass substrates were
dissolved in 5-vol% HF acid and the free films
were then ready for electron microscopy.
Detailed studies were carried out on eight films
with mass thicknesses in the range 1.1-4.0 nm;
the actual values are listed in the first column
of Table I. The films were prepared by evapora-
tion with rates in the interval 0.02—0.04-nm/sec.

B. Electron microscopy

The discontinuous gold films were investigated
with a Philips EM 300 electron microscope oper-
ated at 100 kV. Its resolution was about 1 nm.
Representative pictures for four mass thicknesses
t are shown in Fig. 2. It is clear that when ¢ is
increased the average size of the islands as well
as their irregularity is enhanced. Grain boundar-
ies are visible particularly in some of the larger
islands. The elongation is continuing also in the
interval 4.0 <#<5.3 nm, but once an average thick-
ness of 5.3 nm is exceeded a large scale coales-
cence occurs and a metalliclike electrical con-
ductivity can be measured along the deposit.

The films were evaporated with an electric field
applied in the substrate plane. This may influence
the island structure due to field-induced coales-
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FIG. 2. High-resolution electron micrographs of
discontinuous gold films at four different values of the
mean film thicknesses. The figures represent regions
in the middle of the deposits. -

cence of neighboring islands.’'"® It is interesting
to compare our findings with recent work of Kaz-
merski and Racine,® who investigated discontin-
uous gold films prepared by electron beam depo-
sition in ultrahigh vacuum onto Corning 7059 glass
under zero applied field conditions. They found
that large scale coalescence set in first at £>12
nm, which clearly points at the importance of the

TABLE 1. Data for the discontinuous gold films having mass thicknesses ¢, log-normal distributions of

major axes, minor axes, and equivalent projected diameter defined by @, &, x, (median values) and G,
g, , 0 (geometric standard derivations). The mean eccentricity is e and the average interisland distance is D.

t (nm) a (nm) o, b (nm) o, x (nm) o e D (nm)
1.1+0.2 5.7 (1.5) 4.5 (1.43) 7.3
1.3+£0.2 6 (1.35) .. P 5.2 (1.3) 8.3
1.5+£0.3 8 1.44 5.8 1.22 6.7 1.34 0.79 9.9
1.7+£0.3 8.8 1.38 6.8 1.22 7.5 1.3 0.74 10.8
26+0.2 11.8 1.36 8.5 1.2 9.8 1.3 0.78 13.6
3.0+0.3 16 1.5 9.8 1.28 . 13 1.34 0.86 15.8
3.6+0.3 19 1.5 11.5 1.22 15 1.33 0.86 18.1
40+0.3 25 (1.6) 13 (1.36) 18.5 (1.4) 0.91 21.5
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details of the preparation method for the film.
Another striking difference between our discon-
tinuous films and those of some other workers
is the absence of large quantities of extremely
minute islands; this is amply demonstrated by a
comparison between Fig. 2 of Ref. 60 and our
Fig. 2, aswellas by the results of Ref. 61. The ab-
sence of such abnormally small islands in our
work facilitates the theoretical description of the
optical properties of the films.
From Fig. 2 it is evident that the number density
n of islands decreases for increasing average
film thickness. This effect is elaborated on in
Fig. 3, where we show that the number of islands
per cm? drops with ¢ approximately as nx<e™/%o
(where £, is a constant) over the whole thickness
range studied. Fig. 3 also shows some data from
Hamilton and Logel® who investigated gold de-
posited onto SiO, backings. Their measurements
of n vs ¢ fall on a peaked curve, where the in-
crease at £ <1 nm can be ascribed to an enhanced
occupancy of nucleation centers, and the subse-
quent decrease for £= 1 nm points at the dominance
of coalescence processes. It is obvious that if
our measurements were extended to smaller thick-
nesses we would also observe a peaked n vs ¢
variation, and consequently even our thinnest films
belong to the coalescence stage of film growth.
The area fraction 4 of the substrate covered
with metal increases with increasing film thick-
ness, as can be seen from Fig. 2. We evaluated
A by placing a fine mesh grid over photographs
of the discontinuous films and counted the number
of nodes which fell on the islands in an area con-
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FIG. 3. Number of islands per cm™? vs average film

thickness for discontinuous gold films. Filled circles,
with estimated errors in the thickness determination
shown as horizontal bars, represent the eight samples
under present investigation. Squares denote our pre-
vious measurements reported on in Ref. 1. Open cir-
cles signify results by Hamilton and Logel (Ref. 62).
The straight line indicates n o« exp(—t /).
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FIG. 4. Area fraction of the substrates covered with
metal vs average film thickness for discontinuous gold
films. Filled circles with estimated errors shown as
bars represent the eight samples under present inves-
tigation. Squares denote our previous measurements
reported on in Ref. 1. Open circles signify results by
Hamilton and Logel (Ref. 62). The straight solid line
indicates a linear relation between A and ¢.
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taining more than 1000 islands. As shown in Fig.
4, A increases approximately linearly with Z. In

the figure we also plot some data from Hamilton
and Logel.®® For a given thickness their area
fractions are much smaller than ours, which once
more points at the significance of the detailed con-
ditions at the substrate surface for determining the
film structure.

C. Transmittance measurements

Optical transmittance for the discontinuous films
on their backings was recorded in the wavelength
interval 0.33<x<2.5 pm with a UNICAM SP 700
double-beam spectrophotometer. The lower wave-
length limit was dictated by the transparency of
the glass. We always put a substrate with a dis-
continuous film in one of the light beams and a
clean substrate in the other and monitored the
ratio between the two transmitted intensities; in
this way we diminished significantly the influence
from the glass on the recorded data. Only mea-
surements at normal incidence were performed.

Figure 5 shows wavelength dependent transmit-
tance for the eight discontinuous films of Table I.
The most noteworthy feature is the transmittance
minimum at 0.56<x_,,<0.70, i.e., in the visible
range. The overall curve shapes are seen to be
quite similar for the thinnest films, whereas the
thickest ones exhibit wider minima and a slower
rise of the transmittance in the infrared.

The thickness dependence of X, is shown in
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FIG. 5. Transmittance versus wavelength for dis-
continuous gold films of different thicknesses.

more detail in Fig. 6, where it is seen that the
relation is approximately linear over the thickness
interval investigated. At zero thickness the in-
tercept with the ordinate occurs at A, =0.51 um.
Figure 6 also contains some data which were ex-
tracted from the literature; the results by Rasigni
and Rouard®'?? are in good accord with ours,
whereas those by Yamaguchi® exhibit a weaker
thickness dependence of the transmittance mini-
mum. The discrepancies are probably caused by
slightly different conditions for island growth in
the various experiments. For completeness it
should be mentioned that optical transmittance
through discontinuous gold films has been mea-
sured also by Doremus,?® Truong and Scott,® and
Jarrett and Ward®; their data are notincluded in
Fig. 6 because either very few results are avail-
able for £ <4 nm or the A,,’s are difficult to de-
termine accurately from the published curves.

o from Rasigni and Rouard
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FIG. 6. Wavelength of the transmittance minimum
vs thickness for the films in Fig. 5. Data are shown also
from articles by Yamaguchi (Ref. 8) and by Rasigni and
Rouard (Ref. 22). The straight line represents the re-
lation Ay, =510+ 46¢ with A;, and ¢ in nanometers.

Silver films have been even more thoroughly in-
vestigated than gold films and numerous results
of thickness dependent transmittance minima have
been recorded? ®13:21:22:27:35:38  Ag a rule A, is
roughly proportional to ¢ also for these data.

III. SAMPLE CHARACTERIZATION

The main theme of this article is a detailed
theoretical explanation of the optical transmit-
tance data presented in Sec. IIC. To be able to
carry out this programme it is obvious that a very
accurate description of the film morphology is
imperative; such analysis is the topic of this sec-
tion.

A. Size distributions

1t is clear from the electron micrographs in
Fig. 2 that the gold islands exhibit a size dis-
tribution. Its shape depends on the coarsening
mechanism,; which is coalescence dominated as
was argued for in Sec. IIB. For coalescence
growth we can make use of a statistical model®:®
predicting that the logarithm of the island volumes
should have a Gaussian distribution. In the case
of spherical particles the fractional number of
particles An per logarithmic diameter interval
A(lnx,), can then be written

- Ln =fun(¥)A(nx,), | ) (1)
with

e~ gy 0 -3 (PR,

which defines a log-normal distvibution function®
(LNDF). In Eq. (2), X, denotes the statistical
median of the sphere diameters and o is their
(geometric) standard deviation. Empirically,
the LNDF has been shown to constitute an excel-
lent approximation for experimental size distri-
butions of islands in discontinuous noble metal
films,'* %% inert gas evaporated particles,? %66
supported metal catalysts,® 57 and some colloidal
particles.%®

The electron micrographs show that the metal
islands look far from circular in particular for the
larger thicknesses. A reasonable approximation
for the projected area of a film particle is to des-
cribe it as being instead an ellipse with an area
(7/4)ab, where g is the major axis and b is the mi-
nor axis. For practicalpurposes weleta represent
the maximum length of an island while b denotes its
largest perpendicular width., Evaluations of gand b
for two discontinuous films with different thicknesses
are shown in Fig. 7, where the dataare also compared
with LNDF’s. We obtained the correct normaliza-
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tion® of the graphs by plotting @ versus (Aa/
a@)Nf;n(@) (and correspondingly for b), where Aa
is the constant interval in the size histogram and
N is the total number of particles in the evalua-
tion. It is seen that the asymmetric, bell shaped
LNDF’s are good approximations in particular at
t=3 nm, whereas the agreement at £=1.5 nm is
more dubious. Such fits define median lengths
for the axes, @ and b, as well as their standard
deviations, o, and o,; the actual values of these
quantities are given in Table I for all samples.

We simplify the treatment of the particle shapes
by defining also an “equivalent projected diameter”
as

x=(ab)'/? . ®)

From Fig. 7 it is found that also x exhibits an
LNDF, which is defined by ¥ and o, whose mag-
nitudes are listed in Table I. It is interesting to
notice that ¥ is roughly proportional to ¢, whereas
o remains almost constant (the ¢’s for the thin-
nest and thickest films are very uncertain).
Furthermore, the ¢’s of Table I fall inside the
range 1.22<0<1.34, which was found previous-
1y'+%3:%* to be appropriate for discontinuous noble
metal films on amorphous backings. Figure 7
hence proves that @, b, and (@b)'/2 all can be well
accounted for by LNDF’s which signifies® that—
at least to a first approximation—the major and
minor axes of the elliptical islands can be re-
garded as statistically independent entities. From
the reproductive properties® of the LNDF we then
obtain

%= @by /2, (4)

which is in good correspondence with the experi-
mental results in Table I. ‘

An internal check on the consistency of our re-
sults for median island diameters, number of
islands per unit area and area fraction can be ob-
tained because A/xn defines an average area per
island. It is thus expected that a relation

A/n=(7/4)x? (5)

should hold at least approximately. A test of this
expression is provided by Fig. 8, where the
straight line represents Eq. (5). All data points
fall very close to this line, indicating that our
evaluations of A, n, and ¥ are not subject to any
significant systematic errors.

B. Mean eccentricities

A quantification of the average deviation from
circularity for the islands’in the discontinuous
films will be convenient for a description of their
optical properties, as will be seen later. As a
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FIG. 7. Distributions of major (a) and minor (b) axes
and of equivalent projected diameter (x =Vab) for is-
lands in discontinuous gold films with two average film
thicknesses. The symbols denote midinterval values
in size histograms based on evaluation of 300 particles
at each thickness from electron micrographs of the
kind shown in Fig. 2. The curves represent log-normal-
distribution functions, whose median values and
geometric standard deviations are contained in Table
I. They are normalized so that the mode ordinates are
equal to unity.

starting point the eccentricity e of an ellipse is by
definition
e?=1-(b/a) . .. (6)

The optical properties are not directly related to
the €’s and therefore no unique mean eccentricity
can be given for an ensemble of islands. However,
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FIG. 8. Median diameter versus 2 (4 /7n)'/? for
discontinuous gold films. Filled circles signify the
eight samples under present investigation. Squares
denote our previous measurements reported on in
Ref. 1. Straight line represents Eq. (5).

an obvious definition is to write simply
g;=1-(/ay . ' M

Another definition is obtained by following the
reasoning in Ref. 1, where we set

22=1_(N-1i Z—Z)z V ®)

k=1

which puts most weight on the islands with largest
elongation. Neglecting the condition @,> b,, which
is of course a rather gross simplification, one
can show that'

€2~ 1 - (b/a) exp(-4 In0). ()]

Table I contains an evaluation of e for those of
our discontinuous films for which we were able
to obtain sufficiently reliable values of @, b, and
o. As expected the mean eccentricity is gradually
enhanced when the average film thickness is in-
creased.

C. Three-dimensional island shapes

Up until now we have been discussing only the two-
dimensional images of the islands, as seen in
the electron micrographs, whereas the optical
properties are governed by their three-dimen-
sional structure. For the case of film particles
represented by whole prolate spheroids (formally
obtained by rotating an ellipse around its majox
axis) it was shown in Ref. 1 that a relation

t - q=3A%(1 -2°)!/4 exp(3 In0) (10)

should be approximately fulfilled. In Eq. (10)

t — q denotes an effective film thickness,; which
takes into account the fact that the amount of ma-
terial impinging towards the substrate is not nec-

essarily equal to the amount located on its surface

as visible islands; this “lost thickness” is called
q. We used the data of Table I to test the validity

of Eq. (10) by plotting # versus the expression in
its right member in Fig. 9. It is seen that for
small ¢ the data points lie rather accurately on a
straight line (solid line), showing that a model

of whole prolate sphevoids is a good approxima-
tion for the three dimensional shape of the islands
at t <3 nm. At larger thicknesses the points fall
well above the straight line, as indicated by the

dashed curve. The most reasonable explanation
is that the spheroidal approximation breaks down.
The spheroidal model implies contact between
island and substrate in one point only, which is

of course unrealistic. We believe that our results
should be interpreted such that the islands have a
contact area much smaller than (7/4)ab, as
sketched in the inset of Fig. 9.

The evaluation in Fig. 9 indicates a nonzero
intercept with the abscissa for the solid line, which
yields ¢ 0.5 nm (corresponding to less than two
atomic layers of gold). This result is in keeping
with the findings by Hamiltonian and Logel®:7%7!
and by Baezold™ that the first few atomic layers
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FIG. 9. Test of Eq. (10) for islands described as
whole prolate spheroids. Filled circles signify the
eight samples under present investigation. Squares de-
note our previous measurements reported on in Ref. 1.
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depicts our concept of film particles on a substrate;
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are not contained in the discontinuous film. Pos-
sible explanations for this phenomenon include
diffusion of Au into the substrate, significant re-
evaporation of the deposited film, and absorbed
gas layers acting as to bury the first atoms.”
Still another conceivable reason for a nonzero ¢
is that the discontinuous film forms according to
the Stranski-Krastanov'*’® model, i.e., the first
condensing atoms do not nucleate but form a layer
upon which the islands then grow; this gold sheath
might be lost when the substrate is dissolved in
acid.

D. Average interisland distances

Not only the island sizes and shapes are impor-
tant for understanding the optical properties, but
also the average interisland separation is needed.
One obvious experimental way of determining this
quantity is to select an area containing 100 islands,
say, and measuring for each of these the smallest
center-to-center distance to its neighbours, Dumin.
Distributions of D,;, are shown in Fig. 10 (open
symbols and dashed curves) for films with two
mass thicknesses. Another approach is to deter-
mine for each island the distances to its four
nearest neighbours and associating an average
island-to-island separation D, with the arithmetic
mean of these four lengths. Distributions of Dav
are also given in Fig. 10 (filled symbols and solid
curves). It is natural to define an unweighted av-
erage interisland distance for the entire films D
by its mode.

The derivation of D, as sketched above, is rather
cumbersome and an easier way of finding its mag-
nitude would be desirable. To this end we note that
the average interisland separation can be written

D~ g(p)x/AM? (11)

for islands of equal diameter X placed on a regular
two-dimensional lattice such that an area fraction
A is covered with islands. The prefactor £(p) de-
pends on the coordination number p of the lattice
and it is easy to show that £(6) = 712 /12174 for the
hexagonal lattice, £(4)=37'/2 for the square lat-
tice and £(3) = 111/2/271/4 for the triangular lattice.
Using the empirical results for ¥ and A we derived
the corresponding D’s shown by arrows in Fig. 10.
‘Clearly p=4 yields the best approximation for the
average island-to-island separation. The last
column in Table I gives D’s obtained from Eq. (11)
with £(p) = §(4).

IV. EFFECTIVE-MEDIUM FORMALISM

The islands in the discontinuous films are or-
ders of magnitude smaller than the wavelength of
the incident light. Hence the optical:properties of
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FIG. 10. Distributions of interisland separations for
discontinuous gold films with two mass thicknesses.
Open (filled) symbols denote histogram midpoints ob-
tained by evaluating the minimum (average) island-to-
island separation as described in the main text. The
curves indicate the distributions and are drawn only as
a guide to thé eye. Arrows point at average interisland
separations obtained from the approximate Eq. (11), with
coordination number as shown by the encircled figures.

the deposits can be characterized in terms of an
effective medium, being a spatial average over the
dielectric permeabilities for the metal islands

and for their surrounding medium. In this section
we develop an effective medium approach so that

it allows realistic treatments of two-dimensional
arrays of ellipsoidal islands.

A Maxwell-Garnett-type theory

The Maxwell Garnett’®” theory yields an effec-
tive permeability € for identical spheres according
to the “standard expression”

(E—Gm)/(g*'zEm) =>f(€—€m)/(€+2€m), (12)

where € is the dielectric permeability of the metal
islands, €, is the dielectric permeability of their
surroundings and f is the “filling factor”, i.e.,
the volume fraction of metal in the discontinuous
films (to be defined shortly). As discussed in Ref.
2 the Maxwell Garnett approach is valid when

(47%x% /1522)(e +4)(e +2) /(2e +3) < 1,

where x, is the sphere diameter. This criterion
holds in the case of gold for granules with sizes of
the order of 10 nm or less.>? The Maxwell Gar-
nett theory also presumes that the Lorentz local-
field correction applies and that the induced polar-
ization of one particle from its neighbors is non-
retarded.”®
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Equation (12) implies that all islands are de-
scribed by the same €. However, they are suffi-
ciently small that boundary scattering should af-
fect significantly the mean free path of the con-
duction electrons, so that the dielectric function
pertaining to the islands should instead by written
€;, where the subscript denotes islands having a
mean free path in an interval centered around /.
A convenient way of rewriting Eq. (12) to account
for this size dependence is to put®

€m<l+%;f,~a§>/(1—-;—2f,~a}) ) (13)

where the f’s area set of fractional filling factors,
normalized by

2 =1, (14)

J

and aj is proportional to the polarizability of the
jth particles. For ellipsoids with one of their
axes perpendicular to a plane but with otherwise
random orientations we have
,_ 1 : €;,— €,

aj=—

2 41 €, +Li(€;~€,)’ {15)

where L, and L, denote the depolarization factors
pertaining to the axes parallel with the plane.
Equation (15), which holds only for normal inci-
dence, was derived by Hunderi’ in a treatment

of the influence of grain boundaries and lattice
defects on the optical properties of metals. Equa-
tion (15) inserted into Eq. (13) is seen to be ap-
propriate for our morphological model of the dis-
continuous gold films, where we regard the islands
as being prolate spheroids—characterized by a
mean eccentricity é— with their symmetry axes
parallel with the substrate plane. Within this
model the depolarization factors are given by®°

L=[(1-2®)/2e*{in[(1 +e) (1 ~¢)|-2¢},  (16)
L,=3(1-L1y, (17)

. or equivalent expressions in terms of ¢, [cf. Eq.
(M-

Simpler versions of Eq. (15), referring to L,
=L, #%, i.e., to islands with circular cross sec-
tions in planes parallel with the substrate, were
first given by David® in 1939 and later by Schop-
per®®®; their approach has since become accepted
almost unanimously in treatments of the optical
properties of discontinuous films, as well as in
some other experimental situations.®*® However,
the assumption L, =L, must be a very poor one
indeed, since it is well known that electron mi-
croscopic images of the islands usually look far
from round, and we find it surprising that a sim-
plifying assumption introduced at a time when the

electron microscope was not available has sur-
vived, virtually uncriticized until now.

B. Local-field correction. filling factor, and optical
thickness

The usual derivation of the Maxwell Garnett
theory™®™ is not directly applicable to the present
experimental situation because it does not incor-
porate the corrections to the electric field at one
island from its neighbors. These local field ef-
fects, which mainly represent contributions from
particles inside a Lorentz cavity, cannot be ne-
glected on account of the small interisland dis-
tances, which imply that in particular the retarded
electric dipole-dipole coupling must be significant.

One simple way of introducing a coupling among
the particles is to make the effective medium the-
ory self-consistent, which is achieved by rewriting
Eq. (15) as

(18)

An entirely different self-consistent effective-
medium theory was pioneered by Bruggeman,®®
whose approach leads to an alternative relation®
for € replacing Eq. (13). A third self-consistent
theory can be formulated® from the work of Hun-
deri.”® The main difficulty with these three mod-
els is the fact that they are mean-field theories
which represent the interactions among the par-
ticles only in so far as these can be described by
a constant far field, whereas the specific near-
field effects are suppressed.

The role of the distorted local field for the opti-
cal properties of island films has been discussed
by Yamaguchi,®?° Meessen,® and, in particular,
Bedaux and Vlieger.**8%89 We will follow here the
approach by the latter two authors, who found that
the local-field correction could be simulated by
making the substitution*?

=1
Sre -2 ha (1- gy L), 9

7 -

where (A) denotes an “effective” distance which is
roughly equal to the separation between the centers
of adjacent islands. The detailed form of the sub-
stitution (19) applies to islands in an “amorphous”
configuration, and somewhat different prefactors
in the denominator are encountered under other
circumstances. The above substitution is equiva-
lent to introducing “effective depolarization fac-
tors” which medify the L;’s in Eq. (15); this kind
of analysis was applied to discontinuous gold
films in a couple of recent articles,** and an inti-
mately related approach was employed in our re-
cent treatment?® of the optical properties of ultra-
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FIG. 11. “Optical” thickness (circles) and filling fac-
tor (squares) for the discontinuous gold films of the
present work (filled symbols) and of Ref. 1 (open sym-
bols). The straight line represents Eq. (22).

fine gas evaporated gold particles, where we were
able to obtain excellent agreement with experimen-
tal data by taking certain fractions of the particles
to be aggregated into chains and clusters.

In the present case of islands in a discontinuous
film the clustering is much less significant, and
we expect that one specific value of (A) suffices
for a good description of the experimental facts.

It is then equally correct to discuss the optical
properties in terms of an “optical” thickness {,,,
of the film as in terms of effective depolarization
factors, and Bedaux and Vlieger*? found that the
appropriate definitions would be to put

topt =3(A) (20)
and
f = t/t()PQ (21)

in the non-self-consistent Maxwell Garnett theory.
" It remains now to define {A). Bedaux and Vlie-
ger*® do not indicate any weighting of the interpar-
ticle distance in favor of the smaller or larger
separations and, therefore, we feel that (A) =D
should be the estimate which is most in line with
their approach, although, upon close inspection
of their calculation, it cannot be ruled out that this
relation gives a somewhat too large value of (A).
Figure 11 shows f and fsp for our discontinuous
gold films (taking (A) =D) and it is found that, em-
pirically, [op: depends on mass thickness as

topt =1.08, (22)

while the filling factor consistently falls at f =0.14
with no obvious dependence on £,

C. Size-dependent dielectric permeability

The derivation of an effective dielectric perme-
ability from Eqgs. (13) and (15) implies averages
over a set of size dependent dielectric permeabili-
ties, €;. Reliable values of this quantity were ob-
tained by starting from an accurate ellipsometric
determination of the dielectric permeability for
bulk gold— €.y, as measured by Winsemius®—
but modifying these data to account for size-de-
pendent scattering in the free-electron (Drude)
part of the dielectric function according to the

construction
= Drud
€= Eoxpt — Eompe +ehde | (23)

The two Drude terms are given by

Drude — 1 ___(ii__._ (24)
Cept” == w(w+1/T,)
and
2
Drude — 1 _ w__;
< 1 w(w+i/1;/) (25)

where w, is the bulk plasma frequency, T, is the
mean electron lifetime for bulk gold, and

T;t=Tt R/l (26)

where vr is the Fermi velocity and /; is the mean-
free path for electrons in particles of size j. It
should be noted that this construction leaves the
interband part of €. unchanged and also neglects
any size quantization® ™% of the conduction band.
As far as we know, closed expressions for /; ex-
ist only for spheres, where®"%

1,=%x,, (27

applies to diffuse boundary scattering of conduction
electrons.

From Winsemius® the bulk properties are Ziw,
=8.55 eV, 7 /7,=0.108 eV, vz/c=4,7x 1073 these
values were used throughout our calculations.

D. Calculation of optical transmittance

Our calculation of optical transmittance follows
the standard equations given in several books.%°
We considered a thin slab (thickness fopt) com-
prised of islands on a Corning 7059 glass sub-
strate, having a dielectric constant €,=2.34, as
stated by the manufacturer. The transmitted in-
tensity, Tps, was computed by adding of ampli-
tudes in the film and intensities in the substrate.
Hence we excluded interference effects in the
glass. We also calculated the transmitted inten-
sity T g through an uncoated substrate. The final
transmittances, which are plotted in several fig-
ures below, were derived from T = Tpg/Tss.
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V. CALCULATIONS AND PRELIMINARY
COMPARISON WITH EXPERIMENTS

In this section we begin the detailed analysis of
the optical data by comparing them with theoretical
results based on the Maxwell Garnett-type effec-
tive-medium approach. The theory thus applies to
islands which experience local field effects ac-
counted for by Eq. (20) with {A) =D and are not
influenced by the substrate, i.e., have ¢, =1.

A. Role of island shape

Figure 12 depicts calculated and measured opti-
cal transmittance for discontinuous gold films
having two mass thicknesses. In the theoretical
data we used four different mean eccentricities
for the islands, as shown in the figure, together
with f and fop: as given in Fig. 11. To obtain a
convenient starting point for the analysis we first
calculated the transmittance for spherical islands
(dash-dash-dotted curves) and compared the result
with the measurements (solid curves). It is im-~
mediately clear that the two kinds of data resemble
each other in so far as they both display a marked
absorption band in the visible range and a high
infrared transmittance. They also both reflect
interband absorption as a diminished transmittance
at A<0.5 um. The most salient features, though,
are the predicted transmittance being much too
high and having a minimum falling at too short
wavelength.

As we discussed earlier, an assumption of
spherical islands is not supported by the electron
micrographs, but a much better approximation is
achieved if we postulate instead prolate spheroidal
.shapes governed by a mean eccentricity. Two
different averagings led to the definitions of ¢ and
2, in Eqs. (7) and (8). It is obvious that e> ¢,
The dotted and dashed graphs in Fig. 12 refer to
using these quantities (and /; = 3b;, as will be dis-
cussed shortly) in the effective-medium treat-
ments. By going to larger mean eccentricities the
transmittance minimum is seen to become deeper
and shift towards larger wavelengths, but the
changes are by far too small to bring the computed
data into correspondence with the measurements.
If we choose a very large mean eccentricity the
agreement with experiments becomes improved
and with a value 0.95 (dashed-dotted curves) the
transmittance minimum almost coincides with the
measured result, while the overall agreement is
still unacceptable. It should be stressed that this
latter mean eccentricity is much larger than the
experimental evaluations (cf. Table I), and the
most important conclusion from Fig. 12 is there-
fore that the computed transmittances arve much
lavger than the measuved ones.
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FIG. 12. Transmittance vs wavelength for discon-
tinuous gold films with two mass thicknesses. Cal-
culated results (variously dashed and dotted curves)
refer to using f and ¢, as in Fig. 11, b and o, as in
Table I, €,=1,€,=2.34, and mean eccentricities as
shown in the figure. Solid curves signify measured
data (previously shown in Fig. 5).

B. Role of island size

We pointed out in Sec. IV C that the mean-free
path /; is equal to the radius in spherical islands,
provided the conduction electrons experience dif-
fuse scattering at the boundaries. No analytic
expression for /; exists for spheroids, though. It
is obvious that b; <2/; <a;, and from the prolate
shape we must expect that /; lies closer to the
lower limit than to the upper. A more exact solu-
tion, which yields /; as a function of eccentricity,
can be worked out numerically from equations given
by Euler®” (who applied them only to oblate spher-
oids), but it should be stressed that such a solution
does not yield a “true” mean free path for the is-



lands not only because a spheroidal model is inex-
act but also because grain boundaries occur in par-
ticular in the larger islands. Grain boundary scat-
tering is not incorporated via 7, owing to the large
crystallite sizes in Winsemius’s bulk data.?”® The
detailed influence on /; from this effect is hard to

. determine, but some qualitative results can be ob-
tained from an analysis of the electrical conduc-
tion in thin continuous metal films by Mayadas and
Shatzkes'®™ who found that grain boundaries were
considerably less efficient scatterers than external
surfaces. Thus /; ought not be depressed very
much from what it would be in single crystalline
islands and we conclude that

1,50, (28)

should be an accurate approximation. This sub-
stantiates the choice of /; made in the previous
computations of Fig. 12 as well as in our prelimin-
ary reports in Refs. 49 and 50. From Eq. (28) we
can define a median mean free path /, which is
equal to the statistical median for the minor half
axes.

With the aim of elucidating the role of mean
free path on the optical transmittance we per-~
formed a series of computations by setting /;

18 OPTICAL PROPERTIES OF DISCONTINUOUS GOLD FILMS 685

=3b;, 1;=3a,;, and [;=a, in addition to what we
believe is the best estimate, namely, Eq. (28).
Figure 13 shows results for a discontinuous film
having a mass thickness 3.0 nm. It is evident that
an enhanced mean free path produces a narrower
and deeper transmittance minimum, whereas Amin
is not shifted. The ultraviolet transmittance is in-
fluenced only marginally by 7, which is a manifes-
tation of the presumed size independence of the in-
terband contribution to ;.

The distributions of /; employed in Fig. 13 are
specified not only by their statistical medians but
also by their geometric standard deviations, i.e.,
by o, or o, (cf. Table I) depending on which defini-
tion we take for /;. The effect of an altered distri-
bution width was investigated in a set of calcula-
tions where we took / =3 but varied the geome-
tric standard deviation from 1.0 (representing a
8-function distribution) up to 1.6, where the latter
value is significantly larger than o,. The changes
in the transmittance were too small to be shown
in a diagram of the kind in Fig. 13, which is in
keeping with previous results for gas evaporated
gold granules (cf. Fig. 13 in Ref. 2). Clearly the
islands with lj<l—give a smoothing of the trans-
mittance dip, whereas those with 7,>7 yield a
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FIG. 13. Computed transmittance vs wavelength for discontinuous gold films with four different prescriptions for
the average mean free path. We used parameters appropriate to the film with ¢ =3.0 nm, viz.,f=0.142, ¢,,;=21.1 nm,
€,=1, €,=2.34, and&, b, o,, 0,, and @ as given in Table I. Solid curve is identical with the lower dashed curve in

Fig. 12.
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sharpening. The asymmetry of the log-normal
distribution function is responsible for the can-
cellation of these two counteracting effects being
so remarkably efficient.

C. Extension of the effective-medium formalism: Improved
averaging over an ensemble of islands

Previously in this section we considered the op-
tical absorption of islands whose deviations from
spherical form were characterized by a mean
eccentricity, e or e,. This approach needs justi-
fication both because the definition of a mean ec-
centricity is not unique and because the eccentrici-
ties of the individual islands depend to some ex-
tent on their sizes so that the largest islands tend
to be most elongated (cf. also Fig. 4 in Ref. 1).

To investigate the possible influence from these
complicating experimental facts we must extend
the effective medium formalism so that it encom-
passes averages over ensembles of islands de-
scribed by a set of N individual (relative) volumes
V., and eccentricities, e,=[1-(b,/a,)?]'/2. The
appropriate generalization of Eq. (13) is then

2 & 1 &
Ezém(l'*'? e Vhal:>/< —_é— Z Vkak,>’

k=1
(29)
with
13 € €
R — "RTEm 3
R I e P (30)
and
. .
PIRATS , (31)
k=1

where the' depolarization factors L), and L,, are
given by Eqgs. (16) and (17) with # replacing j. The
dielectric permeability for the %Zth island ¢, is
governed by the mean free path [, =3 b,.

The solid curves in Fig. 14 were calculated from
the above equations by summing over islands in
three randomly selected areas containing 50 is-
lands at each mass thickness. The rather small
samplings allow observations of variations of the
optical properties among different regions of the
discontinuous films. These data are compared
with computations based on a mean eccentricity
¢ (dashed curves). At the smallest thickness the
four curves are practically overlapping and hence
a constant e gives a very good representation for
the island morphology. Furthermore, areas con-
taining as few as 50 islands provide a good model
for the overall optical transmittance. Comparing
with the upper dotted curve in Fig. 12 it is seen
that the agreement with the random samplings is
somewhat better with ¢ than with e,. At the larger
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FIG. 14. Computed transmittance vs wavelength for
discontinuous gold films with two mass thicknesses.
Each solid curve denotes averaging over a randomly
selected area containing 50 island, as described in the
main text. Other parameters were f and t,, as shown
in Fig. 11, €,,=1 and €, =2.34. Dashed curves repre-
sent calculations using constant mean eccentricities 2;
they are identical with the dashed curves in Fig. 12.
Parts of the solid curves were excluded to gain clarity.’

mass thickness we find from Fig. 14 that the re-
sults from different samplings over 50 islands dif-
fer noticeably, which is a manifestation of their
being more irregular. Calculations with a mean
eccentricity e still gives an acceptable approxima-
tion for the optical properties.

It is important to note that the computational
technique of this section does not necessarily lead
to more reliable predictions than the previous
simpler approach. The reason is that the largest
islands in the thicker films, which dominate the
absorption, are those for which the spheroidal
approximation is worst. Therefore the most im-
portant conclusions of this section are the empiri-
cal justification of the mean eccentricity e for the
thinnest films and the qualitative result that this
approach underestimates—to an unknown extent—
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the width of the transmittance minimum for the
thicker films.

VI. DISCUSSION

The most important result of Sec. V was the
measured absorption being much larger than the
computed one. The aim of this section is to clari-
fy the origin of this enhanced absorption.

A. Effects of an interisland dielectric constant

Our effective medium formalism was written
with a variable €,, which allows treatments of an
interisland dielectric constant different from uni-
ty. Below we will first investigate the effects of
a real €,> 1 and then regard the possibility of
having also an imaginary contribution.

To motivate the use of a 7eal €,,> 1 we note that
the islands must have a certain region of contact
with the substrate. Hence one expects ¢, to fall
inside an interval bounded by the dielectric con-
stants for air and for the substrate material, i.e.,
1 <€, <e,. However, the common area must be
small so that in reality ¢, ought to lie much closer
to the lower limit than to the upper. Surface ir-
regularities tend to augment the substrate interac-
tion, but it appears doubtful whether these play
any role because Corning 7059 glass is known to
be extremely smooth.

The extensive literature onthe optical properties
of discontinuous films does not provide much to
our understanding of the significance of ¢,, which
is not surprising when one considers the insuffi-
cient sample characterizations. Actually, unani-
mity among different workers ends with the above in-
terval fore ,, and the disparity among various claims
forthe appropriate ¢, inside this range is exasper-
ating. For example, Truong and Scott® calculated
optical properties for aggregated gold films by
taking €,=1 and obtained satisfactory agreement
with their experiments. In another very recent
study of similar films by Jarrett and Ward® it
was concluded from detailed comparisons of theo-
ries and experiments that €, = €, would be approp-
riate. This latter choice was made also by Dore-
mus®® who found good correspondence with his ex-
perimental results. From an extensive ellipsome-
tric investigation of discontinuous silver films by
Yoshida e/ al.*® it was found that ¢, ~ €, would be
appropriate for {<2 nm and that ¢, decreased for
larger mass thicknesses and was practically equal
to one for = 8 nm. Later the same authors re-
vised their contention and stated'® instead that
€,=1. Even more surprising is the recent claim
by Tokarsky and Marton®® that €, =1 would be valid
for extremely thin gold films, whereas €, =€,
would be better at larger thicknesses. In addition

to the above two values for €, a definition €,
=3(es+1) has sometimes been adopted. This choice
was introduced by David®! and has since been used
in, for example, Refs. 21, 22, and 25.

Figure 15 shows our calculated results with a
real interisland dielectric constant defined in three
different ways, viz., €,=1, €,=3(e;+1)=1.67, and
€,=€,=2.34. An increased magnitude of €, is
found to decrease the transmittance and shift Amin
towards larger wavelengths, and when the inter-
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island dielectric constant is set equal to that of
the substrate we obtain a fair correspondence with
the experimental data (solid curves) in particular
for the thinnest film. However, this value for ¢,
is certainly much larger than what we expect so
that the good fit between theory and experiments—
though striking— should nevertheless be regarded
as irrelevant.

The interisland dielectric constant need not be
purely real but can also have an émaginary part,
€n = €y +E€,,. Its most natural origin is a non-
zero tunneling conductivity 0, caused by electron
transfer either through the air between adjacent
‘islands or via the substrate.*®!°* Expressed in
terms of a finite sheet resistance, Ry = (0707,
this tunneling yields the imaginary contribution

€y = 2V/R,CL. (32)

As far as we know the effects of electron transfer
have not been discussed previously in the context
of optical properties of island films, but the
mechanism has been mentioned for the related
cases of optical absorption in cermet films® and
in gas evaporated particles in metallic contact.'®

We performed computations with several values of
€n2andwithe,, =1. The most salient features of the
transmittance curves withe,,, > 0 were the gradual
decrease of the infrared transmittance and the
smearing of the minimum in the visible range.
For the thinnest films we found that ¢, ~0.1 should
be an upper limit for the imaginary part; this val-
ue corresponds roughly to R, ~2 x 10°  at optical
frequencies. The dc resistance, on the other hand,
was found to be > 10'* Q from direct measure-
ments**® on these films. The lowered infrared
transmittance which we observed in the thicker
films is in agreement with the results given by
€mo> 0, but if tunneling were dominating it was
found from the computations that the transmit-
tance minimurn would also be smeared substan-
tially. As a result of this analysis we conclude
that electron tunneling plays a minor role at all’
mass thicknesses.

B. Local-field effects revisited

In this section we present a more detailed dis
cussion of local field effects than the one in Sec.
IV B, where we simply reproduced the main re-
sult from a work by Bedaux and Vlieger,* viz.,

topt =4 (A) =5 D, (33)

with
‘E = g _amorph ~1

for an “amorphous” distribution of islands. We
first wish to elucidate the magnitude of the mul-
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FIG. 16. Computed transmittance vs wavelength for
discontinuous gold films with two mass thicknesses.
We simulated changed local-field effects by having the
shown values of ¢ in conjunction with €,=1, €,=2.34,
and b, 0,, and € as in Table I. Solid curves denote
experimental data and were shown also in Fig. 5.
Dashed curves are identical with the dashed curves in
Fig. 12.

tiple scattering effects inherent in this definition
of t,,,, which is readily done by computing the
limiting transmittance for ., ~* and f—0 with
flopi=t. We also employ €, =1 throughout these
calculations as we do not want to introduce a fur-
ther complication by substrate interaction. It

is seen from the dash-dot-dotted curved in Fig,
16, applying to £ =20, that the overall transmit-
tance is higher than when we have £=1 (dashed
curves), which is the expected result. At the lar-
gest {,,’s in these calculations some weak inter-
ference effects were noted which explain the dash-
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dot-dotted curves going above the 100% lines at
large wavelengths,

The above value of &, iS rough,*® and with the
purpose of shedding some further light on the pro-
per selection of an optical thickness we calculated
the transmittance for islands lying on a regular
square lattice where an exact solution is available.
The result is*®’ 8°

.dl -
£= & quare =27 (Z’ | u? 402 '3/2> ~0.696

[if D in Eq. (33) denotes the lattice spacing]. Some
exact results have been derived also for hexagonal
lattices.!® It is seen from the dotted curves in
Fig. 16 that & ... yields a lowered transmittance
compared with the expected result for an “amor-
phous” configuration of islands, which is interest-
ing because, intuitively, one would expect the
near-field effects to become smaller when the is-
lands are kept well apart in a regular arrange-
ment than when they can come closer to each other
locally by virtue of a more random distribution.
The result that £ opn> & quare do€s not in itself
imply any inadequacy of the treatment by Bedaux
and Vlieger,*? though, because (A) is only roughly
equal to the average interparticle separation.

This indicates that it might be appropriate to use

¢ as a fitting parameter, but it should then be ob-
served that in order to achieve computed data in
rough agreement with the measurements one needs
§ <<1, which is exemplified by the two curves in
Fig. 16 pertaining to £ =0.35 and £=0,25, It
seems hard to justify from the results by Bedaux
and Vlieger*® that £ be shifted by such a large
amount and a more fundamental motivation for
taking £ as an adjustable parameter is therefore
demanded, which can be obtained only by going
somewhat beyond their analysis.

We note that the local field correction described
by the substitution (19) contains the factor ¢ /{A)
in the denominator, which indicates that the mass
thickness of the entire film would determine the
local field at the islands. This is not quite cor-
rect, but the local field is governed by the local
thickness t,, at the islands, which is a function of
A so that a more plausible substitution would be

An appropriate definition of ¢, for islands with
volumes (1) @ 92 forming a square lattice is

Lioe =72 B%/BAZ (35)
1t is then straightforward to prove that
t/D 3t D=3
= = = <
8 =10 0o /N “ZABDNA®Y “(A3y L (36)

where the approximate equality is well obeyed, as
can be proved by inserting empirical values of A,
b, and D. The average (A™%) implies a strong
weighting in favor of the smallest interparticle
distances, and it is therefore natural to associate
the average with the mode in the distribution of
minimum distances between the islands. Compar-
ing the dashed and solid curves in Fig, 10 we can
make a rough estimate £=0.5, which proves that
the magnitude of £ is very sensitive to the detailed
distributions of interparticle separations.

C Final comparison of theory and experiments

We argued that the substrate interaction would
be small, although it is obvious that it cannot be
totally absent because of the small parts of the is-
lands which have to make contact with the sub-
strate. In our final computations we used €,,=1.2
+10.12, with the imaginary part chosen to give the
best overall agreement with the experiments. The
fitting is not very sensitive to the detailed value of
the imaginary contribution, though, and it cannot
be ruled out that a purely real interisland dielec-
tric constant would be more correct.

The enhanced local-field effects are definitely
the most important cause for the increased ab-
sorption,” These are accounted for by using &
=¢. as an adjustable parameter. Taking the
above prescription for €, this is the only free
parameter in our theory. Best fits between theory
(circles) and experiments (solid curves) are shown
in Fig. 17 where we employed the £ ’s given in
the upper part of Fig. 18. Results are given for
five mass thicknesses; we excluded our two thin-
nest deposits since we were unable to derive reli-
able mean eccentricities for these as well as the
thickest film which displayed very irregular is-
lands. For the thinnest films we obtain a very
satisfactory correspondence and reproduce the
transmittance minimum nicely. The thicker films
(with £=2.6 nm) display too low a measured trans-
mittance in the infrared which is indicative of a
breakdown of the validity of a mean eccentricity.
We stress again that it is not obvious that aver-
aging over an ensemble of individual islands, as
outlined in Sec. VC, is superior because this
computational approach overestimates the influence
from the largest islands. Therefore we must con-
tent ourselves with stating that the reason for the
lowered infrared transmittances in the thicker
deposits is their irregular islands, whose optical
properties cannot be treated theoretically with any
confidence.

The measured data consistently drop somewhat
below the calculated results for A= 0,5 um, which
is similar to what we observed in our previous in-
vestigation?® of the optical properties of gas eva-
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FIG. 17. Comparison of computed and measured
optical transmittance (circles and solid curves)
for discontinuous gold films with five mass thicknesses.
The calculations refer to having the £ 4;;’s shown in the
upper part of Fig. 18, €,=1.2+70.12, €,=2.34, and b,
op and 2 as in Table I. The data points signify Winse-
mius’s determination of the dielectric permeability for
bulk gold (Ref. 90). The solid curves were shown pre-
viously in Fig. 5.

porated gold particles with diameters 3—4 nm. The
most reasonable explanation—at least for the thin-
nest films with the smallest islands—is that this is
caused by a limited-size-induced minor change of
the band structure. This conclusion is supported
by the absence of the tiny “shoulder” at A=~0.37
um for the measured transmittances of the films
with £=1.5 nm and /=1.7 nm. Another conceivable
explanation is that an absorbing gold oxide is
formed on the islands. The main result of Fig.
17, however, is that by fitting only one parameter
-we can achieve very satisfactory agreement with.
the measurved transmittance—including the ab-
solute value and wavelength of the transmittance
minimum, the width of the dip, the high infrared
transmittance, and the decreased ultraviolet
transmittance—and, furthermore, the existing
discrepancies for the infrared transmittance of
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FIG. 18. Results for £ and f;; obtained by fitting
computed transmittances to measured data as shown in
Fig. 17. The error bars signify the uncertainty in the
determination of mass thickness.

the thicker films can be understood qualitatively
though not quantitatively.

From Fig. 18 it is seen that &, falls inside the
interval

0.25< ;< 0.38.

The largest values seem to occur for the thicker
deposits, although the data points are too few to
allow any definite conclusions to be drawn., These
empirical results are considerably lower than

£ quare ©0.696 referring to islands placed on a
square lattice, as expected from the known sen-
sitivity of the local-field effects to even rather
narrow distributions of interparticle distances.

A relation § < § ... iS expected also because the
theory by Bedaux and Vlieger?® neglects dipole
interaction between an island and its mirror
image in the substrate.!® The fitting of computed
data to experiments can be performed analogously
in terms of a filling factor defined by

fj‘iz=3t/4D§fit (37)

[cf. Egs. (21) and (33)]. The lower part of Fig. 18
shows that this quantity lies around

i ~0.4

with no strong dependence on mass thickness.

D. Oxide coatings, absorbed gases, and modified dielectric
properties of the substrate

The discontinuous films have large surface-to-
volume ratios which imply that even very thin
dielectric coatings on the islands may play a
noticeable role for their optical properties. The
pellicles can be of two kinds: either the outer lay-
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er on the islands can consist of a gold compound,
in which case the observed spheroidal axes «;
and b; include the oxide thickness; o the coating
can be a layer of absorbed gases, which is not
seen under the electron microscope so that ¢; and
b; refer to the metallic cores of the islands. The
effect of such coatings has been discussed by
Donnadieu®''* and by Yoshida et al.'**'® Below
we generalize their approach so that is suits our
morphological model of the discontinuous films.
We first remember that the factors of in the
Maxwell Garnett theory [Eq. (13)] are proportional
J

to the polarizability of the j th islands, which in-
dicates that in order to investigate the influence of
dielectric pellicles we only have to replace Eq.
(15) by its counterpart for coated spheroids,
whereas all other equations can be retained. The
solution of this problem demands calculating the
polarizability of an ellipsoid covered with a dielec-
tric layer of uniform thickness, which is a difficult
task, However, we are interested primarily in
relatively thin coatings so that confocal ellipsoids
are appropriate. As shown by Bilboul'® and by
Donnadieu® the modified Eq. (15) then reads

a’:li: (€o = €m)€c+ (€, = €))L =LY +Qe, (€, - €,) (38)
P2 leo+ (65— ) LT - QL) [€n- LT (€, - €,) [+ QL e (e, - €,) ’

where €. is the dielectric constant of the pellicles
and Q is the ratio between the volumes of the inner
and outer spheroids, whose depolarization factors
are L}" and L". These factors are, in their turn,
defined from Eqs. (16) and (17) in terms mean
eccentricities €;, and €,., which are related by

(Eout /—e_in )3 (1 - éinz)/(l - Eoutz) = ’ (39)

as follows from the spheroidal geometry., Ex-
pectedly, Eq. (38) goes over to Eq. (15) in the
limits -1 and 2~ 0,

We used the above extension of the effective-
medium formalism to explore the effect of com-
pound formation on the surfaces of the islands.
Gold has generally very low reactivity, but it is
quite possible that a monolayer of oxide forms
when the discontinuous films are kept in air; in-
deed, gold oxides with the compositions Au,O,
AuO, and Au,0, have been mentioned in the litera-
ture.'®® Nothing seems to be known about their
optical or electrical properties, though. In our
computations we made the rather arbitrary choicé
€. =€44e =1, Which is of the same magnitude as
for Cu,O; this value was used earlier in Ref, 2,
The neglect of a possible imaginary part of €, is
not very serious as it does not shift A nin, For ox-
idized particles it is appropriate to use €, =€,
and €, according to Eq. (39), while the mean free
paths for the conduction electrons should be de-
termined by the minor half axes of the inner spher-
oids, i.e., by 3(Q€,,/2)12b,. The filling factor is
not affected by the oxidation. Calculations of op-
tical transmittance were carried out with several
different values of the metal fraction . The
transmittance minimum was seen to shift towards
larger wavelengths when © was decreased, whereas
the overall transmittance went up. The latter re-
sult is expected because the decrease of 2 means
a decrease of the volumes of the absorbing metal
cores at the expense of an increase of nonabsorbing

,7.
oxide.

We also calculated the transmittance for islands
covered with a layer of absorbed gases described
by

€ = €z«bsurbed gas :2'2’

which represents a typical dielectric constant for
this situation. The coverage was simulated by
having €, =€, mean free path described by Eq.
(28), and filling factor f /Q, thus conserving the
sizes and shapes of the metal cores and simply ad-
ding a certain amount of absorbed gases around
them. Detailed computations showed that the
coating produced only a very slight downwards
shift of the transmittance whereas A ;, was prac-
tically constant,

Summarizing, we have found that dielectric
pellicles can produce sizable effects only for *
thick oxide coverages, which were not found ex-
perimentally. Even in this case it is impossible
to obtain a large shift of Anin combined with the
decreased transmittance demanded to fit the com-
puted data to the experiments. Our contention is
therefore that dielectric coatings play a very sub-
ordinate role for the optical properties of our
discontinuous gold films.

We finally wished to check on the possible ef-
fects of changed dielectric properties of the sub-
strate. These could originate from the “lost” gold
atoms discussed in Sec, IIC, which presumably
have diffused into the substrate. This effect was
explored in computations where we used several
values of €;. An increased €; was found to pro-
duce a larger transmittance, but the overall
changes were not very large. We expect the dif-
fused gold atoms to be able to influence € only
marginally and our calculations hence prove that
such minor modifications should play no role what-
soever for the optical properties of the discon-
tinuous films.
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VII. SUMMARY AND CONCLUDING REMARKS

The optical properties of discontinuous metal
films have been treated in hundreds of papers
during more than one century, and our probably in-
complete listing of articles referring only to noble
metal deposits contained about 40 titles published
during the last two decades. This widespread in-
terest is hardly surprising when one considers
both the striking “anomalous absorption” seen in
many aggregated films and the comparative ease
with which the discontinuous films can be prepared
and their optical properties can be tested. The
basic theoretical framework for discussing these
optical properties has a respectable history and
goes back to work by Rayleigh'®” and by Maxwell
Garnett.”® A number of quantitative differences
with what one expects from the simplest theories
has been known for a long time, though, and the
origin of these is the main reason for the con-
tinued scientific interest in the optical properties
of discontinuous metal films. A detailed explana-
tion of these discrepancies is fairly demanding and
involves two steps: (i) careful characterization
of the island structure, and (ii) formulation and
exploitation of an accurate theoretical model for
this same structure. At the outset of our work
very little was known about the appropriate des-
cription of the island films, which motivated our
elaborate analysis in terms of size distributions,
mean eccentricities and average interparticle
separations. Surprisingly, the state of the art for
the theories was in better shape and we benefitted
from the extensive work by, in particular, Yama-
guchi, Yoshida, and Kinbara'?72° and by Bedaux
and Vlieger,*3'%8 8 They indicate how one cal-
culates the effects of retarded dipole-dipole cou-
pling, substrate interaction, dielectric pellicles,
etc., but, owing to the general lack of proper
sample characterization, we found that virtually
nothing was known about the relative importance of
these various mechanisms., Below we comment in
some more detail on our approach to characterize
the discontinuous films and compute their optical
properties to the degree of accuracy manifested
in the final comparison of theory and experiments
in Fig. 17,

Selection of the proper metal is essential be-
cause reactive materials with thick dielectric
pellicles are considerably more difficult to handle
than nonreactive. Several papers report on dis-
tinct features on the optical spectra when films of
Cu,21’22’ 35 or Ag,“’ 21, 22:25: 35 510 kept in air,
whereas no noticeable changes were seen for
Au 21' 227108 The ]atter result is expected because
thin pellicles, which are likely to form even on
gold, do not affect the transmittance strongly, as

found in Sec. VID. Consequently gold should be
the best choice of a nonreactive metal which is
easy to evaporate.

The overall size of the gold islands should be
sufficiently small to allow them to be treated as
dipoles. As we mentioned in Sec. IV A the condi-
tion is tantamount to having linear dimensions
smaller than ~10 nm. This condition is well
obeyed only for the thinnest of our films; neither
is it generally valid for a couple of recently re-
ported®’ 3 investigations of aggregated gold de-
posits. For islands larger than ~10 nm the Max-
well Garnett-type formalism is not strictly cor-
rect but the full complexity of Mie'®* '1° scattering
(as modified to encompass ellipsoids!!!’112) should
be invoked.

The thvee-dimensional island shapes are ex-
tremely important since they influence strongly
not only the location of the transmittance minimum
but also the overall magnitude of the transmit-
tance. We found from our studies of the morphol-
ogy that prolate spheroids with symmetry axes
along the substrate serve as an excellent approxi-
mation at least for the deposits with mass thick-
nesses <3 nm. The occurrence of these particular
shapes is very fortunate because ellipsoids (and
also cubes!'!®7!1%) are the only shapes we know how
to treat theoretically. We also demonstrated that
the perpendicular axes of the spheroids obeyed
log-normal distributions, which allowed us to
write the mean free path of the conduction elec-
trons in terms of two parameters with the meaning
of median value and standard deviation, and that
a well-defined mean eccentricity and average
interisland separation were sufficient to charac-
terize the discontinuous films, The entire mor-
phology could hence be specified by four param-
eters, whose magnitudes were determined from
the electron micrographs. As far as we know no
similar approach to a detailed description of the
island films—which is appropriate to tveating
their optical properties —has been published eavl-
ter. The work which comes closest to ours in
spirit is probably the one by Yoshida et al.'® who
employed depolarization factors governed by a
presumed log-normal distribution of the axial ratio
for oblate spheroidal islands. Spheroidal islands
have been discussed also in many other papers but
the corresponding depolarization factors have al-
ways been introduced in a purely-ad hoc manner in-
stead of as determined empirically, as in the
present work. It should be stressed here that our
use of whole prolate spheroids to represent the
islands has been documented only for the gold is-
lands prepared by our experimental technique,
viz., ultrahigh-vacuum deposition onto Corning
7059 glass. Whether or not the same morphology
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is valid under other experimental conditions can-
not be judged at present but should be checked
carefully in each case to which the spheroidal
model is applied.

The appropriate effective -medium theory for
various inhomogeneous media is presently subject
to many theoretical investigations. As we outlined
in Sec. IV B such theories can be formulated in
several different manners which yield differing re-
sults unless the filling factor is very small. Op-
tical properties of three-dimensional samples
(Ag-SiO, and Au-8iO, cermet films®) were recently
discussed by Abeles and Gittleman!!®* 7 who ar-
gued that the non-self-consistent Maxwell Garnett
model would be superior to the self-consistent
Bruggeman®® theory. However, our more detailed
investigations!!® of the same measurements indica-
ted that no definite conclusions as to the relative
merits of these theories could be drawn owing to
experimental uncertainties. A further complica-
tion is introduced by possible retardation effects.™
Fortunately there is no need to enter these diffi-
cult matters for the two dimensional configuration
of particles in a discontinuous film but we can rely
on the calculations of Bedaux and Vlieger,*® showing
that the comparatively simple Maxwell Garnett ap-
proach is correct, provided the filling factor and
optical film thickness are defined suitably.

The computational technique employed by us is
quite elaborate. The dielectric permeability of
the gold islands was specified by modifying the
free-electron contribution of empirical, ellipso-
metric bulk data®® to account for size-dependent
electron scattering (but leaving the interband part
unchanged). We believe that this approach is more
accurate than a representation of the interband
contribution by a sum of Lorentzians as done, for

example, in recent work by Marton and Jordan.'*®
Together with the sample characterization this
provides us with a complete scheme for calcula-
ting the dielectric properties of the effective
medium, from which we derived the transmittance
via a procedure which incorporates multiple re-
flections in the film as well as in the substrate.

The local-field effects were first represented by
strictly following the theory of Bedaux and Vlieger*®
(with £=1). However, this led to transmittances
being significantly larger than measured results.
To account for this fact we demonstrated that the
local-field effects were very sensitive to distri-
butions of interparticle separations and that a
convenient representation of the enhanced local
field was obtained by invoking an adjustable param-
eter in the formalism of Bedaux and Vlieger,

This parameter also accounts for the fact that the
onset of the pair correlation function for the is-
lands, inherent in the analysis in Ref. 43 [cf, their
Eq. (6.31)], should occur at a value which is some-
what smaller than D, Reasonable values of the
parameter yielded very satisfactory correspond-
ence between theory and experimen{s, at least as
long as the islands were not too irregular. Sub-
strate interaction is probably not totally negligible
but certainly plays a subordinate role only.

Our main conclusion is that ¢the optical proper-
ties of discontinuous noble metal films arve govern-
ed entively by the shapes of the islands and theiv
separation. The bandstructure seems to be af-
fected only marginally by the small size of the

- islands. No noticeable effects are caused by

quantization of electronic levels, These results
are supplementary to those in a previous? investi-
gation of gas-evaporated gold particles.
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FIG. 2. High-resolution electron micrographs of
discontinuous gold films at four different values of the
mean [ilm thicknesses. The figures represent regions
in the middle of the deposits.



