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The effects of the local dielectric environment on the surface-plasmon resonances of annealed
metal-island films are studied experimentally and modeled theoretically. Silver-island films were
annealed to produce spheroidal shaped particles which exhibit well-resolved resonances in polarized,
angle-resolved, absorption spectra. These resonances are shifted in different amounts by the depo-
larizing interaction with the underlying substrate. They are also affected by additional dielectric
coverages or separation of the particle film from the substrate. Cross-section calculations based
upon a nonretarded, single-particle, dielectric interaction for these various configurations are
presented and found to be in agreement with experimental observations.

I. INTRODUCTION

Metal-island films have long been studied as physically
interesting and readily prepared samples evincing
nanometer-scale thickness, surface melting, variation in
the peak wavelength of optical absorbance, and electrical-
ly discontinuous behavior.! At temperatures well below
the melting point, surface-melting migration causes gold
and silver films of 0.5 to 5 nm thickness to form a sto-
chastic array of particulates resembling oblate spheroids
with all minor axes oriented normal to the substrate (typi-
cally glass, quartz, or silicon). The literature on metal-
island films is worthy of a review paper, and we shall not
attempt a complete bibliography here. The present study
is a natural progression of our previous papers on optical
studies and investigations of radiative decay of surface
plasmons stimulated by electron bombardment.?~> In
this work we present an attempt at correlating the
surface-plasmon spectrum of heat-treated silver-island
films with the optical properties of the substrate upon
which they reside. Section II describes the experimental

FIG. 1. Scanning electron micrograph of a thin (5-nm) silver
evaporation on silicon at room temperature. Bar indicates a
length of 111 nm.
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techniques employed in our studies, and Sec. III presents
an elementary model of the substrate’s effects on the
surface-plasmon spectrum. In Sec. IV we give a compar-
ison of the theory and data, while in Sec. V we give our
conclusions.

Since the substrate upon which the silver film is depo-
sited may influence the shape of the particulates formed
as a result of varying surface mobility, each substrate uti-
lized in our study is first coated with evaporated quartz of
a given thickness. Thus, all films are deposited and heat
treated on evaporated quartz to produce nearly identical
films. The substrate underlying the quartz is varied, and
the experiments are repeated for several different values of
the quartz thickness. Figure 1 shows a 4-nm silver film
on silicon which has a natural oxide layer. All other vari-
ables being the same, these films are basically the same as
films deposited on evaporated quartz, a convenience for
obtaining electron micrographs. The films are electrically
discontinuous and display two peaks in their optical ab-
sorbance for p-polarized incident light. Figures 2 and 3
show the same film following heat treatment.

As Fig. 3 shows, the particles resemble isolated oblate

FIG. 2. Evaporated silver film on silicon after a 1-min anneal
at 200°C. Same scale as Fig. 1.
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FIG. 3. Evaporated and annealed silver film on silicon
viewed at 60° from normal showing the oblate shape of the par-
ticles. Bar indicates a length of 32.8 nm.

spheroids of sufficiently small size (major axis is ~30—40
nm) that one may neglect retardation effects in analyzing
their optical properties. We previously have shown a
single-particle model to be useful in describing the
surface-plasmon resonances, as cited above.* Various heat
treatments red shift the optically induced, lower-energy,
surface plasmon by various amounts, a phenomenon we
ascribe to the different shapes produced. The higher-
energy peak in the optical absorbance is less shifted due to
the steep slope of the real part of the dielectric function of
silver €;(w) in that frequency range. Also, equally impor-
tant is the fact that the peak is pinned between €;=0 and
the spherical resonance. Since the imaginary part of the
dielectric function €,(w) grows with decreasing frequency
in the visible region, the longer-wavelength resonance
broadens correspondingly and is attributed to the surface-
plasmon mode which is stimulated by the component of
the incident electric field along the major axis. The
surface-plasmon peak at longer wavelength is governed by
a relatively wide range of €, at resonance and is much
more sensitive to the particulate shape. The short-
wavelength mode is stimulated normal to the surface
along the minor axis. By correlating the position and
width of the two surface-plasmon modes with theory,
one hopes to optically determine the shape (minor—
to—major-axis ratio) of particulates much smaller than
the wavelength of light. This is clearly impossible using
elastic scattering data and is a particularly interesting pos-
sibility using inelastic scattering. We note that the elastic
scattering cross section diminishes with decreasing
volume as the square of the volume, whereas the absorp-
tion diminishes only in proportion to the volume. For our
films the elastic scattering is a few percent of the total.
The possibility of shape determination is thus more feasi-
ble, although it is limited by how carefully the substrate
effect and interparticle interactions can be separated from
other contributions to the position and width of the
surface-plasmon resonances. One problem with making
such a delineation is that there is a variation in shape of
the particulates which broadens the absorbance peaks.
Fortunately, the samples appear to display a reasonably

narrow distribution of shapes as partially confirmed by
shadow-casting techniques. Detailed measurements of
greater accuracy may be forthcoming with the advent of
scanning-tunneling electron microscopy.® At present we
are largely restricted to an iterative approach of compar-
ing improving theory with improving experiments on
surface-plasmon excitation.

Although metal-island films have been used in studies
of surface-enhanced Raman scattering (SERS), they do
not serve as the optimum sample for this purpose.” Sam-
ples that are more difficult to produce are many times
more effective in SERS.® However, silver-island films
show two polarization-dependent surface-plasmon reso-
nances in the visible to uV region, and the higher-energy
mode can be eliminated from stimulation by using only
s-polarized light. Thus, it is possible in principle to del-
ineate the surface-plasmon contribution to SERS and oth-
er phenomena by using the low-wavelength mode. The
basic reasons that the peak SERS enhancement has not
yet been studied in this fashion are the relatively small
enhancements by metal-island films and the fact that the
high-energy mode is accompanied by considerable fluores-
cence noise from the metal. On the other hand, samples
which give better enhancements have not been so well
characterized optically and have rather broad resonances
relative to the metal-island films. By judicious choice of
the substrate on which microstructures are formed and of
the microstructure geometry, it may be possible to over-
come such problems. The substrate causes a red shift of
the surface-plasmon energy, though not as large a shift as
when the microstructures are completely surrounded by a
dielectric. Sufficient red shift permits removal of the res-
onances from the spectral region in which fluorescence is
a problem. Of course, the damping in silver broadens the
surface-plasmon peaks at the longer wavelengths in the
visible region, and hence one sacrifices signal to some ex-
tent. However, the sacrifice is not prohibitively large for
samples of a narrow range of shapes, and the major prob-
lem is more one of keeping the two surface-plasmon peaks
separated. Similar problems occur with the retardation
red shift when larger microstructures are used. It is clear
that a detailed understanding of the position and width of
the surface-plasmon peaks as a function of the micro-
structure parameters and the type of substrate is highly
desirable for understanding SERS and for developing a
method of shape determination optically.

Among the factors influencing the surface-plasmon
spectrum of metal-island films is the degree of interaction
of the particles. This factor is difficult to calculate from
first principles and is difficult to measure directly. Ap-
proximation methods must be employed, but the order of
the approximation which may be necessary would require
that tedious calculations be carried out. Before employing
an extensive calculation, it is prudent to test simple
models. It might well prove that explicit calculation of
the interparticle coupling is of minimal value without ex-
perimental tests in which the interparticle spacing can be
systematically varied and in which the substrate influence
is isolated. Until such data are available, we offer the
simple alternative discussed in Sec. III. Eventually, the
delineation of interaction effects will be of great help in
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understanding coupling between small particles, and we
hope to undertake relevant experiments in the near future.
The extensive use of small-particle catalysts in the chemi-
cal industry is only one of the areas that could benefit
from such detailed knowledge. Again, the silver-island
films, while not the most valuable for direct use, do much
in helping to understand other important samples.

II. EXPERIMENTAL DETAILS

Two substrates with a high index of refraction relative
to silica were chosen for study of the effect of the sub-
strate upon the surface-plasmon resonances of illuminated
silver particles. Lead fluoride substrates were made by
direct evaporation onto fused silica slides by an electron
beam, cryopumped evaporator. Titanium oxide films
were made by evaporation of titanium followed by oxida-
tion at 550°C in a water vapor atmosphere for 10 min.
The films in both cases were approximately 100 nm or
greater, which is thick enough to fully relax the electric
fields from the surface-plasmon excitation. Thin films of
high-purity silica were subsequently evaporated at 0.1
nm/s at a pressure less than 1 10~% Pa. The silver films
were formed by one evaporation of 4-nm high-purity
silver followed by heat treatment at 200°C for 1 min.
Higher temperatures were found to give more variation
from sample to sample in the particulate shape. The opti-
cal absorption of these films was measured by transmis-
sion in a dual-beam spectrophotometer equipped with ro-
tational stages for angular measurements and polarizers
which could be oriented either parallel (p polarized) or
perpendicular (s polarized) to the plane of incidence. The
wavelength of the resonance for the tangential dipole
mode was determined from the peak in the absorption
spectrum taken at normal incidence. The reference beam
contained a slide identical to the sample but without a
silver film.

We also took spectra on several samples which were
surrounded with xylene as an index-matching fluid and
covered with a silica slide. In this case the silver particles
appear to be totally immersed in an approximately uni-
form dielectric. Incidence angles of the light striking the
particles were limited to less than about 40° for this con-
figuration due to the refraction in the fluid.

III. THEORY

The polarizability of an oblate spheroidal particulate of
silver at angular frequency » has components ag(w) and
a,(w) along the major axes and minor axis, respectively.
Each polarizability component has a resonance at a fre-
quency for which the real part €;(w) of the dielectric
function of silver is a particular value. For ag(w) this
value is here labeled €;;, while for a,(w) the value is la-
beled €)9. The subscripts are mode labels, with the first
subscript indicating a dipole mode and the second sub-
script being the azimuthal index, zero for azimuthal sym-
metry and unity for the only azimuthal mode. One finds
from simple electrodynamics*
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The oblate spheroidal coordinate 71, is related to the ratio
R of the minor to the major axis by

7o
Ry=—7+—— (4)
SNTRE
for0<mp< 0. Also,
2
611=1——5 ’ (5)
61():1“_1“— N (6)
1-Q

which are each negative real numbers. The absorbance of
an array of oblate spheroids depends upon the imaginary
part of the polarizabilities. Before considering this, how-
ever, we wish to consider a model for the influence of the
substrates on which the particulates reside. The model is
based upon consideration of how a thin film is influenced
by a substrate. In an ordinary continuous thin film, there
are two surface-plasmon modes, a symmetric or tangential
mode and an antisymmetric or normal mode. These cor-
respond to the roots of a quadratic dispersion relation ob-
tained from simple electrodynamics. Using a nonretarded
formalism, one obtains the dispersion relation by solving
for the scalar electric potential and satisfying the boun-
dary conditions.’ For a thin film of thickness b bounded
by vacuum, the surface plasmon of wave vector K and an-
gular frequency o is described by the resulting quadratic
dispersion relation:

€X(w)+2€e(w)coth(Kb)+1=0 7

or

() —e(w)ey+€5)+€,€65=0, (8)

where the root of the antisymmetric mode is

€,4= — tanh Kb 9)
2
and the root for the symmetric mode is
5= —coth KTI’ (10)

These roots are the thin-film analogues of €4 and €,
respectively. For instance, €,y corresponds to charge os-
cillations on an oblate spheroid with opposite signs on ei-
ther side of the particle along the direction of the minor
axis, which is the analogue of the foil thickness.

If the thin foil resides on a semi-infinite, plane-bounded
substrate of dielectric function €%(w), then Eq. (8) becomes

Elw)+1

) (€4 +€s)+e€€ €5=0.

w)—elw)
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When a 4-nm film of silver is deposited on a substrate
and heat treated at 200°C for 1 min, the film appears in
electron micrographs as a collection of isolated particu-
lates resembling oblate spheroids. Unlike a continuous
thin film, surface-plasmon excitation by photons incident
in vacuum occurs directly. The total cross section includ-
in% inelastic scattering is found for p-polarized light to
be

a—_—.i%w—lm(aR cos’0+a, sin%@) , (12)

where 6 is the angle of incidence. Since the particulates
reside close together relative to a wavelength of light at
the surface-plasmon energy and since the dielectric func-
tion €%(w) may affect the surface-plasmon spectrum, Eq.
(12) is only approximate. However, the approximation
can be improved by modifying the polarizabilities to take
account of these effects. A simple model can be obtained
by writing a quadratic equation for €;; and €,y; viz.,

lw)—e(w) € +€19)+€11€10=0, (13)

and then modifying the equation in the same manner that
Eq. (8) is modified to produce Eq. (11). One thus obtains

w)+1

2 +€o(&))€11610=0 .

Ez(w)—e(w)(611+€10)

(14)

The particulates are small compared to a wavelength and
spaced much less than a wavelength apart. Also, electron
micrographs show the particulates to differ considerably
from sphericity. The modification of the vacuum equa-
tion is thus assumed to be identical to the modification of
the vacuum-bounded thin-film eigenequation. The polari-
zabilities are then modified by replacing €;; and €, by the
roots of Eq. (14).

In order to test the usefulness of this modified thin-film
approximation (MTFA), we have compared shape deter-
minations from absorbance measurements of silver films
on quartz with the shapes of the particulates measured by
shadow casting and analysis of electron micrographs. En-
couraged by the results, which are unfortunately limited
by the inherent errors in shadow casting, we embarked
upon a more systematic test. We have employed a num-
ber of substrates other than quartz, but the shape of the
particulates is influenced by the type of substrate. To
overcome this, we evaporated selected thicknesses of
quartz onto each substrate. This had the additional ad-
vantage of offering measurements of the dependence of
the results upon distance from the substrate. The MTFA
for such experiments is detailed below.

Consider a plane-bounded semi-infinite substrate of
dielectric function &w). Let this be overcoated with a
quartz layer of dielectric function €%(w) and thickness a;.
Consider a thin film of a metal with dielectric function
€(w) and thickness a deposited on the quartz. The disper-
sion relation for surface plasmons is then easily calculated
to be

() +e(w)[(1+fe%w)]coth(Ka) + fe%(w)=0 ,
(15)

where

€%w)+&w)coth(Ka,)
f= 5 . (16)
e(w)coth(Ka )+ €w)

If &w)=€%w), this is the same as Eq. (11). Just as in
modifying Eq. (13) to produce Eq. (14), we assume Eq.
(15) to here be modified to produce

1+fe%w)

2 —
e(w)—elw) 2

(€11+€10)+ few)€r 1€10=0,

(17)
where the wave vector K in coth(Ka,;) is taken to be the
reciprocal of the semimajor axis of the particle in the
solution for the long-wavelength mode and the reciprocal
of the semiminor axis in the solution for the short-
wavelength mode. Equation (17) is used in finding the
surface-plasmon resonant values of the dielectric function.
These values replace €;; and € in the polarizabilities. A
numerical routine was developed for Eq. (17) using stored
files of optical data.’® In Sec. IV we compare the results
with the experiments we performed.

IV. RESULTS

Figure 4 shows typical absorption spectra of polarized
light for heat-treated silver particles on a transparent sub-
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FIG. 4. Experimental absorbance in p-polarized light of a 4-
nm silver film on quartz heat treated at 200°C for 1 min. An-
gles of illumination are from the normal to the surface. Also,
one absorbance at normal incidence with a quartz cover slide us-
ing xylene as an index-matching fluid is shown. All measure-
ments were made using a corresponding sample without silver as
a reference.
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strate. The long-wavelength peak near 440 nm is seen to
decrease with angle of incidence in the p-polarized spec-
tra, whereas the corresponding peak in s polarization in-
creases (not shown). The short-wavelength peak near 340
nm appears only weakly when using the s polarization but
grows with angle in p-polarized illumination. In s-
polarized light the electric vector is always aligned along
the major axes of the spheroidal silver particles, and, be-
ing uniform across each particulate, it only directly ex-
cites the longer-wavelength mode of oscillation. In p-
polarized light a component of the electric vector is
aligned along the minor axes, growing with increasing an-
gle, and along the major axes, decreasing with increasing
angle. Thus the short-wavelength peak is due to the nor-
mal mode of oscillation across the minor axes. The ap-
pearance of the spectra is typical for metallic films which
form spheroidal particles on transparent substrates. By
surrounding the particles with an index-matching fluid,
the long-wavelength peak is significantly shifted to lower
energies. The short-wavelength peak cannot be clearly ob-
served under the index-matching fluid primarily because
of the limitation in incidence angle (due to refraction ef-
fects) with the present arrangement. The titanium oxide
films have a strong absorption in the region of the short-
wavelength resonance, preventing observation of that reso-
nance.

Figure 5 shows theoretical curves using model oblate
spheroids on a quartz substrate. The absorbance was cal-

ABSORBANCE

oL L
300 500 700
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FIG. 5. Theoretical absorbance using the experimental eva-
poration thickness of 4 nm and a Gaussian distribution of parti-
cle shapes of Ro=0.38 and R;=0.1. The angles shown are
0%, 30°, 45°, and 60° with the short-wavelength peak growing
with increasing angle. Also shown is the absorbance at normal
incidence with the same particles surrounded in a uniform silica
medium.

culated as

1
A=— 3 logi[1-Nof(R)],
R=0

where
N=Nyf(R)/cos@
and

f(R):(e—[(RO-R)Z/m}]

1
)/ X f(R),
R=0

where N, gives the number of particles per unit area at
normal incidence and N gives the number of particles
within the probe beam area as a function of angle 6. (N,
was not explicitly determined but evaluated from the eva-
poration thickness which is N, times the individual parti-
cle volume.) The distribution of particle shapes was arbi-
trarily assumed to be Gaussian in R given by f(R), cen-
tered at Ry with a width of R;. These curves were gen-
erated using the experimental evaporation thickness of 4
nm and by fitting to the experiment with the parameters
of the Gaussian shape profile. The peak positions and
shapes agree well with the experimental curves except for
a shoulder in the experimental curves near 360 nm. This
position of this shoulder suggests the presence of a sub-
stantial number of small particles which are more closely
spherical in shape rather than oblate. These particles are
difficult to resolve in a scanning electron microscope.
Additionally, since the long-wavelength peak is too strong
theoretically (using the entire volume corresponding to 4-
nm evaporation thickness), some of the excess is likely due
to the spherically shaped particles. These particles may
be resolved in the future using scanning-tunneling micros-
copy. The Gaussian profile would be replaced with a
measured profile of shapes should experimental micro-
scopic data be made available in the future. The angular
dependence of the height of the absolute absorbance peaks
appears to be only qualitative. The present theory does
not include the variation in overlap of cross section be-
tween neighboring particles. This factor and multiple re-
flections in the quartz should be calculated in order to im-
prove the model presented here. The predicted shift in the
long-wavelength peak under xylene is given well by the
current theory, substantiating the effect of the substrate
on the particle resonance positions. The peak positions
are the key pieces of information needed to determine the
shape.

Figure 6 shows the theoretical position of the resonance
peaks as a function of particle shape for isolated particles,
particles on a silica substrate [Eq. (14)], and particles sur-
rounded by a medium with a dielectric response of silica
(given by the wavelength at which the dielectric function
of silver is €y€1p or €pey;). The short-wavelength branch
(normal mode) shows little shift in wavelength due to the
presence of the substrate, and thus the experimental peak
is observed relatively unperturbed from the isolated parti-
cle resonance. The long-wavelength branch (tangential
mode) shows a substantial shift from the isolated particle
resonance, about half the total shift in going from isolated
particle resonance to the completely surrounded case.
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FIG. 6. Calculated position of silver spheroid resonances as a
function of minor—to—major-axis ratio (R). Curves extending
to short wavelengths describe surface-plasmon oscillations
across the minor axis (/ =1, m =0), while the curves extending
to long wavelengths describe oscillations across the major axis
(I=1, m =1). Dotted line: particle in vacuum; solid line: par-
ticle on quartz; dashed line: particle fully surrounded by a
medium with an index of refraction of quartz. Also shown as
horizontal bars are the experimental shifts observed when the

particles are enclosed by xylene with a quartz cover.
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This is consistent with the experimental measurement of
the shift as silver particles on silica were covered with an
index-matching fluid for three particle shapes (horizontal
bars in figure). This figure also points out the inapplica-
bility of the theory to particles close to the spherical limit.
The long-wavelength peak is obviously too greatly shifted
from the isolated particle case at R =1, since it appears at
the same wavelength as the fully surrounded case. A
theoretical model with a less tight coupling with the sub-
strate is needed here.

The effect of proximity of a moderately depolarizing
substrate is seen most clearly by varying the distance of
the particle film from the substrate using an intermediate
evaporated silica layer. The dependence of the resonance
position of the long-wavelength peak of silver particles is
shown in Fig. 7 as a function of evaporated silica layer
thickness. The circles are the experimentally determined
resonance positions for independently fabricated samples
which were treated identically except for silica thickness.
Lead fluoride and titanium dioxide were chosen for their
transparency and for their high index of refraction (rela-
tive to silica) to show the effect most clearly. The reso-
nance is shifted to lower energies as the particles are
brought closer to the surface. The effect is short range
(less than about 10 nm) since the surface-plasmon fields
from the particles rapidly decay with distance. Also
shown is the resonance position calculated from Eq. (17).
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FIG. 7. Position of the long-wavelength (/ =1, m =1) reso-
nance for silver spheroids on silica overcoated substrates as a
function of the overcoat thickness. Points: experimental;
curves: theory. (1) Titanium oxide substrate, R =0.32. (2) Lead
fluoride substrate (unheated silver particles), R =0.34. (3) Lead
fluoride substrate (heat-treated silver particles), R =0.45.

The shape of each of the three particle types was deter-
mined empirically in each case from the best fit with the
theory. The wave vector K was calculated from an aver-
age major diameter of 20 nm from electron micrographs
of similarly prepared samples. The experiment and theory
agree well within the limitations of consistent sample
preparation.

V. CONCLUSIONS

Annealed metal-island films can form particles which
can be modeled as oblate spheroids which can resonate
with an external time-varying field. The two dipole
modes of oscillation are observed and are affected by the
depolarizating interaction with the underlying substrate.
The charge oscillation of the particle normal to the sur-
face is affected little by the substrate. In contrast, the
mode parallel to the surface is seen to shift considerably
to lower energies. These effects were further demonstrat-
ed by (1) imbedding the particles in a uniform dielectric
medium and (2) varying the distance of the particles from
the surface of the substrate. A method for calculating the
dielectric response of a spheroid resting on a substrate is
given and is shown to be in agreement with experiment.
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FIG. 1. Scanning electron micrograph of a thin (5-nm) silver
evaporation on silicon at room temperature. Bar indicates a
length of 111 nm.



FIG. 2. Evaporated silver film on silicon after a 1-min anneal
at 200°C. Same scale as Fig. 1.



FIG. 3. Evaporated and annealed silver film on silicon
viewed at 60° from normal showing the oblate shape of the par-
ticles. Bar indicates a length of 32.8 nm.



