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Electrodynamic calculations of the electric field on the surface of large Ag prolate spher-
oids indicate that the field enhancement decreases rapidly, the resonance shifts to longer
wavelengths and broadens, and a new set of higher-order resonances appears at shorter
wavelengths. These results form the basis for comparison with surface-enhanced Raman
scattering measurements from lithographically produced Ag microstructures.

PACS numbers: 78.30.-j, 68.20.+t, 78.20.-e

Surface-enhanced Raman scattering (SERS)
has been found experimentally to be most i.intense

from Ag surfaces possessing some form of rough-
ness or from the Ag microstructures them-
selves. ' Sever al vastly diff erent enhancement
models have been proposed. " Among the differ-
ent models, the electromagnetic (EM) enhance-
ment mechanism has received the most atten-
tion.

The EM model for an isolated metalI. ic micro-
object considers the large local EM fields pro-
duced at the surface when the incident-wave fre-
quency (e,) is in resonance with the localized
surface plasmons. ' ' The dipole oscillating at
the Raman frequency (~,) can, in turn, polarize
the metallic micro-object and, if ~, is in reso-
nance with the localized surface plasmons, the
micro-object can enhance the inelastic radiation
reaching the detector. ' ' lf the EM intensity en-
hancement factor at the surface is L'(cu), then
the overall. enhancement for the detected SERS
intensity is approximately L'(cu,.)L'(&u, ). Another
source for EM field enhancement occurs near a
surface of high curvature. This "lightning rod
effect" and the surface-plasmon resonance can
in general occur simultaneously, resulting in
very large enhancement for Raman molecules
adsorbed at and near the tips of spheroids' or
hemispheroids. ' Thus far, only the electrostatic
solution (which assumes that the particle is much
smaller than the incident wavelength) has been
used to calculate L2(w) for microstructures other

than Ag spheres.
Experimental investigation of the EM enhance-

ment by Ag micro-objects requires extremely
well characterized morphology. The most suc-
cessful result for producing Ag microstructures
of uniform shape, equal size, and large separa-
tion has been achieved with UV laser lithography. '
Scanning electron micrographs revealed that
these Ag microstructures are to the first approx-
imation prolate spheroids with 3:1 and 2:1 axial
ratios and the semiminor axis b = 50 nm. The
following series of significant measurements
have been performed on these microstructures:
(1) the wavelength dispersion of the SERS from
adsorbed C =—N complexes with the entire micro-
structure surrounded in several homogeneous
media' —air, water, and cyclohexane; (2) sur-
face-enhanced second-harmonic generation from
the Ag microstructures'; and (3) surface-influ-
enced absorption and luminescence of adsorbed
dye molecules. " These experimental results
indicate that the linewidths of these resonances
are some 15 times wider and the enhancement
factors are much l.ess than those predicted by
the electrostatic solution. ' On the other hand,
the influence of different surrounding media on
the wavelength dependence of the SERS intensity
was qualitatively in accordance with the electro-
static spheroid calculations. '

The much wider surface-plasmon 1.inewidth
could be reconciled either by assuming an ex-
traordinarily large value for the imaginary part
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of e(~) for Ag or by assuming a distribution of
axial ratios (a:b) in the electrostatic solution. '
The el.ectrostatic cal.cul. ations were recently mod-
ified" by including (1) additional electron scatter-
ing loss when the minor axis is less than the
electron mean free path in the bulk, and (2) ra-
diative energy losses at and near the tips of the
spheroids as the size is increased. The inclu-
sion of radiation damping decreases the el.ec-
trostatic L'(~} and gives a calculated linewidth
and line shape which are more in agreement with
the experimental results. However, all of these
cal.culations were still. based on electrostatic so-
lutions for the EM fields. For the lithographic-
all. y produced Ag particles with a = 100 nm (2:1
spheroids) and a=150 nm (3:1 spheroids) and for
wavelengths in the visible region, a/)1. , is well
outside the validity range of the electrostatic so-
lution. "

This paper reports the first electrodynamic
calculations of the electric field enhancement at
the surface of prolate spheroidal Ag particles.
The el.ectrodynamic results are exact and impose
no restriction on particl. e size. However, these
cal.culations are computer intensive. Bulk di-
electric constants for Ag (Johnson and Christy")
and an isolated prolate spheroid are assumed.
Only the case with the incident field polarized
paral. lel to the long axis of the spheroid is con-
sidered, since this polarization results in the
greatest surface fields.

In the electrostatic solution, the electric field
inside the spheroid, 8, is a function of E(~) and

, the dielectric constants of the metal. and sur-
rounding medium, respectively, and of A.„the
geometry-dependent depolarization factors. '~ "
F- is size independent and is greatly enhanced at
the local. ized surf ace-pl. asmon resonance when
E(cu) = E (1 —1/A, ). Figure 1 shows L'(&u) for a
Ag spheroid in air (E =1), water (e =1.77), and
cyclohexane (e = 2.04}. With increasing ~ or
a:b, the surface-plasmon resonance shifts to
longer wavelengths and L'(~) becomes larger. "

There are two approaches in making el.ectro-
dynamic calculations of the surface fields for
larger spheroidal particles. The conventional
approach separates the electromagnetic wave
equation in spheroidal. coordinates. " By this
method, light-scattering results have been ob-
tained for large (a/)1. , up to 3) prolate and oblate
spheroids"" and for absorbing spheroids. " An-
other method, cal.led the T-matrix method, is
applicable to arbitrarily shaped obj ects although
it is usually restricted to bodies of revolution to
simpl. ify the mathematical. probl. em."" El.ec-
trodynamic calcul. ations for l.arge Ag spheroids
require a large mainframe computer, in this
case a Control Data 7600, and the indicated com-
putation times refer to this machine. Although
these results are for the surface-averaged en-
hancement, we have also calculated IEI' at dif-
ferent zones on the surface for a number of large
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FIG. 1. L ~(a) calculated in the electrostatic limit
for a 2:1 Ag prolate spheroid embedded in (a) air (e
= 1.0); (b) water (e~ = 1.77); and (c) cyclohexane (e
= 2.04).

FIG. 2. L ~(a) calculated with electrodynamic solu-
tion for a 2:1 Ag prolate spheroid embedded in air as
a function of semimajor axis dimension and of incident
wavelength.
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spheroids'4 and found that I
EI' is largest at the

tip and decreases rapidly toward the equator,
analogous to the electrostatic solution.

The size-wavelength dependence of L~(~) for
a 2:1 prolate spheroid in air is shown in Fig, 2.
This electrodynamic calculation required 67 min
central processor unit (CPU) time. The maximum
L'(~) is 2690 and occurs for a = 8 nm and X,
=407.5 nm. With finer increments for a and Xp,
the maximum L'(~) is 2730 and occurs at a = 4
nm and Xp = 406.5 nm. Electrodynamic cal.cula-
tions at X,= 406 nm (the peak of the electrostatic
solution in Fig. 1) for a =1 nm and a = 0.5 nm give
almost identical. results of 2719 and 2720, re-
spectively. This size independence of L'(~) con-
firms the validity of the electrostatic solution for
a = 1 nm and l.ess. The -

2'%%uo difference between
2719 (calculated by the T-matrix method for
a = 1 nm) and 2771 (cal.culated by the electrostatic
solution) is attributed to the numerical integra-
tion which is used in both procedures to calculate
the surface average.

As the size is increased, these characteristics
are evident from Fig. 2: (1) The major peak
shifts to longer wavel. engths; (2) L'(u&) decreases
rapidly from the electrostatic value; and (3) the
linewidth of the L'(~) peak becomes broader (the
Q decreases). These I.ast two results are asso-
ciated with multipol. e contributions and phase re-
tardation which tend both to decrease L'(~) and

to broaden the linewidth.
In order to compare the electrodynamic calcu-

l.ations with the experimental results for the
wavelength dependence of the SEBS intensity, we
calculated the wavelength dependence for 2:1
spheroids with a=100 nm and embedded in three
different media: air, water, and cyclohexane.
These electrodynamic calculations, which are
shown in Fig. 3, required 80 min CPU time.

The calculated wavelength dependence for & = 1
consists of abroad peak at 630 nm and a consid-
erably narrower peak at 365 nm. The broad peak
is a continuation of the dipol. ar surface-plasmon
resonance observed in Fig. 2. The narrow peak
represents higher-order (multipole) surface-
plasmon resonances. Compared with the exper-
imental SEBS resul. ts, ' several. features should
be noted: (1) The SERS is maximum at X, =500
nm and the calculated curve is maximum at Xp
= 630 nm, both occurring at longer wavelengths
than predicted by the electrostatic solution; (2)
the linewidth for the SEBS peak is -100 nm while
that for the calcul. ated peak is -250 nm; (3) both
line shapes are asymmetrical. , with a more grad-
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FIG. 3. The wavelength dependence of L, ~(co) for a
2:1 Ag prolate spheroid with semimajor axis a = 100
nm embedded in (a) air, (b) water, and (c) cyclohexane.
Note the low viue for L, (~)

ual decrease for the longer wavelength side; and

(4) SERS was not measured below 458 nm; there-
fore, the existence of the calculated higher-order
surface-plasmon resonance cannot be experi-
mentally verif ied.

Upon considering immersion of the spheroids
in water or in cyclohexane, the calculated wave-
length dependences of L'(&u) changed, as shown
in Fig. 3. The broad L'(~) peak shifts to longer
wavelengths upon change of the surrounding med-
ium from air to water to cyclohexane, qual. ita-
tively similar to the experimentally observed
SEBS wavelength dependence. ' Figure 3 shows
that another set of rather sharp surface-plasmon
resonances occurs with comparable strength at
shorter wavelengths. When the resonant peaks
are so narrow, the SEBS excitation profile is
expected to exhibit two distinct peaks, one when

Xp is coincident with the surface-plasmon peak
and another when the Baman wavelength is coin-
cident with the surface-plasmon peak. The cal.-
culation for the incident and reradiation waves
has been solved only in the electrostatic limit. "

On the basis of our electrodynamic calculations,
we conclude that the effects of increasing the size
of the Ag spheroids are (1) greatly reduced en-
hancement; (2) much broader and asymmetrical.
L'(&u) line shapes, peaking at longer wavelengths;
and (3) occurrence of a new set of multipole L'(&u)

peaks of narrower linewidth near the wavelength
of the electrostatic solution peak, which can form
a unique criterion for future experiments to test
the validity of the electromagnetic model. Sur-
prisingly, deviation from the electrostatic results
occurred even when a = 0.021p. The modified
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electrostatic solution, which includes radiation
damping as the first-order correction, is reason-
abl. y successful in predicting the dipolar reso-
nance characteristics but fails to predict the
higher-order resonances from multipole con-
tributions. Detailed comparisons of our electro-
dynamic results and existing SEHS excitation
measurements on these Ag microstructures' are
not warranted as we neglected the coupling among
neighboring spheroids at 300 nm away, the in-
homogeneous surrounding caused by the SiO,
posts, and possibly smaller microstructures on
the Ag spheroids caused by the HCN vapor. Fur-
thermore, these microstructures may only be
approximated by a spheroid because the Ag was
evaporated on cone-shaped SiO, posts. Never-
theless, our results indicate that the dimensions
of these lithographically produced Ag micro-
structures are too large to give rise to enormous
l.'(~) as estimated from the electrostatic solu-
tion. Electrodynamic calculations for isolated
and large Au and Pt spheroids are proceeding.
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