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[16] Considering the fitted time-dependent fluorescence I(¢) and the calculated
mean lifetime at a fixed emission wavelength [7,,(4;)] [17], the total mean
lifetime 7,,, corresponding to the steady-state fluorescence spectrum was
calculated according to Equations 1 and 2 (see Experimental section).

[17] J. Duhamel, A. S. Jones, T. J. Dickson, Macromolecules 2000, 33, 6344.

[18] This trend may also arise from the different intermolecular interactions
between the adjacent conjugated rods with the variation in the length of
the coil segment [19]. However, the 3D confinement effect of the domains
seems to be more important in the fluorescence enhancement of these su-
pramolecular materials, as evidenced by density measurements of the rod
segments.

[19] a) G. Rumbles, I. D. W. Samuel, C. J. Collison, P. F. Miller, S. C. Maratti,
A. B. Holmes, Synth. Met. 1999, 101, 158. b) S. C. J. Meskers, R. A. J.
Janssen, J. E. M. Haverkort, J. H. Wolter, Chem. Phys. 2000, 260, 415.
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The interaction of light with metals is strongly enhanced by
texturing their surface on the scale of the optical wavelength.
Normally highly reflecting, metals in sub-micrometer archi-
tectures such as spheres can show strong absorptions in the
visible spectrum!'! due to resonant charge oscillations
termed plasmons. However, it is non-trivial to size-select and
support such metal spheres in solids. Here we demonstrate a
simple scheme to produce large-area colored metal surfaces
by completely confining surface plasmons inside gold spheri-
cal nanocavities. In contrast to periodic patterning of dielec-
trics,[4] metals,[5’6] or metallodielectrics,[7] which can produce
photonic crystals, here the negative nanocavity curvature
localizes the electromagnetic fields into small volumes which
can be arranged non-periodically. The microstructured sur-
faces are formed in a process analogous to “lost wax” casting,
by the electrochemical deposition of gold through a template
of self assembled latex spheres, generating a wide variety of
confining geometries over extended areas of a mechanically
robust film. Sharp quantized plasmon resonances are ob-
served in the specular reflection spectra, which correspond to
solutions of Maxwell’s equations in a spherical metallic void.
Unlike spheres, voids couple strongly to incident light with
resonant wavelengths which are widely tunable through the
growth morphology, but are omnidirectional. Such nanostruc-
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tures enable new optical interactions in reduced dimensions
and provide cost-effective tunable spectral filters.

The metallic microstructures were cast by electrochemical
deposition through the pores of an array of sub-micrometer
polystyrene latex spheres. These were initially crystallized
onto a gold-coated glass slide from colloidal solution.®! The
resulting metallic mesh reflects the order of the self-as-
sembled template, allowing convenient control of the pore
diameters and local crystalline order. Measurement of the to-
tal charge passed allows accurate deposition of the required
metal thickness, after which the template can be dissolved in
toluene. This last step can be carried out without the shrink-
age previously found to cause cracking.'”! Extending our pre-
vious work!®! to gold nanotextured films, we are now able to
devise new geometries for optical plasmon confinement.

By preparing a sample that is graded in thickness, the elec-
trochemical growth can be followed using scanning electron
micrographs of the top surface (Fig. 1). Initially the gold
forms a hemispherical cavity (i-iv), but the diffusion-reaction
limited nature of the aggregation is geometrically hindered by
the next layer of latex spheres, which prevents the cavity from
completely closing. Instead a three-fold symmetric pattern of
interlinked holes form (v—x) connecting the next hemispheri-
cal cavities to the layer below. This mesostructure is repeated
in subsequent layers above.

Fig. 1. a) Scanning electron micrographs of the photonic gold nanostructures
fabricated with d = 700 nm latex spheres. The thickness varies continuously
across the sample: i) 50 nm, iv) 350 nm, vii) 700 nm, x) 1100 nm (scale bar is
1 um). xi) The lowest void layer (black) and second layer (gray). xii) Cross
section (scale bar is 5 um). b) Diffuse scatter from the sample surface under
white light illumination, exhibiting color changes for different thickness. Left:
100 um x 200 um area of uniformly 500 nm thick d = 500 nm sample. Right:
1 cm x 1 cm image of a d = 700 nm graded sample —larger crystallites are visi-
ble in the center.
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The local optical reflectivity of the macroporous Au films is

measured using a white-light laser focused to a 10 um diame-
[11] : . o s

ter spot." - Typical reflection spectra at 45° incidence for latex

spheres of diameter, d = 700 nm, are shown in Figures 2a,b

for a range of Au thicknesses, and display strong dips that are

not generated by the unpatterned films (dashed). Although
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Fig. 2. a,b) Reflectivity spectra on the same sample at different locations (thick-
nesses 500-1100 nm from top to bottom) for both TE and TM polarized inci-
dent light at 45°. The scale is logarithmic, each tick is a factor of 10, and the
curves have been offset for clarity. The dotted curve is an unpatterned film elec-
trodeposited under the same conditions. ¢,d) Extracted mode energies for TM,
TE polarizations at 45°. The symbol size indicates the mode sharpness (depth/
linewidth). The vertical lines mark the heights of 1/2, 1, 3/2 spheres, and above
2.6 eV planar surface plasmon absorption occurs. The dashed horizontal lines
are from a theory of idealized spherical voids.

the short-range order of the latex sphere array can be good
(Fig. 1a), the crystal grains here are typically a few micro-
meters across, resulting in an amorphous microstructure
which suppresses diffraction. This is confirmed by the insensi-
tivity of the spectra to the in-plane (azimuthal) orientation of
the metallic nanostructure. As the angle of incidence is
changed, the resonant dips vary in strength and principal
polarization (transverse electric (TE) or transverse magnetic
(TM)) axis ratio, but show minimal energy shifts. When we
examine more ordered crystallites a complicated structure is
seen which becomes dependent on the nanostructure orienta-
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tion, to be discussed elsewhere. Extinction ratios in excess of
20 dB are found and up to three resonances seen simulta-
neously. In particular, a range of film thicknesses (from a half
to nearly a full sphere height) are found for which the TE and
TM resonances are sharp (<20 nm halfwidths) and coincident.
The correlation of the microstructure with these resonant en-
ergies confirms that the modes arise from zero-dimensional
plasmons trapped inside the Au cups.

Electron microscopy allows direct confirmation of the film
thickness, through measurement of the size and shape of the
pore openings at the sample surface. The extracted energies
of the modes are shown in Figures 2¢,d for TE, TM incident
polarizations. When the cups in the growing gold film are
small, the frequencies change only slowly. However near the
half-height thickness, the modes rapidly shift to longer wave-
lengths (region I). This is exactly the opposite behavior to
that expected for interference on a length-scale set by the rim
circumference of the nanocavity—the diameter changes rap-
idly for the thinnest layers and barely changes near the half-
height thickness, suggesting that rim plasmons are not ob-
served. Subsequently the mode frequencies change little until
close to the full height thickness (region II). Again this insen-
sitivity suggests that the cavity aperture does not directly con-
trol the resonance. Only at the interface between two layers
of latex spheres does the optical extinction become strong,
producing “black” gold. At larger thicknesses the nanostruc-
tures repeat, and similar modes are seen once the highly
eccentric transition region is passed (region III is similar to I),
although the expected periodicity is disturbed by coupling be-
tween modes. The modes emerge below the limiting-value of
the 2D plasmon frequency for gold, and are not observed on
similar Pt or Co mesoporous films. Thus we attribute them to
fully localized surface plasmon polaritons inside cups of Au,
and suggest that the independence of the mode frequencies in
the enclosed nanocavities to the film thickness and angle of
incidence, arises from the ability of plasmons to travel around
an equatorial circle in the interior.

Full solutions of Maxwell’s equations through photonically
patterned metals are complicated by the strength of the cou-
pling between propagating plasmons with different wave-vec-
tors. This is the opposite regime to “weak” coupling found in
dielectric photonic crystals!*! in which a perturbative approach
is tractable. Previous work on photonic metals has focused on
the use of regular arrays of corrugations or holes of a lateral
size much less than the optical wavelength, which produces
complex and highly directional performance due to their peri-
odicity.[5’6’12'14] Here we find that plasmons trapped in spheri-
cal voids arranged in amorphous arrays possess simple dis-
crete energy levels. The solution for plasmons on metal
spheres is well known, and analytic for diameters small
enough to allow a non-retarded approximation (i.e., d < 4).!"’
We extend the solution to spherical metal voids on the scale
of the plasmon wavelength (d ~ A1), which provides an intuitive
explanation for our observations. The electromagnetic surface
modes can be numerically evaluated by solving the relevant
boundary conditions!®! (predictions marked as horizontal
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lines on Figs. 2c,d). The mode frequencies of the localized
plasmons depend on the normalized void radius R = nd/A, (4,
is the 3D plasmon wavelength), and the quantized angular
momenta, (I, m = 0, £1... /). As the spherical voids get small-
er, the localized plasmon energies increase depending on the
angular momentum of each state. Unlike the effect of positive
surface curvature on a metal sphere, the negative curvature of
the metal void increases the frequency of the plasmons which
allows them to couple to external photons. The different
bands observed in Figure 2 correspond to localized plasmon
states of different angular momentum /, spaced according to
the particular spherical curvature set by the void radius. In all
our measurements, we indeed only observe the localized
modes which have a momentum, k = [/R (tangential to the
curved surface) which can couple to photons propagating
away from the sample, as expected from wave-vector
conservation. Because of the near-spherical void geometry,
photons impinging from different directions couple to the
same plasmons leading to omni-directional performance.
Control of the metallic geometry allows both mode energies
and lifetimes to be tuned. The observed frequencies and sepa-
rations for several experimental void diameters (R = 1.9, 4.5,
6.5, 9.1) at thicknesses around the 3/4 sphere height are in
good agreement with this idealized spherical model despite
the distortions introduced by the apertures at the top of the
voids. The reason for this can be seen from the spatial field
distribution of the high-angular momentum solutions (m = [)
for surface plasmons, which are concentrated in lobes on the
equatorial plane (Fig. 3a) away from the aperture (as com-
pared to m < I, Fig. 3b). Such modes can be excited by both
TE and TM polarizations although with different strengths.
Further theoretical work to explain the anticrossings and
extra perturbed modes seen in the spectra, will be presented
elsewhere.

(d)

Fig. 3. a,b) Calculated radial electric fields on the surface of the microcavity for
(Im) = (2,2) and (2,1) (on the sphere surface, darker shading shows stronger
electric fields). c¢,d) Schematic radial field profile of the localized plasmons in
voids and on spheres.
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Localized plasmons are analogous to electrons confined in
atoms. The similar structure of Maxwell’s and Schrodinger’s
equations provide similar solutions but on different lengths-
cales, and suggest a range of possible applications for this
technology. The negative curvature confinement increases the
plasmon energies because a greater electric field overlap is
produced in the surrounding air, increasing the electromag-
netic energy densities (Fig. 3c). In contrast, the positive curva-
ture metal surface reduces this energy density, resulting in lit-
tle confinement (Fig. 3d). A second significant difference
between metal voids and metal spheres is the momentum
required by photons to interact with the localized plasmons.
Compared to small spheres that have plasmons which are dif-
ficult to tune in frequency, metallic voids with 1.33 < R < 10
have plasmons in a well-defined cup geometry which are tun-
able from the ultraviolet (UV) to the near infrared, which
strongly interact with impinging light. The strong localization
of the surface plasmons removes any restrictive requirements
on specifically periodic patterning of the surface. In particular
tunable metallic filters and sensors are a strong prospect. In
addition, such nano-optical devices have unusual properties
such as near-field collimation for chromophores arranged at
the optical focus of the microcavities. Indeed we have recently
shown that dropping a scanning-near-field optical tip into the
spherical voids increases the retro-reflected light by several
orders of magnitude. In addition, we are also investigating
magnetic photonic mesoporous metals. The ability to easily
fabricate, at low cost, a large variety of such photonic metallic
structures promises applicability in many diverse areas rang-
ing from biotechnology to optoelectronics.
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