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This communication describes how thin porous films of metals
on glass substrates can be conveniently and easily fabricated by
the use of colloidal crystal templates and how these structures
can find analytical applications in surface-enhanced Raman
spectroscopy (SERS). Since the method of forming macroporous
materials by templating with colloidal crystals was introduced a
few years agd,it has been extended to the fabrication of structures
from inorganic oxide$,polymers? carbon! semiconductorgand
metals? Most of the efforts in this area are currently focused on
the formation of photonic crystals, structures with 3D periodicity
on a length scale comparable to that of light, which may be used
in microscopic lasers, efficient light-emitting diodes, and miniature
waveguides or mirror§However, the fabrication of high-quality,
defect-free photonic crystals via colloidal crystallization poses a
significant technological challenge, and the practical feasibility
of this method remains unproven. Nevertheless, as we report here,
materials being developed as photonic crystals can find immediate geree P L LT XL
use in applications such as SERS when they are fabricated in the LA L AL LA L cos

EE L LT Ly v )
form of thin films supported on flat surfaces. _ Figure 1. Schematic diagram {ed) of the formation of mesoporous-
The key to the wider application of Raman spectroscopy UsiNg macroporous gold films templated by colloidal crystals. The porous
roughened metallic surfacess the development of highly  ggrycture of the resulting material was observed by SEM (e) using a JEOL
enhancing substrates for analytical purpdseés,., for better JXA-840 operating at 20 kV. Scale bar 1 um.
detection sensitivity of trace contaminants and pollutants. To use

SERS in routine, on-line studies, the substrates should also bey ¢ the present techniques used for surface patterning such as
stable, reproducibly prepared, inexpensive, and easy to make. Th§ectron-beam lithograph¥ or nanosphere lithograpHy are

methods developed to date cannot satisfy.all of these requirementsiiiteq by the relatively high cost of fabrication and the low
Substrates that are produced by adsorptidior sol-gel entrap- surface area of the metal structure.

ment? of metallic nanoparticles lack advanced features, e.g., The simole procedure that we have developed for depositin
periodicity. The enhancement can be increased by creating a long- p'e p P P 9

: : s structured macroporous metallic films on flat substrates is shown
ranged pattern with a submicrometer periodicity on the substtate, schematically in Figure Tad. Concentrated gold nanoparticles
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(25 nm) and latex microspheres (630 nm) were mixed together
and deposited on a microscope slide (Figure 1a). A second slide
was used to drag a meniscus of the colloidal suspension along
the lower slide, depositing a film of latex particles (Figure 1b).
This procedure is somewhat similar to the process of convective
assembly of 2D crystal$,although the films obtained with our
coating method were much thicker than those in the previous
experiments. Thick multilayer latex crystals grew upon drying
of the films, probably due to the combination of the increasing
latex volume fraction and convective assembly. The gold particles
were trapped in the interstitial voids of the latex crystal and upon
further evaporation assembled around the bottom latex layers
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(Figure 1c). The latex/gold composite was then immersed in (a) 9000
toluene to dissolve the latex template, leaving behind the gold
structure immobilized on the glass slide (Figure 1d). A more
detailed description of the method is described elsewHere. 7000 1

8000 4

The SEM image in Figure 1e shows a gold film of a thickness 3 6000
corresponding to two layers of latex particles, with hexagonally 52 5000 A
ordered pores. The lower layer of the nanostructure can be seen 7
through the holes of the upper layer. Monocrystalline domains § 4000 1 1
of hundreds of identical pores are seen on the surface, usually S 3000 4

corresponding to stacked close-packed planes of hexagonal or 2000 -

square symmetry. The individual gold particles forming the 1000 - 2

macroporous material were also observed by AFM, confirming A 3

the second level of porosity for these structures. 0 i o T T
Macroscopically, the gold films were semitransparent and 900 1100 1300 1500 1700

showed multicolored domains in reflected illumination. Two
characteristic features were seen in the-iis spectrdf corre-
sponding to the surface plasmon band of individual gold particles 200
and a second “red-shifted” band. The “red-shifted” mode, which by -~
arises from the coupling of surface plasmons between adjacent
particlest! gives rise to locally strong electric fields and causes 160 4
the enhancement of the Raman spectrum for molecules close to
the surfacé’8
We evaluated the performance of our gold structures as SERS
substrates usingans-1,2-bis(4-pyridyl)ethylene (BPE) as a model
compound (Figure 2). All samples for which the spectra are
shown, except the one for solid BPE (spectrum 3), were prepared
similarly to those of Grabar et &.The templated gold substrates
(spectrum 1) gave a strong Raman signal with little background
noise. This can be compared to the weaker spectrum of BPE
(spectrum 2) obtained from gold particles deposited under similar 0
experimental conditions, but without the latex template. Spectrum 900 1100 1300 1500 1700
3 was obtained from solid BPE flakes without gold, and exhibits Raman Shift (cm’)
slightly shifted peaks compared with the SERS spectra, as is
commonly observed in the absence of surface interactions. Figure 2. Raman spectra of BPE deposited on various gold and glass
For Comparlson, Flgure 2b ShOWS the BPE spectra for Several substrates: (1) gOld partiC!eS (25 nm) on glaSS templated by colloidal
reference surfaces. The weak spectrum 7 was taken on a smootl§"yStals; (2) same as (1) without latex template; (3) bulk spectrum from
layer of gold deposited on glass by evaporation. The same surface? thick BPE layer; (4) electrochemically roughened gold on glass; (5)
after being electrochemically rougher@@ showed a more same as (1), but after heating to 5%0; (6)_glass slide without metal;
intense, but still relatively weak, Raman spectrtiddo distin- and (7) smooth, 200 nm thick gold film evaporated onto glass.

) . Experimental conditions: L of 1 mM BPE; 60 mW of laser power at
guishable peaks were observed for BPE on either bare glass784-6 nm focused on a 1bBn diameter spot; 1& 10 s integration time.

(speoctrum 6) or the structured gold sample after being heated toRaman spectrograph system: Kaiser Optical Inc. HoloSpec F/1.8 con-
5,00 ,C (spectrum 5) Where 'Fhe nanoparticles had fused tOgether'nected to an Olympus BX-60 microscope by a fiber optic cable.
yielding larger, SERS-inactive gold droplets.
To estimate the enhancement factor for our substrates, we
compared our thin film samples to a glass substrate without gold
that had a layer of BPE 100 times thicker than the samples with

old. By comparing the Raman intensity for two peak posifibns ; .
\?ve ob'E/ainedpan %verage enhancemgnt of f(g a tri/pical crystal lithography#*?? due to the second level of porosity

structured gold sample relative to glass. This enhancement is anproduced by the go_ld nanoparticles. Substrates with Iarg_e metallic
order of magnitude greater than what we observed for gold surface area are likely to be advantageous for detecting small
particles randomly absorbed on glass (spectrum 2), or what is concentrations of a target compound by SERS.

typically reported for samples prepared by random particle Inconclusion, we have introduced a convenient colloidal crystal
adsorptiont! Also, our signal-to-noise ratic=(100) is better than ~ templating method to deposit structured porous metallic films on
those of substrates prepared by adsorption, even though weflat substrates. The three-dimensional, highly ordered gold films
integrated the Raman signal for an order of magnitude less'time. supported on glass slides are formed by a simple procedure, and
The SERS performance of our substrates is similar to that of two- could be particularly useful as SERS substrates. The porous
dimensional silver gratings produced by e-beam lithogr&dnyd structures have clear practical advantages over materials produced
thus could result from the ordering and monodispersity of the by other more complex and expensive methods. Future modifica-

macropores. However, our method of template-directed assemblytions of our method can create many other types of macroporous
provides the significant advantages of being much simpler, faster, fjims and coatings.
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and less expensive than lithography. Another reason for the high
activity of our samples may be their much larger surface area
than those of previously reported substrates prepared by colloidal
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