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Since its initial discovery, surface-enhanced Raman scattering
(SERS) has exhibited extraordinary potential for the characterization
of trace chemical species.1 One highly promising approach for the
design of SERS substrates involves the positioning or fabrication
of nearly adjacent metallic nanostructures with nanoscale gaps. Gaps
between adjacent metallic nanostructures have been shown to
support extremely intense local electromagnetic fields, known as
“hot spots”, upon optical excitation.2,3 It is essentially these features
that have been attributed to the enormous SERS enhancements
reported for random colloidal aggregates, approaching singlemolecule sensitivity for certain molecules.4,5
The precise properties and geometric requirements for nanoscale
junctions and their plasmon excitations have been the subject of
detailed theoretical studies since the early 1980s.6 A recent model
for the junction excitations of metallic nanostructures, known as
plasmon hybridization, draws a direct analogy between the plasmon
excitations of a pair of directly adjacent metallic nanostructures
and the excited states of simple homonuclear diatomic molecules.7,8
In this picture, the plasmon excitations of two adjacent metallic
nanoparticles hybridize to form two “dimer” plasmons, where the
low-energy “bonding” plasmon is responsible for the high optical
intensity in the nanoscale interparticle junctions. In these studies it
was shown that the interparticle spacings required to achieve large
SERS enhancements in a junction geometry are in the sub-10-nm
range. While junctions in this size range have likely been
experimentally achieved in random colloidal aggregates and fractal
films, the controlled fabrication of highly regular, metallic nanostructure geometries with a high density of sub-10-nm interparticle
spacings is beyond current nanofabrication methods.9,10
Here we describe a convenient and cost-effective chemical
approach to fabricating highly ordered Au spherical nanoparticle
(NP) arrays with sub-10-nm spacing between adjacent nanoparticles,
which exhibit high, stable, and reproducible SERS activity. Figure
1A schematically illustrates the fabrication procedure for Au
nanosphere arrays. Au nanospheres of 50 nm in diameter were
functionalized with cetyltrimethylammonium bromide (CTAB) and
then redispersed in water to form colloidal solutions (∼1012 particles
mL-1). Drying a 10-µL droplet of CTAB-capped Au colloid solution
on indium-doped tin oxide (ITO) glass under ambient conditions
resulted in the formation of hexagonally close-packed monolayer
NP arrays with average interparticle distance of ∼8 nm. The
interparticle spacing was determined from SEM images (Figure 1B)
and is consistent with the reported ∼2.2-nm thickness of a single
CTAB layer. As a capping surfactant, CTAB can form selfassembled bilayers on Au nanostructures. The bilayer capping of
CTAB on Au NPs leads to a net positive charge on the NP surfaces,
providing a net repulsive interaction between the NPs to prevent
random disordered aggregation during solvent evaporation.11,12
As shown in Figure 1D, the as-fabricated NP arrays display a
broad and intense plasmon band in the near-infrared region. This
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Figure 1. (A) Schematic illustration of the fabrication of sub-10-nm gap
Au NP arrays. (B) SEM image of the arrays. (C) SEM image of monolayer
of isolated Au NPs on ITO glass. (D) Vis-NIR extinction spectrum of the
monolayer of isolated Au NPs and arrays.

band arises from a coalescence of the dimer plasmon resonances
of the individual junctions7,13 in the array to form a band, in analogy
with electronic energy bands in solids and pass bands in photonic
crystals. When illuminated in this absorption band, the NP arrays
exhibit enormous near-field enhancements at the junctions between
neighboring NPs, creating uniform densities of well-defined “hot
spots” exploitable for large SERS enhancements. Using periodic
nanostructured SERS substrates like this can provide detailed and
quantitative correlations between surface structures and SERS
enhancements.14-17 From the electromagnetic point of view, these
NP arrays can be regarded as “inverse Van Duyne lattices”,
possessing near-field properties similar but complementary to those
of the triangle arrays fabricated using nanosphere lithography.15,16
The SERS performance of the arrays is quantitatively evaluated
using a nonresonant molecule, p-mercaptoaniline (pMA), as the
analyte. pMA is ideal for quantification because it forms selfassembled monolayers (SAMs) with a known packing density on
Au surfaces.18 pMA can displace CTAB on Au surfaces due to the
stronger Au-S bond relative to Au-Br. Figure 2 shows the SERS
spectra of pMA for a range of pMA concentrations adsorbed on
the NP arrays. The SERS spectra of pMA on the NP arrays are
reproducible at different sites on a substrate, with a standard
deviation of <12%. As the concentration of pMA increases, the
SERS Stokes intensities corresponding to the Au-Br (190 cm-1)
and C-C (1045 cm-1) bonds of CTAB progressively decrease,
while those of the Au-S (390 cm-1) and C-C bonds of pMA
(1005, 1077, 1179, and 1590 cm-1) increase, indicating the gradual
10.1021/ja055633y CCC: $30.25 © 2005 American Chemical Society
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Figure 2. (A) SERS spectra of 5 µL of pMA with different concentrations
deposited on the NP arrays. The excitation laser wavelength is 785 nm.
Adsorption isotherm of pMA on the NP arrays obtained according to (B)
1077 and (C) 390 cm-1 modes in the SERS spectra. I0 is the peak intensity
of a saturated pMA monolayer.

In contrast to many conventional SERS substrates whose SERS
activity can be easily compromised,22 our NP arrays display quite
stable SERS enhancements. There is no observable activity loss
within 30 days, and after 90 days SERS enhancements are reduced
by 50% relative to measurements performed on freshly prepared
array substrates.
In conclusion, highly ordered NP arrays with sub-10-nm gaps
have been fabricated through self-assembly of CTAB-capped Au
NPs and have been used as SERS substrates which exhibit high
SERS activity, stability, and reproducibility. The displacement of
CTAB by thiolated molecules such as pMA, p-mercaptobenzoic
acid, and cysteine results in the formation of amine or carboxyl
moiety terminated SAM capping layers for these substrates, which
can potentially serve as cross-linking agents for attachment and
SERS-based recognition of nonthiolated molecules. A detailed study
using the NP arrays as SERS substrates for biomolecular sensing
is currently underway.
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Figure 3. Empirical SERS enhancement factors obtained on the basis of
different Raman modes under different laser excitations.

displacement of CTAB by pMA. The Stokes intensities of pMA
follow a Langmuir isotherm (Figure 2B,C). A saturated monolayer
adsorption of pMA is reached when the concentration of pMA is
>50 µM. It is important to note that the displacement of CTAB by
the much smaller pMA layer does not affect interparticle spacing
of the arrays. The array plasmon maximum shifts from ∼730 to
∼785 nm upon CTAB displacement, due to the increased refractive
index of pMA.
Empirical enhancement factors were calculated by comparing
ratios of the SERS peak intensity of saturated pMA coverage to
the corresponding unenhanced signals from neat pMA films of
known thickness (0.5 mm). Figure 3 shows the enhancement factors
as a function of excitation wavelength. Larger SERS enhancements
are observed when the laser wavelength approaches the maximum
of the broad array plasmon feature. Empirical enhancement factors
above 1 × 108 are observed under near-infrared (785 nm) excitation.
This is in precise agreement with the previously reported theoretical
prediction for averaged SERS enhancements on Au nanosphere
arrays of similar geometry.13 This value averages over the entire
array surface area: the localized enhancement for the molecules
in the interparticle junctions is anticipated to be several orders of
magnitude higher.17,19,20 Theoretical estimates of the local enhancement in the junctions of this geometry for nonresonant molecules
are on the order of 1011 or higher.21
The arrays can also be used for SERS of dye molecules, such as
Rhodamine 6G, Crystal Violet, and Indocyanine Green. The dye
molecules appear to intercalate into the CTAB bilayers in the
regions where large SERS enhancements arise.
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Experimental Details:
Cetyltrimethyl ammonium bromide (CTAB), para-mercaptoaniline (pMA), rhodamine 6G (R6G), crystal violet
(CV), and indocyanine green (ICG) were purchased from Sigma-Aldrich (St. Louis, MO). Au colloid solution (50 nm
in diameter) was obtained from Ted Pella (Redding, CA). 200-proof ethanol was purchased from Fisher Scientific
(Hampton, NH). Ultrapure water (18.2 M resistivity) was obtained from a Milli-Q water purification system
(Millipore, Billerica, MA). Indium doped tin oxide (ITO) glass slides were purchase from Delta Technology Limited
(Stillwater, MN).
In a typical procedure, 20 mL of Au colloid solution was mixed with 20 mL of 40 mM CTAB aqueous solution for
1 h. Then the nanoparticles were centrifuged and redispersed twice in Milli-Q water to get rid of excess CATB in the
solution. The CTAB-capped Au nanoparticles were finally redispersed in water to form colloidal solution with particle
concentration of approximately 1012 particles mL-1. The assembly of the nanoparticles into close-packed arrays was
accomplished by depositing a droplet of the colloidal solutions (10 µL) onto the surface of ITO glass slide (conductive
side), and allowing it dry undisturbed under ambient conditions. The monolayers of isolated nanoshells were prepared
by immobilizing the Au nanoparticles onto ITO glass. The ITO glass slides were immersed in concentrated aqueous
solution of Au nanoparticles (1012 particles mL-1) for 24 hour. Upon removal from the nanoparticle solution, the films
were rinsed with ethanol and dried with N2.
The samples for SERS measurements were prepared by evaporating 5 µL of ethanolic solutions of the analytes on
the surface of the nanoparticle arrays. Raman spectra were obtained with a Renishaw micro-Raman spectrometer using
50x objective. An Ar laser (514 nm), a He-Ni laser (633 nm), and a diode laser (785 nm) were used for the excitations.
The laser power focused on the samples was measured to be 2.17 mW, 0.96 mW, and 1.58 mW when excitation laser
wavelength was 514 nm, 633 nm, and 785 nm respectively. The laser beam size focused on the samples is 2 µm in
diameter. The acquisition time was 15 seconds for each spectrum. SERS enhancement factors were calculated by
comparing ratios of the SERS peak intensity of saturated pMA coverage to the corresponding unenhanced signals from
neat pMA films of known thickness. The number of molecules in the samples was estimated using the average number
of nanoparticles per excitation beam spot, surface area of each nanoparticle, and packing density of pMA on the surface.
Extinction spectra were obtained using a Cary 5000 UV/Vis/NIR spectrophotometer in the wavelength range of 400 nm
to 1200 nm. Scanning electron microscopy (SEM) measurements were performed on a Phillips FEI XL-30
environmental scanning electron microscope.
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SI_Figure 1. Extinction spectrum (A) and SEM image (B) of the Au nanosphere
arrays with saturated pMA SAMs adsorbed on the surface.
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SI_Figure 2. SERS spectra of pMA adsorbed on the Au nanosphere arrays excited by (A)
diode laser ( = 785 nm), (B) He-Ne laser ( = 633 nm), and (C) Ar laser ( = 514 nm).
The red curves are the SERS spectra of pMA and the black curves are the spectra of Au
nanoparticle arrays without pMA. The samples for SERS measurements were prepared by
depositing 5 µL of 100 µM pMA solution on the Au nanoparticle arrays.
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SI_Figure 3. Stability of SERS activity of the as-fabricated Au nanoparticle arrays. In
this set of experiments, 5 µL of 100 uM pMA was deposited on the freshly prepared, 30
days, 60 days, and 90 days old Au nanoparticle arrays.
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SI_Figure 4. SERS spectra of R6G, CV, and ICG adsorbed on the surface of the Au
nanoparticle arrays. The excitation laser wavelength is 785 nm. The samples for SERS
measurements were prepared by depositing 10 µL of ethanolic solutions of the dye molecules
with different concentrations on the Au nanoparticle arrays.
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