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T
he ability to engineer sub-wavelength-
localized optical fields using metal-
dielectric nanostructures drives the

development of optical biosensors, molec-
ular probes, subwavelength apertures, nano-
scale optical antennas, photon sources, and
guiding elements.1 All these applications
greatly benefit from the distinctive resonant
properties of metallic thin films,2 nanopar-
ticles with optimized morphologies,3 and
complex arrays with a tunable degree of
structural complexity.4,5 Compact plasmo-
nic devices have been recently realized
using triangular bowtie nanoantennas,6 nano-
disk trimer arrays,7 cube clusters,8 core�
shell nanoparticles,9 and a variety of nano-
particle shapes and clustermorphologies.10�12

In the context of nanoparticle arrays,
metallic nanocylinders have been used ex-
tensively for the engineering of plasmonic
devices.4,13,14 In particular, metal nanopar-
ticle dimers exhibit near-field concentration
in subwavelength gap regions and signifi-
cant enhancement of the plasmonic near-
field6 due to strong quasi-static coupling
between the localized plasmon modes of
the nanoparticles in the dimer. Arrays of
metallic dimers have been proposed for
localized surface plasmon resonance (LSPR)
sensors15 and surface-enhanced Raman
scattering (SERS) applications8,16 and provide
a significant improvement over arrays of iso-
lated nanoparticles (i.e., monomer arrays).17

However, the electromagnetic intensity en-
hancement and spatial localization obtained
bynanoparticle dimers compared to arrays of
single particles is strongly polarization-
dependent, and it is almost entirely lost
when dimers are not excited by radiation
of the proper polarization (i.e., parallel to
the dimer axis).16 Recently, the polarization
dependence of the near-fields of plasmonic
arrays has been shown to dramatically affect
the strength of Raman signals18 as well as

plasmon-enhanced fluorescence,19 limiting
their applicability to biosensing and SERS
spectroscopy.8,16 Therefore, there is a need
to develop engineerable plasmon-enhanced
sensing platforms that simultaneously offer
strong enhancement of optical cross sec-
tions, localized field intensities, and polar-
ization insensitivity for a variety of optical
sensing and spectroscopic applications.20

Recently, nanoparticle cluster aggregates
with a high degree of circular symmetry
have been investigated in nanoparticle
clusters21 as well as in various “oligomer”
configurations, giving rise to Fano-type
resonances22�25 of great interest for appli-
cations in LSPR sensing.
In this paper, by combining three-dimen-

sional finite-difference time-domain (3D
FDTD) simulations with experimental dark-
field and Raman spectroscopy, we system-
atically investigate the far-field scattering
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ABSTRACT In this paper, by combining three-dimensional finite-difference time-domain

simulations, dark-field scattering analysis, and surface-enhanced Raman spectroscopy (SERS) we

systematically investigate the light-scattering and field localization properties of circular loops of

closely spaced gold nanoparticles, or “nanoplasmonic necklaces”, fabricated by electron-beam

lithography on quartz substrates. In particular, we show that nanoplasmonic necklaces support two

hybridized dipolar scattering resonances with polarization-controlled subwavelength localized fields

(i.e., electromagnetic hot-spots), whose intensities are optimized by varying the necklace particle

diameter and the particle number. Moreover, we show that strong field intensity enhancement is

obtained for the particular necklace diameters where loop-localized photonic resonances efficiently

couple to the broadband plasmonic modes, enabling a simple design strategy for the optimization of

electromagnetic near-fields. Following the proposed approach, we design nanoplasmonic necklaces

supporting stronger field intensity enhancement than traditional nanoparticle monomer and dimer

arrays. Finally, by performing SERS experiments on nanoplasmonic necklaces coated with a pMA

molecular monolayer, we validate the optimization of their near-field properties and demonstrate

their potential for plasmon-enhanced spectroscopy and sensing.

KEYWORDS: surface-enhanced Raman scattering . electron-beam lithography .
plasmonics . nanoparticles . plasmonic arrays
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resonances and the near-field properties of plasmonic
arrays of gold (Au) nanoparticles arranged in circular
arrays with increasing rotational symmetry, here on
referred to as “nanoplasmonic necklaces”. Finally, we
demonstrate the potential of the proposed structures
as novel substrates for polarization-insensitive, plas-
mon-enhanced spectroscopy and Raman sensing over
broad-frequency spectra.

RESULTS AND DISCUSSION

Nanoplasmonic Necklaces. Nanoplasmonic necklaces
are generated by regularly positioning Au nanocylinders

of constant diameter (150 nm) and edge-to-edge
separation (25 nm) around circular loops of controlled
diameter in such a way that the angle between the
centers of each cylinder in the necklace is 360� divided
by the number of particles. As a result, by increasing
the number of cylinders in the necklace, its diameter
and degree of rotational symmetry are also increased.

In what follows, we study the far-field scattering
and the near-field properties of electromagnetic hot-
spots as a function of the number of particles in the
necklace, the degree of rotational symmetry, and
the polarization of the incident field. Furthermore, we
demonstrate the role of photonic�plasmonic coupling
in the optimization of the optical cross sections and
intensity enhancement of nanofabricated plasmonic
necklaces, and we utilize dark-field scattering and
Raman spectroscopy to validate the numerical results
of our analysis.

In Figure 1 we show representative scanning elec-
tron micrographs (SEM) of the fabricated nanoplasmo-
nic necklaces on fused silica substrates, demonstrating
almost ideal agreement with targeted design para-
meters. Micrographs of the particle arrays show device
consistency over a large pattern area, with each parti-
cle array spaced by 100 μm to avoid undesired electro-
magnetic (diffractive) coupling.

Far-Field Scattering Analysis. In this section, we will
focus our computational and experimental analysis
on the far-field scattering resonances of nanoplasmo-
nic necklaces.

We show in Figure 2c,d the calculated scattering
spectra of nanoplasmonic necklaces of increasing par-
ticle number excited using linearly polarized radiation

Figure 1. SEMmicrographs of nanoplasmonic necklaces. (a)
Fabricated necklaces with varying particle numbers. (b)
Pentagons and (c) decagons in arrays with center-to-center
spacings of 2.5 μm. Each nanoplasmonic necklace consists
of gold cylinders of diameter 150 nm and minimum edge-
to-edge spacing of 25 nm.

Figure 2. Calculated bound charge densities (excited with 0� incident polarization) of (a1) pentagon low-energy shoulder
mode at 634 nm and (a2) at the wavelength of peak scattering (721 nm); (b1) decagon high-energy mode at 688 nm and (b2)
low-energymode at 863 nm. Calculated far-field scattering cross section spectra of nanoplasmonic necklaces at (c) 0� (x-axis)
and (d) 90� (y-axis) incident polarization.
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with 0� (i.e., horizontal) and 90� (i.e., vertical) polariza-
tion angles, respectively. Data on particle monomers
and dimers are also included in Figure 2 for comparison.
The scattering cross section is calculated by considering
the total scattered power transmitted through a cubic
region enclosing the nanoplasmonic necklace and
normalizing it to the intensity of the source.

Figure 2 demonstrates clearly that by adding parti-
cles to the necklace two distinct modes appear, for any
given linear incident polarization, in the far-field scat-
tering spectra. It has been recently shown using the
symmetry groups of particle trimers,23 quadrumers,9

and septamers22 that these two modes arise due to
hybridization of optically active dipolarmodes that can
be obtained by group-theoretic arguments. Nanoplas-
monic necklaces belong to the dihedral point group,
specificallyDnh, which is characterized by having n-fold
rotational symmetry along a principal axis. The h sub-
script indicates a horizontal mirror plane that is per-
pendicular to the principal rotation axis.26

An analysis of the bound charge density in the
necklaces, calculated from the local field EB using the
expression Fb = �rB 3 [ε0(εr � 1)EB] at the wavelengths
of each resonant mode, gives clear insight into the
physical nature of these modes. The calculated charge
densities are shown in Figure 2 (a1,a2) for the penta-
gon and (b1,b2) decagon, considered as representative
cases. The pentagon is analyzed at (a1) λ = 634 nm,
where a weak shoulder occurs in the scattering cross
section, and at (a2) the wavelength (λ = 721 nm) of
peak scattering.We can see from its charge distribution
that the pentagon shoulder mode is quadrupolar and
therefore is not optically active. On the other hand, the
charge density at the wavelength of peak scattering
(λ = 721 nm) describes a large net dipole moment that
can couple to incident electromagnetic radiation, giv-
ing rise to a broadband “bright” mode. Close to the
region of peak scattering (700�800 nm) of the penta-
gon necklace, we also note the presence of an addi-
tional shoulder corresponding to two different dipolar
modes in close proximity. Differently from other neck-
laces, the dipolar pentagon modes are only weakly
excited at normal incidence. The decagon is analyzed
at the (b1) high-energy mode (λ = 688 nm) and (b2)
low-energy mode (λ = 863 nm) corresponding to two
dipolar excitations with nonzero net dipole moments.
The low-energy mode is stronger in scattering due to
its higher net dipole moment compared to the high-
energy mode, as can be seen in Figure 2. With the
exception of the pentagon as discussed above, all of
thenanoplasmonic necklaces (triangle throughdecagon)
support two hybridized dipolarmodeswhich are active
in far-field scattering.

Additionally, we notice in Figure 2 that the low-
energy mode has a wavelength position that is more
sensitive to the number of particles in the necklace
than the high-energy mode, which remains relatively

stable in wavelength as more particles are added. This
red-shifting of the low-energy mode is consistent with
the onset of diffractive coupling effects by increasing
the overall necklace diameter, similarly to what is ob-
served in photonic�plasmonic linear gratings.27 How-
ever, in the case of nanoplasmonic necklaces, the
minimum interparticle separation remains constant
(25 nm) while the overall necklace dimension (its
diameter) is increased. Moreover, by comparing the
spectra in Figure 2c,d, we notice that the polarization
angle of the excitation does not significantly affect the
far-field scattering response of nanoplasmonic neck-
laces in the far-field, as expected on the basis of their
high degree of rotational symmetry. On the opposite
nanoparticle dimers are very sensitive to the polariza-
tion angle and present a shift of over 100 nm in the
peak scattering wavelength as the excitation angle is
varied from 0� to 90�. In contrast, nanoplasmonic
necklaces with hexagonal and higher degree of rota-
tional symmetry are insensitive to the polarization
change, with no discernible modification in their far-
field scattering spectra.

To confirm the results of our calculations, we mea-
sured dark-field scattering transmission spectra of
nanofabricated nanoplasmonic necklaces.

Wemeasurednecklaces thatwerepatterned in arrays,
with each necklace spaced 2.5 μm apart (center-to-
center) to avoid photonic coupling between neighbor-
ing necklaces.

We show in Figure 3 the experimental scattering
spectra for different nanoplasmonic necklaces as well

Figure 3. (a1�a10) Calculated scattering cross sections and
(b1�b10) experimentally measured dark-field scattering
spectra of (a1 and b1) monomers; (a2 and b2) dimers; (a3
and b3) triangles; (a4 and b4) squares; (a5 and b5) penta-
gons; (a6 and b6) hexagons; (a7 and b7) heptagons; (a8 and
b8) octagons; (a9 and b9) nonagons; and (a10 and b10)
decagons.
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as monomer and dimer arrays fabricated as a refer-
ence. Figure 3 (a1�a10) shows the calculated scatter-
ing cross section data under unpolarized excitation for
easy comparisonwith the experimental data in Figure 3
(b1�b10). The measured dark-field scattering spectra
of all configurations ranging from monomer (b1) to
decagon (b10) are plotted in Figure 3b. Figure 3 in-
dicates remarkable agreement for all the investigated
structures between theory and experimental results.
Specifically, the presence of two well-defined scatter-
ing modes is clearly visible in the scattering spectra.
Minor differences between experimental and theore-
tical spectra can be explained by slight deviations
in particle shape and excitation conditions (dark-field
experimental setup vs normal incidence plane wave in
the simulations).

We now turn our attention to a rigorous analysis
and design of the near-field properties of nanoplasmonic
necklaces, including hot-spot engineering, photonic�
plasmonic coupling, near-field lineshapes, and experi-
mental SERS data.

Hot-Spot Engineering. We study the formation, inten-
sity, and spatial location of hot-spots in the nanoplas-
monic necklaces as a function of particle number and
polarization of the excitation plane wave. In Figure 4
(a1�a8), we show the calculated near-field intensity
profiles under unpolarized excitation of the electro-
magnetic hot-spots as a function of particle number in
different necklaces ranging from a three-particle trian-
gle Figure 4 (a1) to a 10-particle decagon configuration
Figure 4 (a8). The intensities are shownat thewavelengths

corresponding to the peak of the near-field intensity,
which varies for each necklace configuration. We ob-
serve from Figure 4 (a1�a8) that the number of hot-
spots excited in these conditions is equal to the
number of particles in the necklace. Despite the fact
that the nanoparticles in the different necklaces all
have the same diameter (150 nm) and edge-to-edge
separation (25 nm), Figure 4 shows that some neck-
laces produce stronger hot-spot intensity enhance-
ment than others. In particular, there exist optimal
necklace dimensions and particle numbers, as we will
discuss more in detail below. Here, we emphasize only
that due to the predictable hot-spot locations and
sensitivity to the particle number, nanoplasmonic
necklaces provide a convenient platform for the pre-
cise engineering of plasmonic hot-spots.

In Figure 4 (b1�b8) we show the effects of the
polarization angle of the incident plane wave on the
hot-spot locations and intensities. Without loss of
generality, we limit our analysis to the case of a two-
particle dimer and a nine-particle nonagon necklace,
since similar results have been obtained for all the
necklace structures. As expected, the nanoparticle
dimer produces an intense hot-spot only when excited
along its axis (i.e., longitudinal polarization), while the
hot-spot intensity is dramatically decreased when
excited with transverse polarization (i.e., perpendicular
to the dimer axis). On the contrary, the nonagon
necklace supports hot-spots for all polarizations. As
expected, the excited hot-spots correspond to the
dimers within the necklace that are longitudinally

Figure 4. (a) Near-field profiles of nanoplasmonic necklaces excited with unpolarized light with (a1) three through (a8) 10
particles. Near-field profile of the dimer excited at (b1) 90� and (b2) 0�, showing clear polarization dependence of the hot-
spots. Thenine-particle nonagonexcitedwithpolarized light at angles (b3) 90�, (b4) 0�, (b5) 18�, (b6) 36�, (b7) 52�, and (b8) 72�
(denoted by the inset arrows) showing the locations of the hot-spots and how they are controlled by the polarization angle.
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excited, and their locations rotate within the necklace
following the orientation of the incident polarization.
In summary, Figure 4 (b3�b8) demonstrates that by
varying the polarization angle from (b3) 0� to (b8) 90�
in 18� increments, the nonagon necklace always sup-
ports more and stronger intensity hot-spots than a
dimer, and the hot-spot intensity cannot be suppressed
when the polarization angle is changed. Similar results
are obtained for all the considered nanoplasmonic neck-
laces, making them very attractive for sensing applica-
tions requiring intense and polarization-insensitive
enhancement of plasmonic near-fields.

It is also of great fundamental as well as applied
interest for plasmon-enhanced spectroscopy to inves-
tigate the wavelength spectra of the plasmon near-
field excitations supported by nanoplasmonic neck-
laces. In Figure 5, we plot the calculated wavelength
spectra of the maximum near-field intensity extracted
from each necklace configuration. The results shown in
Figure 5a are obtained for a polarization angle of 0�
and in Figure 5b at a polarization angle of 90� in order
to directly compare against the longitudinally polarized
dimer case, which is known to produce the strongest
field. We see in Figure 5 that the maximum intensities
increase with the number of particles in the necklace

for both polarizations and also that the near-fields
retain high values of intensities over broader wave-
length ranges as the particle numbers are increased.
We also observe the dramatic effect of polarization
sensitivity on the dimer whose maximum intensity is
reduced greatly when excited at 0� (off-axis). The simple
design of polarization-insensitive plasmonic necklaces
with increased hot-spot intensity distributed over large
frequency bandwidths can find significant applications
in SERS spectroscopy, since many SERS applications
require the ability to engineer strong near-fields at both
the excitation and Stokes-shifted wavelengths, leading
to maximum SERS signals.28 Finally, it is evident from
Figure 5 that the peak wavelengths of the near-field
maxima shift to longer wavelengths by adding particles
to the necklace, clearly indicating the important role
played by photonic diffraction and coupling effects.

Plasmonic�Photonic Coupling. We now discuss the role
of photonic coupling effects in nanoplasmonic neck-
laces associated with their circular resonator structure,
and we show that photonic trapping effects enhance
plasmonic near-field intensities at well-defined neck-
lace diameters.

The results of our analysis are shown in Figure 6. In
Figure 6a we show the average value of the maximum

Figure 5. Calculated maximum near-field intensity for nanoplasmonic necklaces of varying particle numbers excited at
normal incidence by a plane wave polarized at (a) 0� (x-axis) and (b) 90� (y-axis).

Figure 6. (a) Polarization averagedmaximumnear-field intensity shown as a function of the overall necklace radius as well as
particle diameter. (b)Wavelengthof themaximumnear-field intensity as a functionof overall necklace diameter. Dashed lines
in both graphs show the linear fits of the N = 1 and N = 2 photonic modes.
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near-field intensity enhancement for necklaces as a
function of the diameter of the necklaces. The max-
imum near-field intensity is probed over the entire
simulation boundary within a plane bisecting the
cylinders and over a wavelength range from 600 to
1600 nm. This maximum intensity is then averaged at
the optimal wavelength over different polarization
angles in the range 0�180� in 5� increments. As a
result, the error bars shown in Figure 6a indicate the
standard deviation in the intensity enhancement
sampled at various polarization angles and give a
measure of the robustness of the near-field optimiza-
tion with respect to the input polarization state. The
necklace diameter in Figure 6a is considered as the
maximum center-to-center distance between particles
in these necklace configurations. Figure 6a shows a
principal peak in the 200�600 nm necklace diameter
range and a less intense, secondary peak in the
1200�1600 nm range. These local maxima were line-
arly interpolated by the two dashed lines shown in
Figure 6a.

The relevance of photonic�plasmonic coupling is
clearly revealed in Figure 6b, where we plot the
wavelengths of peak intensity enhancement (polarization
averaged as before) versus the necklace diameter. The
dashed lines in Figure 6b show an approximate linear
relationship between the peak wavelength and the
necklace diameter. This behavior is evidence of photo-
nicmodes being diffracted into the necklace plane and
can be characterized by the equation λ= (nD/N), where
D is the necklace diameter, n is the refractive index of
the substrate, and N is the mode order.27 The slope
of the N = 1 mode is 1.32, while the N = 2 slope is 0.65.

The data in Figure 6 demonstrate that, within a scaling
factor of approximately 1.3, photonic diffraction and
light trapping occur for necklace diameters approxi-
mately equal to an integer multiple of the resonance
wavelength. As a result, this strong photonic�plasmonic
coupling provides a simple design rule for the optimal
necklace geometries for each particle size, which
can be simply designed to produce the maximum
near-field intensities.

In the next section, we will experimentally demon-
strate our necklace optimization using SERS signals as
probes of the local near-fields.

Surface-Enhanced Raman Scattering. Surface-enhanced
Raman scattering is a technique used to fingerprint the
vibrational structure of a particular analyte. Raman
scattering is an inelastic light-scattering process wherein
incident light interacts with vibrational states of an
active object (i.e., amolecule, a crystal, etc.), causing the
scattered light to shift in frequency to lower energy
(Stokes-shifted component) and to higher energy
(anti-Stokes-shifted component) with respect to the
elastic component.29 SERS is a well-established and
reliable method for label-free chemical and biological
sensing20,30 and has detected signals down to the
single-molecule limit.31 Recently, structural enhance-
ment of SERS signals has been demonstrated on en-
gineeredarraysofmetal nanoparticles suchasdeterministic
aperiodic nanostructures32 and nanocluster arrays33 to
exhibit enhancement factors from 105 to 107. Since
Raman enhancement scales roughly as the fourth
power of the local field, we can use SERS as a qualitative
tool to characterize the near-field properties of nano-
plasmonic necklaces.

Figure 7. (a) Experimental SERS spectra of 1077 and 1590 cm�1 modes of pMA on dimer and nanoplasmonic necklaces of
varying particle numbers (red, dimer; blue, triangle; cyan, square; pink, pentagon; yellow, hexagon; navy, heptagon; maroon,
octagon; orange, nonagon; green, decagon). Inset figure shows full SERS spectrum from 500 to 2000 cm�1 of an octagon
necklace. (b) Experimental Raman intensities of the 1077 cm�1 mode as a function of number of particles (black line) and
calculated enhancement factors from FDTD analysis (blue line).
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In Figure 7a we show the Raman spectra of p-
mercaptoaniline (pMA) monolayers collected on Au
nanoplasmonic necklaces of varying particle number,
as well as on nanoparticle dimer arrays. The dominant
Stokes modes of pMA are evident in all of the spectra
(1077 and 1590 cm�1).34 We can see in Figure 7 that
when particles are added to the necklace, the intensity
of both Stokes modes increases significantly. Focusing
on the 1077 cm�1 mode, we present in Figure 7b the
Raman intensity collected on each nanoplasmonic
necklace as a function of the number of particles in the
necklace. This clearly demonstrates the role of
the number of particles in the Raman signal of the
1077 cm�1 mode, which is driven by the local plasmonic
fields enhanced by the photonic�plasmonic coupling
mechanism discussed above. In order to demonstrate
this, we also plot in Figure 7b the calculated local (i.e.,
near-field) intensity scaling obtained by FDTD (blue) and
compareddirectlywith the trend in the SERS data (black).
Calculations were obtained using the equation |E(λex)|

2|-
E(λs)|

2,17 and they show qualitatively good agreement
with SERSmeasurements, which demonstrates the neck-
lace optimization on the near-fields. We also notice that
the calculations were obtained using normal incident
light, which can explain the discrepancies with the

measured data. From the data and the simulations
presented in Figure 7, it is clear that nanoplasmonic
necklaces represent a significant advancement over
the vastly utilized particle dimer configuration.

CONCLUSIONS

In this work, we have computationally and experi-
mentally investigated the far-field scattering and near-
field localization properties of nanoplasmonic necklaces
consisting of Au nanocylinders arranged in circular
loops of varying particle numbers. We demonstrate that
particle necklaces represent a fully engineerable plas-
monic platform that offers a simple strategy for the
design of enhanced near-fields on planar substrates.
Moreover, we demonstrate that nanoplasmonic neck-
laces can easily be optimized by choosing their dia-
meters to be an integer multiple of the wavelength,
leading to strong photonic�plasmonic coupling
effects that boost their near-field intensities. Our analysis
is supported by dark-field scattering spectroscopy and
SERS measurements performed on pMA molecular
monolayers, demonstrating the optimization of the
near-fields in nanoplasmonic necklaces and their
superior performances, compared to conventional na-
noparticle monomer and dimer arrays.

METHODS

Nanoplasmonic Necklace Fabrication. Nanoplasmonic necklaces
were fabricated using electron-beam lithography (EBL) pattern-
ing of a 180 nm coating of poly(methyl methacrylate) 950 resist
on a fused silica substrate soft baked at 180 �C in an oven for
20min. Wemake use of a sacrificial 10 nmAu coating to eliminate
electron-beam charging of the substrate while writing with a
Zeiss SUPRA 40VP SEM equippedwith a Raith beamblanker and
NPGS nanopatterning software. Development took place in
methyl isobutyl ketone diluted in 2-propanol. Then 28 nm of
Au was deposited on top of a 2 nm Ti adhesion layer using
electron-beam evaporation. Liftoff was performed by sonicat-
ing the samples in acetone.

Finite-Difference Time-Domain Method. In our FDTD analysis, the
nanocylinders have a diameter of 150 nm, minimum edge-to-
edge separation of 25 nm, and height of 30 nm, which we found
optimal for near-infrared sensing.12,32 Their material dispersion
properties are modeled using the Johnson and Christy data.35

The grid size surrounding the gold nanoparticles is 2.5 nm in the
x and y (in-plane) dimensions and 2 nm in the z (out-of-plane)
dimension to ensure numerical convergence. The necklaces are
simulated on a glass substrate of index n = 1.45 in order to
exactly describe our experimental conditions. In all simulations,
plane wave excitation was used at normal incidence to the
substrate. Perfectly matched layer (PML) boundary conditions
were used to ensure absorption of electromagnetic radiation at
the simulation boundaries.36 Twelve PML layers are used to
minimize reflections from the boundary; the normalized max-
imum absorption coefficient, σ, is 0.25 and set to increase
cubically as fields propagate through the PML layers. The
simulations were performed using the commercial software
Lumerical FDTD Solutions.37

Dark-Field Spectroscopy. All experimental dark-field spectra
were collected using an upright Olympus microscope
(BX51WI) with unpolarized, incoherent, white light halogen
source excitation. A dark-field condenser (NA = 1.2 to 1.4) was
used to couple our excitation to the sample at a high angle, with

a pinhole of 2 mm diameter placed before the condenser to
limit the incident k-vectors and improve the overall spectral
resolution. Index-matching fluid was used to couple the con-
denser to the sample substrate. The collection used was a
10� objective with NA 0.25. The data were collected using a
grating spectrometer and CCD (Andor Shamrock SR303i)
electrically cooled to �75 �C. Spatial filtering at the CCD
was used for background noise reduction and to ensure that
signal was obtained from only one array of nanoplasmonic
necklaces. All the scattering spectra were background cor-
rected by subtraction of the scattering signal from an equal-
size, unpatterned area adjacent to each array. The scattering
spectra were then normalized by dividing the background-
corrected spectra to the emission line shape of the excitation
lamp.

SERS Detection. Nanoplasmonic necklace samples were fab-
ricated as previously discussed, incubated in ethanol with a
10 mM concentration of pMA to form a self-assembled mono-
layer on top of the necklace arrays, and rinsed in pure ethanol
before measurement. The sample arrays were excited by a
diode laser with 785 nm wavelength and 20.5 mW output
power that was fiber coupled to a 40� objective (NA = 0.65)
through an upright Olympus microscope. The backscattered
signal was sent to an electrically cooled CCD as in the dark-field
scattering measurements above. Frequency calibration was
performed by referencing the 520 cm�1 line of silicon. All
spectra were averaged over 10 measurements with a 2 s
integration time. The laser spot size was constant in all mea-
surements to ensure consistency between experimental data.
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