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T
he engineering of the light scattering
and near-field localization properties
of plasmonic nanostructures plays a

key role in developing more efficient sen-
sors, optical antennas, and nanofocusing
elements for molecular spectroscopy. The
resonant optical responses of metallic na-
noparticles can be largely tuned and en-
hanced for device applications by a careful
design of the particle morphology,1 by nano-
structuring metallic thin films into nanohole
arrays,2 or by utilizing arrays of nano-
particles arranged in various geometries.3�5

In particular, nanoparticle cylinders arranged
in loops, referred to as “oligomers” or
“necklaces”, have been studied due to their
ability to give rise to controllable Fano-
type resonances,6�11 magnetic plasmon
response,12,13 aswell as photonic�plasmonic
coupling leading to polarization insensitive
near-field enhancement.14

Focusing and concentration of light at
the nanoscale have recently emerged as
topics of great interest15�20 in plasmonics
for a variety of device applications.21�23 In
particular, it has been shown that plasmonic
dimers, which consist of nanoparticles se-
parated by subwavelength gaps, give rise to
highly concentrated electromagnetic fields
in their nanoscale gap region, which is of
paramount importance for sensing techni-
ques such as surface-enhanced Raman
scattering.24�26 By efficiently funneling op-
tical radiation into nanometer-sized subwa-
velength volumes, metallic nanoparticles
greatly enhance the intensity of near-fields
and surpass the spatial resolution achiev-
able by conventional dielectric lenses,
providing exciting newpossibilities in nano-
scale optical engineering. Optical nanoan-
tennas have already been shown to improve
the performance of solar cells and photo-
detectors27�29 and can radically affect imag-
ing and optical sensing technologies in the

near future. Concentric geometries such as
bulls eyes, metal films, and nanoshells have
been recently studied in the broader con-
text of plasmonic nanoantennas30 and nano-
lenses31�33 for sensing and spectroscopic
applications.
In this paper, we combine nanoparticle

dimers and concentric plasmonic necklaces
to increase the near-field enhancement at
the nanoscale dimer gap region by engi-
neering photonic�plasmonic coupling in
the necklace geometry. We make use of
three-dimensional finite-difference time-
domain (3D FDTD) simulations, dark-field
spectroscopy, and surface-enhanced Ra-
man scattering (SERS) to investigate the
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ABSTRACT In this paper, we design and analyze

concentric necklace nanolenses (CNNLs) which consist of

metal nanoparticle dimers placed in the center of one or

more concentric rings of plasmonic necklaces. We use three-

dimensional finite-difference time-domain simulations,

electron-beam lithography fabrication, dark-field scattering

analysis, and surface-enhanced Raman scattering (SERS) measurements to investigate the far-

field scattering and near-field light localization properties of CNNLs. Using these methods, we

show that CNNLs display far-field scattering properties that arise from coupling between the

dimer and surrounding necklace(s), leading to two pronounced peaks in single-necklace CNNLs

and three pronounced peaks in double-necklace CNNLs. In our near-field analysis, we find that

the number of particles in the surrounding necklace is an important degree of freedom in the

optimization of near-field intensity within the dimer hot-spot region. By using CNNLs where

the necklace diameters have a diameter equal to an integer multiple of the resonance

wavelength of the isolated dimer times a constant scaling factor, the intensity of near-fields

can be optimized for all geometries over a broad-band wavelength range. Using optimized

geometries, we perform SERS experiments on CNNLs coated with a pMA monolayer and

demonstrate 7� Raman enhancement in the single-necklace CNNL and 18� enhancement in

the double-necklace CNNL over the reference dimer antenna geometry, with an average

Raman enhancement value of approximately 7 � 105.

KEYWORDS: surface-enhanced Raman scattering . SERS . electron-beam
lithography . plasmonics . nanoparticles . plasmonic arrays . nanolens
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far-field scattering and near-field properties of Au
nanoparticle concentric necklace nanolenses. We de-
monstrate their nanolensing properties and suitability
for Raman sensing applications.

RESULTS AND DISCUSSION

Concentric Necklace Nanolenses. Concentric necklace
nanolenses (CNNLs) are generated by placing a dimer
at the center of one or more nanoplasmonic necklaces.
These necklaces are circular loops of Au nanocylinders
of constant diameter (150 nm) and edge-to-edge
spacing (25 nm) such that the angle between each
nanocylinder is 360�divided by the number of particles
in the necklace.14 In this manner, the overall diameter
of the necklace can be tuned by changing the number
of constituent Au particles.

We show scanning electron micrographs (SEM) of
fabricated CNNLs as well as a dimer array in Figure 1.
We show in (a) isolated dimers of diameter 150 nm and
gap spacing 25 nmwith center-to-center separation of
2 μm to avoid radiative coupling. These dimers are
then embedded into the center of a heptadecagon (17-
particle) necklace in Figure 1 as an array in (b) and

close-up in (c). This geometry is further embedded
concentrically into a tetracontagon (40-particle) neck-
lace in Figure 1d,e. All array scale bars correspond to
1 μm, with the scale bars in Figure 1c,e corresponding
to 200 nm. All CNNLs are spaced 4 μm center-to-center
to avoid coupling between adjacent CNNLs, with each
array area measuring 50 μm � 50 μm. These micro-
graphs demonstrate excellent agreement between the
targeted geometric parameters over our pattern area.

In what follows, we will examine the far-field scat-
tering and near-field properties of CNNLs, with parti-
cular emphasis on optimizing the structures for maxi-
mum intensity enhancement in the dimer gap region
(i.e., nanolensing). The optimization parameters are the
number of concentric necklaces as well as the number
of particles within each necklace. Experimental mea-
surements using dark-field scattering and surface-
enhanced Raman scattering will be used to validate
our predictions.

Far-Field Scattering. In this section, we will focus on
the far-field properties of dimer and CNNL geometries.
We first turn our attention to the scattering efficiency
of single- and double-necklace CNNLs with excitation
polarized along the longitudinal axis of the dimer. In
Figure 2a, we show the calculated scattering efficiency
for an individual dimer, heptadecagon, and dimer/
heptadecagon CNNL as a representative example.
The heptadecagon features a strong scattering peak
at 677 nm and two weaker scattering peaks at 856 and
995 nm. In general, plasmonic necklaces have been
shown to support at least two scattering peaks corre-
sponding to hybridized dipolar modes, with some
necklaces exhibiting isolated strong peaks as well as
weaker peaks (such as the pentagon, heptadecagon,
and enneadecagon geometries).9,14 In contrast to the
necklaces, the isolated dimer supports a single scatter-
ing peak centered at 796 nm. When these two geo-
metries are coupled into the CNNL, two predominant
scattering peaks arise. The high-energy peak corres-
ponds to the main scattering peak of the heptadecagon

Figure 1. SEM micrographs of (a) dimer array; (b) dimer/
heptadecagon array and (c) close-up; (d) dimer/heptadeca-
gon/tetracontagon array and (e) close-up. Scale bars in
(a,b,d) bars are 1 μm, and scale bars in (c,e) correspond to
200 nm.

Figure 2. (a) Calculated scattering efficiency spectra of an isolated dimer, heptadecagon, and dimer/heptadecagon CNNL. (b)
Calculated scattering efficiency spectra of an isolated dimer, heptadecagon, tetracontagon, and dimer/heptadecagon/
tetracontagon CNNL.
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and is similarly located at 687 nm. The second scatter-
ing peak appears at 856 nm and is due to the photonic
(i.e., radiative) coupling between the dimer and hepta-
decagon. Because this low-energy peak is influenced
by the geometry of the surrounding necklace, we
expect that it will red shift when introducing more
particles into the necklace. Below we will show that is
indeed the case. Finally, a weak and broad scattering
contribution is present in the CNNL scattering spec-
trum at approximately 1100 nm, which corresponds to
the lowest energy heptadecagon peak.

We also investigate the scattering properties of a
double-necklace CNNL, shown in Figure 2b. In this case,
the geometry is a dimer/heptadecagon/tetraconta-
gon. As with the single-necklace geometry, the two
largest energy scattering peaks are centered at 673 and
804 nm, and a third low-energy peak at 983 nm arises
due to the presence of the tetracontagon necklace.
This leads to a scattering response that is broad-band
over the 600�1000 nm wavelength range.

To confirm our calculations, we performed dark-
field scattering measurements to determine the far-
field properties of the isolated dimer and single-neck-
lace CNNL geometries. We show in Figure 3a calculated
scattering efficiencies of the dimer, dimer/heptadeca-
gon, dimer/enneadecagon (19-particles), and dimer/
icosihenagon (21-particles) geometries using unpolar-
ized excitation. We expect the high-energy necklace
peak to be mostly constant in wavelength with the
number of particles in the necklace, and we expect a
red shift in the low-energy necklace peak when more
particles are added to the necklace.14 Indeed, the high-
energy peak remains stable while the low-energy peak
red shifts, consistent with an increase in the necklace
diameter. Figure 3b shows the measured dark-field
scattering spectra for the same geometries. The iso-
lated dimer spectrum has been multiplied by 1.5 to
facilitate comparison. We notice a qualitatively good
agreement in the CNNLs, which have two prevalent

peaks and a noticeable red shift in the low-energy
peak. Slight disagreements between theory and ex-
periment are most likely due to minor deviations in
particle shape and excitation conditions (high-angle
dark-field experimental vs normal incidence plane
wave calculations).34

Near-Field Optimization. We now turn our attention to
the optimization of the near-field intensity in the dimer
gap region in CNNLs, which is of fundamental impor-
tance in the design of plasmon-enhanced sensors. In
Figure 4a, we show the calculated maximum near-field
intensity spectra of a single-necklace CNNL, consist-
ing of a dimer embedded into a pentadecagon (15-
particle) through an icositridecagon (23-particle) neck-
lace in increments of two particles. We observe a red
shift of the wavelength of maximum near-field inten-
sity as the surrounding necklace diameter increases.
The maximum intensity near-field occurs spatially
within the dimer gap. A smaller intensity peak occur-
ring in the 1100�1200 nm region corresponds to the
resonance of the necklace, with near-field hot-spots
spatially residing in the necklace gap regions. We also
see that there is a variation in the maximum value of
the near-field intensity of each CNNL that is maximized
by the dimer/enneadecagon geometry. We investigate
this phenomenon in Figure 4b by plotting the max-
imum near-field intensity, which corresponds to the
peak value of each spectrum from panel a (left axis,
red), as a function of the number of particles in the
surrounding necklace. Once again, we see the optimi-
zation for the dimer/enneadecagon CNNL. Concur-
rently, we show the wavelength where the maximum
near-field occurs (right axis, blue).We see that the near-
field resonance wavelength of the dimer, indicated by
a dashed line, overlaps with the wavelength of the
optimized CNNL. This suggests that the dimer/ennea-
decagon CNNL supports the strongest near-field due
to the most efficient diffractive coupling between the
dimer and the surrounding necklace.

Figure 3. (a) Calculated scattering efficiency spectrumof an isolated dimer (black dashed line) aswell as a dimer embedded in
a heptadecagon (17), enneadecagon (19), and icosihenagon (21). (b) Normalizedmeasureddark-field scattering spectra of the
same geometries. Isolated dimer has been multiplied by 1.5 to facilitate comparison.
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Generalizing this analysis to multiple necklace
CNNLs, we show that it is possible to further enhance
the near-field intensity using higher-order radiative
coupling from surrounding necklaces. By surrounding
the optimized single-necklace CNNL into an even
larger necklace, we calculate the near-field intensity
within the dimer gap region. We found that the
optimization occurs when the outer necklace has a
diameter twice that of the inner necklace, with the
collective CNNL resonance as close as possible to the
individual dimer resonance. Building on the optimized
dimer/enneadecagon geometry, we found that the
optimal double-necklace CNNL consisted of a dimer/
enneadecagon/tetracontagon. The tetracontagon
necklace diameter is indeed twice that of the ennea-
decagon, which demonstrates second-order diffractive
coupling. More generally, we found that the optimal
necklace diameter for higher-order radiative coupling
follows the formula D = fNλ, where N is the radiative
order, λ is the resonance wavelength, and f is a con-
stant scaling factor.

In Figure 5d, we show the near-field intensity
spectra within the dimer gap region of a dimer (red),
single-necklace CNNL (green), double-necklace CNNL
(blue), triple-necklace CNNL (cyan), and so on to the
seven-necklace CNNL (navy). The triple-necklace CNNL
geometry consists of the optimized double-necklace
CNNL embedded into an hexacontagon (60-particle)
necklace, with all further CNNLs consisting of the pre-
vious optimized geometry surrounded by a necklace
with an additional 20-particles (i.e., the quadruple-
necklace CNNL consists of the optimized triple-
necklace CNNL surrounded by an octacontagon (80-
particle) necklace). The inset shows the maximum
near-field intensity for each geometry at the wave-
length of maximum near-field in order to show the
evolution of near-field optimization with the number
of concentric necklaces in the CNNL. We show a
clear increase in near-field intensity moving from the
isolated dimer to single- and double-necklace CNNL

geometries, with a saturation effect once a third neck-
lace is introduced into the arrangement. These data are
fitted to a logarithmic function to show the scaling in
near-fields as the number of necklaces (N) in the CNNL
increases. These spectra show that themaximum near-
field (resonance) wavelength for each geometry re-
mains constant within a few nanometers of the indivi-
dual dimer resonance, emphasizing the importance
of efficient radiative coupling into the dimer. Further-
more, these near-field spectra are relatively broad-
band, which is important for sensing applications
where near-fields must be optimized at more than
one wavelength. In contrast to two-dimensional

Figure 5. Calculated near-field intensity distributions at
785 nm of (a) isolated dimer, (b) dimer/enneadecagon,
and (c) dimer/enneadecagon/tetracontagon. Scale bars cor-
respond to 500 nm. (d) Near-field intensity spectra of an
isolated dimer (red) embedded into optimized single
(green), double (blue), triple (blue), through seven (navy)
necklace(s). Inset shows the evolution of the maximum
near-field intensity with the number of surrounding neck-
laces, N, fitted to a logarithmic function.

Figure 4. (a) Calculated maximum near-field intensity spectra of dimers embedded in 15�23-gons. (b) Maximum near-field
intensity of each geometry (red curve, left axis) and wavelength corresponding to the maximum (blue curve, right axis) as a
function of the number of particles in the necklace in which the dimer is embedded. Dashed line corresponds to the isolated
dimer resonance at 833 nm.
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photonic�plasmonic gratings which exhibit spectrally
narrow line shapes,35,36 the CNNL arrangement is very
suitable for sensing over a larger wavelength range,
with a fwhm of 156, 134, and 118 nm for the single-,
double-, and triple-necklace CNNLs.

Near-field spatial distributions provide important
information regarding the location(s) of the hot-spot(s)
in each CNNL geometry. In Figure 5a�c, we show the
calculated spatial distributions of near-field intensity
for isolated dimer, dimer/enneadecagon, and dimer/
enneadecagon/tetracontagon geometries. Each scale
bar corresponds to 500 nm. These near-field distribu-
tions are plotted at the wavelength of maximum near-
field (approximately 833 nm in each case) and are
normalized to their maxima. We demonstrate that
the near-field at this optimized wavelength is concen-
trated primarily inside the subwavelength gap region
of the dimer. This shows an efficient nanolensing effect
into the dimer gap due to radiative coupling from the
surrounding concentric necklaces.

In the following section, we will experimentally
validate the predictions of near-field calculations using
surface-enhanced Raman scattering measurements of
pMA (p-mercaptoaniline) monolayers on fabricated
CNNLs.

Surface-Enhanced Raman Scattering. Surface-enhanced
Raman scattering is an inelastic light scattering process
where incident light interacts with vibrational modes
of a molecule residing on a nanostructured substrate
that results in scattered light of a longer (Stokes-
shifted) or shorter (anti-Stokes-shifted) wavelength.37

SERS is a reliable technique for the identification of
adsorbed molecules or for biological and chemical
sensing.38�40 SERS also acts as a tool to validate
calculated near-fields at the wavelengths of the pump
and Stokes-shifted modes.6,41

It has been shown that the enhancement factor of
the Raman effect due to the substrate is |E(λexc)|

2|-
E(λs)|

2, where λexc is thewavelength of the pump and λs
the wavelength of the scattered signal.42,43 Because of
this, it is important to have strong near-fields at these

two wavelengths in order to obtain very high Raman
enhancements, as a strong Raman enhancement is
necessary for sensing few or singlemolecules.44 To this
end, electromagnetic hot-spots are a good candidate
for SERS devices as they concentrate strong near-fields
into a small volume and have been studied in great
detail.25,45�47 Additionally, the regime of photonic�
plasmonic coupling has also been studied in the con-
text of SERS sensing.48,49 As described above, CNNLs
are uniquely suited to take advantage of the strong
hot-spots created by quasi-static coupling of individual
particles within the dimer as well as the radiative
(photonic) coupling from surrounding necklaces. In-
deed, themaximum intensity in CNNLs is stronger than
that of individual dimers while remaining significantly
enhanced over a broad spectral range.

In what follows, we perform surface-enhanced Ra-
man scattering measurements on pMA monolayers
adsorbed on the Au particles in dimers and CNNLs.
pMA has been used as an analyte due to its widespread
use in plasmonic SERS applications.48,50

Figure 6a shows the raw Stokes-shifted Raman signals
experimentally measured from pMA monolayers on opti-
mized isolated dimers, single-necklace CNNLs, and
double-necklace CNNLs. We observe two predominant
modes at 1077 and 1590 cm�1. The measured signal is
weakest for the dimers and strongest for the double-
necklace CNNL in the absence of normalization. By focus-
ingour calculationson the twopMAmodes,wedetermine
the Raman enhancement44,50 for these geometries and
compare to calculations from FDTD in Figure 6b.

It is important to note that local field intensity is
primarily concentrated in the dimer gap region for all
of the investigated structures (see Figure 5). For this
reason, in our geometries, the central dimer area is the
main contributor to the Raman effect since the en-
hancement scales with the intensity squared. There-
fore, the surface area of the dimer should be used for
the enhancement factor estimation for the diffe-
rent arrays.41 This can be understood by defining a
parameter %SERS, which is the ratio of the Raman

Figure 6. (a) Measured Raman spectra of a dimer, dimer/enneadecagon, and dimer/enneadecagon/tetracontagon.
(b) Corresponding measured and calculated Raman enhancement factors of the 1077 and 1590 cm�1 pMA modes.
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enhancement contributed by the dimer to that con-
tributed by all of the particles in the structure as

%SERS ¼
∑

dimerarea

j Epump j 2 j EStokes j 2

∑
totalarea

j Epump j 2 j EStokes j2 ð1Þ

We obtained values for %SERS at both pMA modes
using the calculated near-field intensity distributions of
the isolated dimer, optimized single-necklace, and
optimized double-necklace CNNLs and show the cor-
responding values in Table 1. The last column of this
table shows the ratio of the dimer area as compared to
the total Au area. From these data, we conclude that
the illuminated dimer area contributes up to 75% of
the Raman enhancement, while comprising less than
10%of the total Au surface area. Therefore, this normal-
ization method enables a direct comparison among
CNNLs and prevents significant underestimation of the
Raman enhancement in the CNNL geometries.

Because the near-fields are concentrated predomi-
nantly in the dimer gap region, the enhancement is
normalized to the Au surface area of the dimer for all
geometries. FDTD calculations of the Raman enhance-
mentareobtainedbymultiplying themaximumnear-field
intensity at the pump wavelength (785 nm) to the max-
imum near-field intensity at the Stokes-shifted wave-
length (858 nm for the 1077 cm�1 mode and 897 nm
for the 1590 cm�1 mode). The single-necklace CNNL
shows a Raman enhancement 7� stronger than the
isolated dimer for both the 1077 and 1590 cm�1 modes.
An additional boost in enhancement is given by the
double-necklace CNNL, which shows an enhancement
over thedimer of 18 and 16� for the 1077 and 1590 cm�1

modes, respectively. The Raman enhancement values are
all in excellent agreementwithour predictions fromFDTD.

The Raman enhancement factor was additionally
determined for three single-necklace CNNL and three
double-necklace CNNL geometries and are tabulated
in Table 2. Calculations from FDTD are provided
for comparison. Each of these measurements shows
consistent agreement with calculated data, and the
robustness of the Raman enhancement with slight

perturbations in the number of particles in the smallest
concentric necklace is shown. This robust behavior of
the SERS signal is due to the broad-band nature of the
near-fields, as demonstrated above in Figure 5.

CONCLUSIONS

In this work, we have designed, fabricated, and ex-
perimentally characterized concentric necklace nano-
lenses (CNNLs) composed of a nanoparticle dimer
positioned at the center of one or more concentric
nanoplasmonic necklaces. We have shown that the far-
field scattering resonances of CNNLs are strongly influ-
enced by the coupling of themodes of the necklace(s) to
that of the dimer, with two predominant scattering
modes present in single-necklace CNNLs and three in
double-necklace CNNLs. By changing the number of
particles in the necklace component of the CNNL geo-
metry, the near-field intensity at the dimer hot-spot is
maximized when the diameter of the necklace is an
integer multiple of the resonance wavelength of the
dimer, multiplied by a constant scaling factor. We show
that the intensity of the near-field in the dimer hot-spot
continues to increase when more concentric necklaces
are added and begins to saturate in a triple-necklace
configuration. By performing SERS measurements of
pMAmonolayers on dimers and CNNLs, we demonstrate
7� Raman enhancement in the single-necklace and 18�
enhancement in the double-necklace over the reference
dimer geometry, with a maximum Raman enhancement
value of approximately 7 � 105. The optimization of
photonic�plasmonic coupling into a dimer hot-spot by
the radiative coupling of concentric necklaces shows
promise for applications in nanophotonic devices, optical
nanoantennas, and nanoscale optical sensors.

METHODS

Nanoplasmonic Necklace Fabrication. All of the NP geometries
studied in this paper were fabricated using an electron-beam

lithography (EBL) process. A 180 nm coating of PMMA 950

(poly(methyl methacrylate)) resist was spun onto a quartz

substrate and subsequently soft baked at 180 �C in an oven

TABLE 1. %SERS Values for Isolated Dimer and Optimized

CNNL Geometries

%SERS 1077 cm�1 1590 cm�1 dimer area ratio

isolated dimer 100% 100% 100%
single-necklace 76.4% 55.5% 9.5%
double-necklace 77.0% 70.8% 3.3%

TABLE 2. Measured and Calculated Raman Enhancement

Factors

1077 cm�1 1059 cm�1

geometry measured calculated measured calculated

dimer 3.34 � 104 4.39 � 104 4.39 � 104 4.19 � 104

dimer in a necklace
heptadecagon 2.62 � 105 3.24 � 105 3.24 � 105 3.04 � 105

enneadecagon 2.25 � 105 4.56 � 105 3.14 � 105 3.27 � 105

icosihenagon 2.06 � 105 2.64 � 105 3.24 � 105 2.43 � 105

dimer in a necklace in a tetracontagon
heptadecagon 5.94 � 105 6.77 � 105 6.77 � 105 6.73 � 105

enneadecagon 5.99 � 105 1.06 � 106 6.96 � 105 7.07 � 105

icosihenagon 5.80 � 105 6.83 � 105 6.58 � 105 5.35 � 105
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for 20 min. During the e-beam writing, a sacrificial 10 nm Au
coating was sputtered over the resist to eliminate charging of
the substrate. EBL was performed with a Zeiss SUPRA 40VP SEM
equipped with a Raith beam blanker and NPGS nanopatterning
software. Samples were developed in MIBK (methyl isobutyl
ketone) diluted in isopropyl alcohol. Using electron-beam
evaporation, 28 nm of Au was deposited over a 2 nm Ti
adhesion layer, and nanoparticles were formed by liftoff of
the resist in acetone.

Finite-Difference Time-Domain Method. Three-dimensional FDTD
simulations were performed using a commercial software
package.51 All NPs were modeled using the Au dispersion data
as tabulated by Johnson and Christy52 with diameter (150 nm)
and height (30 nm) as dictated by fabrication parameters. In
order to accurately model near-fields in and around the Au
structures and ensure convergence in the simulation results, the
mesh size around all of theNPswas set to 2.5 nm in the x and y (in-
plane) dimensions and 2 nm in z (out-of-plane). Excitation was
provided by a plane wave at normal incidence to the glass (n =
1.45) substrate. All simulations made use of perfectly matched
layer (PML) boundary conditions were used to ensure absorption
of electromagnetic radiation at the simulation boundaries.53

Dark-Field Spectroscopy. All experimental dark-field spectra
were collected with an upright Olympus microscope (BX51WI)
excited with unpolarized, incoherent, white halogen light. The
excitation was coupled to the sample substrate using index-
matching fluid between a dark-field condenser (NA = 1.2 to 1.4)
and sample substrate and collected with a 40� (NA 0.65)
objective. A pinhole with 2 mm diameter was placed before
the condenser to limit the incident k-vectors and improve the
overall spectral resolution. The transmitted signals were col-
lected using an Andor Shamrock SR3030i grating spectro-
meter (150 lines/mm blazed at 500 nm) and CCD Andor
DU401-BR-DD) electrically cooled to �75 �C. In order to
ensure that the signals obtained were from only one array
of CNNLs, the signal on the CCD was spatially filtered. All of
the scattering spectra were background-corrected by sub-
traction of the scattering signal from an equal size, unpat-
terned area adjacent to each array and subsequently
normalized by dividing the background-corrected spectra
to the emission line shape of the excitation lamp.

SERS Detection. Nanoparticle samples were fabricated as
above, plasma ashed in an oxygen environment for 10 min
to eliminate contamination, and incubated in a 10 mM pMA
solution in ethanol to form a self-assembled monolayer. After
12 h incubation, the samples were rinsed in neat ethanol.
Each array of NPs was excited by a 785 nm diode laser with
20.5 mW output power fiber coupled to a 40� objective
through the Olympus microscope described above, with the
backscattered signal sent to the cooled CCD via the spectro-
meter using a gratingwith 600 lines/mmblazed at 750 nm. All
Raman spectra were averaged over 10 measurements with a
0.1 s integration time. Prior to obtaining measurements from
the NP arrays, the grating was first calibrated to the 520 cm�1

line of silicon.
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