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A
n important application in the

emerging field of plasmonics is the

development of substrates capable

of providing large electromagnetic en-

hancements, also known as “hot spots”, for

surface-enhanced spectroscopies (SES).1–6

The resonant excitation of plasmons in me-

tallic nanostructures can provide large field

enhancements on the surfaces of

metals,7–10 which in turn provide dramatic

increases in the detected spectroscopic sig-

nals for molecules adsorbed on their sur-

faces. The most widely used SES is surface

enhanced raman scattering (SERS), where

the electromagnetic enhancement factor is

proportional to the fourth power of the field

incident on the molecule.11–14 Recently

there has been a resurgence of interest in

another type of SES, surface enhanced infra-

red absorption (SEIRA).15–23 Even though

the electromagnetic enhancement in SEIRA

is only proportional to the square of the

electromagnetic field, SEIRA is likely to play

an increasingly important role in the field of

chemical and biological sensing since it

probes dipole-active vibrational modes,

providing a complementary vibrational

analysis of analyte molecules.

One primary reason why SEIRA has re-

ceived so much less attention than SERS

has been the limitations in designing and

fabricating nanostructures with reproduc-

ible tunable plasmon resonances across the

broad infrared (IR) region of the spectrum

utilized in this spectroscopy. The maximum

electromagnetic enhancement in a plas-

monic nanostructure occurs for resonant

excitations of the plasmons, which are typi-

cally found in the visible and UV regions of

the spectrum. However, the plasmon reso-

nances of metallic nanoparticles are

strongly dependent on structure and

composition.24–35 This tunability has been

very important in recent advances in SERS

substrates where substrates consisting of

plasmonic nanostructures with resonances

overlapping the frequency bands of com-

mon laser sources in the visible and near-IR

range have been developed.36

It has recently been shown that a two-

dimensional (2D) hexagonal close-packed

(HCP) array of nanoshells with nanoscale

gaps between nanoparticles provides sig-

nificant enhancements to both SERS and

SEIRA, effectively combining both spec-

troscopies on a single substrate.37 The

analysis of the SEIRA signal strengths for

paramercaptonaniline (pMA) monolayers

deposited on these arrays suggests en-

hancement factors between 103 to 105.
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ABSTRACT Nanoshell arrays have recently been found to possess ideal properties as a substrate for combining

surface enhanced raman scattering (SERS) and surface enhanced infrared absorption (SEIRA) spectroscopies, with

large field enhancements at the same spatial locations on the structure. For small interparticle distances, the

multipolar plasmon resonances of individual nanoshells hybridize and form red-shifted bands, a relatively narrow

band in the near-infrared (NIR) originating from quadrupolar nanoshell resonances enhancing SERS, and a very

broadband in the mid-infrared (MIR) arising from dipolar resonances enhancing SEIRA. The large field

enhancements in the MIR and at longer wavelengths are due to the lightning-rod effect and are well described

with an electrostatic model.
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Such large values indicate that the dominant enhance-

ment mechanism is electromagnetic rather than chemi-

cal in nature. The surprising discovery in this experi-

ment is that the same substrate can provide strong

electromagnetic enhancements at the same spatial lo-

cations in both the near-infrared (NIR) and the mid-

infrared (MIR) regions of the spectrum. The extinction

spectra of the arrays were found to be characterized by

two features, a relatively sharp resonance in the NIR

and a very broad, continuum-like resonance in the MIR.

Strong electromagnetic field enhancements are not

surprising for excitations of sharp plasmon resonances

and can be understood as the resonant pumping of the

plasmon as a harmonic oscillator. However, it is quite

surprising and not immediately clear what physical

mechanism underlies the enhancements associated

with the extremely broad MIR feature, with its over-

damped oscillator behavior. The primary purpose of

this paper is to elucidate and understand the unique

characteristics of this array structure, in light of its re-

markable electromagnetic enhancement properties.

In this paper the optical and electromagnetic prop-

erties of 2D HCP nanoshell arrays on substrates are ana-

lyzed using a variety of computational and analytical

approaches. We show that the NIR resonance in the 2D

HCP nanoshell arrays is formed by interactions of the

quadrupolar resonances of the individual nanoshells in

a manner directly analogous to the formation of a

d-band from the atomic d-orbitals of a transition metal.

The hybridized NIR mode is only weakly red-shifted

from the quadrupolar nanoshell plasmon because of

the relatively weak interparticle coupling of the quadru-

polar modes. Plasmon hybridization, however, does

not by itself account for the broad MIR spectral fea-

tures and large local fields that give rise to the observed

SEIRA enhancements. The broad MIR resonance is iden-

tified as a superradiant hybridized mode originating

from the dipolar plasmon resonances of the individual

nanoshells, whose much stronger redshift relative to

that of the NIR resonance is due to the much stronger

interparticle interactions of the dipolar plasmons. Su-

perradiance, the coherent coupling between adjacent

resonant systems that results in enhanced radiative

damping, is responsible for the extreme broadening of

the dipole-derived MIR plasmon resonance in nanoshell

arrays. The large field enhancements induced within

the MIR resonance envelope are caused by the

“lightning-rod” effect, which occurs when metals act as

perfect conductors and expel the electric field from

the interior of the metals. This screening squeezes the

electric field into the junctions between the nanoshells,

resulting in large field intensities. We show that for me-

tallic arrays, the lightning-rod effect can be described

semianalytically for arrays of arbitrarily shaped nanopar-

ticles using an electrostatic model. Our analysis reveals

a universal inverse linear relation between the maxi-

mum electric field enhancement and the lattice con-

stant, a parameter that is independent of the shape of

the particle. To describe the relevance of the field en-

hancements for SEIRA, we introduce the concept of

hotspot volume. The hotspot volume is defined as the

volume within which the electric field enhancements

are larger than half of the maximum field enhancement.

We show that this quantity depends strongly on the

shape of the particles that constitute the SEIRA array

substrate.

RESULTS AND DISCUSSION

Experimental Spectra of Nanoshell Arrays. In Figure 1a, an

SEM image of a typical nanoshell array with nanoscale

gaps between adjacent nanoparticles is shown.37 The

geometry of the nanoshells is (r1, r2) � (150, 172) nm,

where r1 and r2 are the inner and outer radius of the

nanoshell, respectively. The separation between adja-

cent nanoshells is d � 8 nm, determined by the thick-

ness of the double layer of cetyltrimethylammonium

bromide (CTAB) molecules in the junction, which serves

as a molecular spacer layer, preserving interparticle

gap distances during array self-assembly. The extinc-

tion spectrum of the array and of an individual

nanoshell of the same size as the array-constituent

nanoparticles is shown in Figure 1b. For an individual

nanoshell of these dimensions, the dipolar peak occurs

at nominally 900 nm and the quadrupolar peak at 700

Figure 1. SEM image and extinction spectra of a typical HCP
Au nanoshell array sample. Panel a shows an SEM image of
the sample. The inner radius of the nanoshells is 150 � 12
nm and the gold shell thickness is 22 � 1 nm. The separa-
tion d between adjacent nanoshells is nominally 8 nm. Panel
b shows the normal incidence extinction spectrum of the ar-
ray (solid) and that of an isolated nanoshell with the same
size (dashed).
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nm. The small shoulder at 2500 nm in the individual

nanoshell spectrum is due to the presence of a few

small nanoshell dimers and aggregates along with the

individual, isolated nanoshells. For the nanoshell arrays,

a short wavelength feature merges into a strong and

broad resonance that extends well into the MIR. This

broad spectral feature is cut off at 3000 nm owing to the

wavelength limit of the spectrometer. Although the

resonance is just beginning to level off at nominally

3000 nm, for convenience we will refer to this feature

as the 3000 nm MIR resonance.

FDTD Simulations. To model the HCP nanoshell array,

we use the FDTD method with periodic boundary con-

ditions (PBC).38 The implementation of PBC is straight-

forward for normal incidence illumination. A Drude di-

electric function is used to describe the optical response

of gold, with parameters fit to experimental data.39 We

are able to computationally model rectangular unit cells

with sizes of approximately 500 nm3, so in principle

we could also include a dielectric substrate with a thick-

ness of a few hundred nanometers, if needed. How-

ever, for normal incidence, the major effect of such a

substrate is a uniform 50 –150 nm redshift of all the

spectral features of the array. In addition, for short

wavelengths the simulated spectra would display

thickness-dependent modulations caused by Fabry–

Perot resonances in the substrate, which would not be

present for the experimental substrates, which were a

few millimeters thick. Since including a dielectric sub-

strate would have little effect on the array properties we

are studying, a substrate is not included in our

calculations.

In Figure 2 the calculated FDTD-PBC spectra and lo-

cal electric field enhancements for the HCP nanoshell

array of Figure 1 are shown. The absorption, scattering,

and extinction spectra are calculated. The theoretical

extinction spectrum shows a narrow resonance at an

energy of around 750 nm and a remarkably broad fea-

ture beginning around 1000 nm and extending far into

MIR well beyond the graph cutoff at 3000 nm. We also

see that the low-energy (long wavelength) broad fea-

ture in the extinction spectrum is dominated by scatter-

ing. Since the metal becomes a better conductor at

longer wavelengths, electromagnetic fields are ex-

cluded from the array in the long wavelength limit, lim-

iting MIR absorption. The local electromagnetic field en-

hancements induced at � � 700 nm (Figure 2b) and �

� 3000 nm (Figure 2c) are displayed. The field enhance-

ment is defined as the ratio of the electric field ampli-

tude at a given position to the incident field value in the

absence of the nanostructure. In Figure 2b, the near-IR

enhancements appear as relatively small local field hot

spots between neighboring nanoshells with a maxi-

mum field enhancement � 12.9 and small enhance-

ment factors inside each nanoshell. Figure 2c shows MIR

hot spots at the same spatial location as the NIR hot

spots, but with a somewhat greater spatial extent and

a larger maximum field enhancement factor of 19.1.

Lineshape of the MIR Resonance. While the energy and

line shape of the NIR resonances of the calculated spec-

tra shown in Figure 2 agree nicely with the experimen-

tal data of Figure 1, the low-energy (long wavelength)

features clearly differ. The experimental spectrum

shows a broad shoulder that appears to peak at ap-

proximately 3000 nm, while FDTD calculations show a

uniform, constant amplitude feature for wavelengths

above 1000 nm. To examine this discrepancy, we inves-

tigated how the structural parameters of the array influ-

ence the resonances in the extinction spectrum. Vary-

ing the array separation, d, from 6 to 500 nm results in

a blueshift and narrowing of the low-energy (long

wavelength) continuum, and ultimately transforms the

array spectrum into an individual nanoshell spectrum in

the large particle separation limit. With this approach,

we were never able to reproduce the strong MIR extinc-

tion maximum at 3000 nm observed experimentally.

We also examined the effects of dielectric screening

mediated by the CTAB layers around each nanoshell.

Screening effects are negligible on the array extinction

spectrum, but the maximum field enhancements are in-

Figure 2. FDTD simulation results for an HCP Au nanoshell array. The
geometry of the nanoshell is (r1, r2) � (150,172) nm, the separation is
d � 8 nm, and the grid size is 2 nm. The periodic unit cell is com-
posed of four half-nanoshells. Panel a shows the extinction (black),
scattering (red), and absorption (blue). Panels b,c show the local elec-
tromagnetic field enhancements at wavelengths of 700 and 3000
nm, respectively.
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creased by 5–10% . We also performed calculations in-

vestigating effects due to the glass substrate, but again,

the low-energy (long wavelength) feature remained a

broad structureless continuum. We conclude that the

broad, featureless MIR peak of Figure 2a is a manifesta-

tion of superradiant behavior, in other words, a collec-

tive enhancement of the dipolar radiation and radiative

damping of interacting, coherently oscillating dipoles

within a spatial volume smaller than the wavelength of

incident light.40 Such behavior has been seen in other

collections of dense resonant systems, such as

Bose�Einstein condensates,41 semiconductor nanopar-

ticle aggregates,42 even the background emission of ro-

tating black holes.43 Recently, subradiant and superra-

diant coupling in plasmonic crystals has been

reported.44,45 In our case, the discrepancy observed be-

tween the broad, flat MIR feature obtained theoreti-

cally and the 3000 nm peak seen in the experimental ar-

ray spectrum is due to inhomogeneities in the

experimental sample which arise from a dispersion in

nanoshell sizes and the resultant variations in interpar-

ticle spacings. If these imperfections in the nanoshell ar-

rays were removed or minimized, the line shape of the

3000 nm MIR feature should indeed broaden in agree-

ment with the theoretically predicted spectrum for the

array.

Plasmonic Properties of Nanoparticle Clusters. To gain more

insight into the microscopic nature of the plasmons in

HCP nanoshell arrays, we calculated the extinction

spectrum of an individual nanoshell, a symmetric

nanoshell trimer, and a symmetric nanoshell septamer

(one nanoshell in the center and six nanoshells sym-

metrically distributed around it in the same plane). In

Figure 3 we compare the normalized extinction spec-

tra of these finite systems with that of the nanoshell ar-

ray constructed from nanoshells of the same geom-

etry. The finite structures were modeled using the same

interparticle spacings as in the array. Mie theory analy-

sis for the individual nanoshell shows a dipolar reso-

nance around 1000 nm, a quadrupolar around 750 nm,

and a weak octupolar resonance around 600 nm. In all

four spectra, the sharp peaks at 750 nm overlap identi-

cally. From this observation we can conclude that this

spectral feature originates from the quadrupolar plas-

mon resonances of the individual nanoshells. The rea-

son for the very weak shift of the quadrupolar reso-

nance with increased coordination is the weak

interaction and hybridization of quadrupolar modes in

adjacent nanoparticles.46 The low-energy (long wave-

length) resonances in Figure 3, on the other hand, fol-

low a clear trend of redshifting and broadening with in-

creasing coordination. The individual dipolar nanoshell

resonance at 1000 nm shifts to 1500 nm for a nanoshell

trimer and to 2000 nm for the lowest energy nanoshell

septamer resonance. The line shape of the septamer

spectrum is characterized by a broad peak centered at

2000 nm with a much narrower, asymmetric dip in the

extinction spectrum located around 1500 nm. This

Fano-type profile arises from an interference between

the narrow (subradiant) and broad (superradiant) plas-

mon modes of the nanoshell septamer. This is similar to

recently discussed Fano lineshapes observed in coupled

multilayer plasmonic wires.45

Fano Resonance. The modal interference that gives

rise to the Fano-type resonance in the nanoshell sep-

tamer spectrum is clearly illustrated in Figure 4, where

the local electromagnetic field enhancements for wave-

lengths around the dip are shown. For the subradiant

mode on the short wavelength side of the dip, the larg-

est fields occur in the junctions between the six par-

ticles that surround the central nanoshell. For the super-

radiant mode on the long wavelength side, the largest

fields are induced between the central nanoshell and its

directly adjacent particles. At the dip, both modes are

excited.

To examine the role of phase retardation in these

coupled plasmonic systems in greater detail, we per-

formed FDTD calculations of the optical spectra of the

four structures whose spectra are displayed in Figure 4,

scaling down all dimensions by a common factor rang-

ing from a 1.1 to 8, thus continuously reducing the ef-

fects of retardation. In the electrostatic limit, such a

scale transformation would leave the optical spectra

invariant.

In Figure 5a we show the FDTD extinction spectra

for a single nanoshell, trimer, septamer, and array for a

scaling factor of 8, setting the overall dimensions of the

nanoshells to 21.5 nm and their separation to 1 nm. Be-

low, in Figure 5b, the spectra of the same structures cal-

Figure 3. FDTD extinction spectra of an individual nanoshell
(black), a nanoshell trimer (red), a nanoshell septamer (blue),
and a HCP nanoshell array (green). The geometry of the
nanoshells is (r1, r2) � (150,172) nm, and the separation is d

� 8 nm. The quadrupolar modes of these structures are all
located around 700 nm. The dipolar peaks show a strong
redshift with increasing number of neighboring nanoshells.
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culated using the electrostatic plasmon hybridization

(PH) method are shown.46,47 The quadrupolar reso-

nances can clearly be seen in the spectra of the trimer,

septamer, and the array, as a shoulder and peak just be-

low 1000 nm. The dipolar resonances of the individual

nanoshell, nanoshell trimer, nanoshell septamer, and

the HCP nanoshell array appear at 1000, 1330, 1300, and

2070 nm, respectively. The energies of these modes

are blue-shifted compared to the larger structures in

Figure 4 due to weaker retardation. Since retardation ef-

fects always cause a redshift of dipolar resonances, Fig-

ure 5a suggests that the location of the strongly

damped dipolar resonance in the real HCP nanoshell ar-

ray should be positioned at a wavelength significantly

larger than 2070 nm.

Plasmon Hybridization Analysis. A comparison of the

FDTD for the scaled-down structures and the PH spec-

tra in Figure 5 shows very good agreement, with the

corresponding plasmon modes showing up at very

similar wavelengths. Since the optical absorption in

the PH method is proportional to the square of the di-

pole moment of the plasmon mode while the FDTD cal-

culation also includes coupling to higher multipoles,

the relative peak intensities in PH and FDTD spectra can

be different. For this reason, the quadrupolar modes

do not show up in the PH spectra of the individual

nanoshell but are clearly visible in the larger structures

because of the hybridization of quadrupolar and dipo-

lar plasmon on adjacent nanoparticles. The slight blue-

shift of the PH spectra compared to the FDTD spectra is

due to the complete neglect of phase retardation in

the PH method. The most noticeable difference be-

tween the PH and FDTD spectra is the width of the ar-

ray resonance. In the PH method, the width of the reso-

nance originates entirely from the imaginary part of

the dielectric function. In the FDTD calculation, radia-

tive damping also contributes to the line width.

It is quite interesting and significant that an electro-

static approach such as the PH method can reproduce

the peak positions of an infinite periodic system. This is

because the interactions between plasmons on differ-

ent nanoparticles decrease rapidly with nanoparticle

separation. The plasmon energies are thus determined

by the local structure of the array. This local region in-

cludes nearest and next nearest neighbors. Therefore, if

the size of the local region is much smaller than the

wavelength of incident light, the energies of the plas-

Figure 5. FDTD extinction spectra (a) and PH absorption spectra
(b) of an individual nanoshell (black), a nanoshell trimer (red), a
nanoshell septamer (blue), and an HCP nanoshell array (green).
The inset in panel b shows the energy and symmetry of the five
lowest energy plasmon modes: E1u (solid), A2g (dotted), E2g (dot-
dashed), and B1u (dashed) for the septamer calculated using PH.
The size of nanoshells in each case is (r1, r2) � (18.75,21.5) nm,
and the separation is d � 1 nm. The calculations were performed
using a pure Drude dielectric function with �B � 4.6 eV and a
damping of 0.15 eV.

Figure 4. Local electromagnetic field enhancements for the nanoshell septamer in Figure 3 at wavelengths of 1362, 1510,
and 1982 nm, calculated using the FDTD method.

A
R
T
IC
L
E

www.acsnano.org VOL. XXX ▪ NO. XX ▪ 000–000 ▪ XXXX E



mon modes can be described using an electrostatic

approach.

Group Theoretical Analysis. The spectrum of the small

septamer in Figure 5a does not display a Fano reso-

nance. A careful analysis of the septamer spectra for dif-

ferent scaling factors shows that the superradiant mode

redshifts much more strongly than the subradiant

mode with decreasing scaling factor. For scaling fac-

tors smaller than 2, the energies of the two modes are

similar and the subradiant mode appears as an asym-

metric dip in the spectrum. For smaller systems (scal-

ing factors larger than 2), the energy of the subradiant

mode is lower than that of the superradiant mode, and

the subradiant mode appears as a positive peak on

the red side of the superradiant peak. The PH method

provides a simple group theoretical analysis of the mi-

croscopic nature of the plasmon modes in a multiparti-

cle aggregate based on their symmetry.46,48 The point

group of the septamer is D6h. In the inset of Figure 5b,

we show the energies and irreducible representations

of the five lowest energy plasmon modes of the sep-

tamer. The sub- and superradiant modes are the two

modes belonging to the E1u irreducible representation.

In the superradiant mode the nanoshell in the center of

the septamer has in-phase plasmonic oscillations with

the six other peripheral nanoshells, inducing a strong

radiative damping and a broad peak in the spectrum.

In the subradiant mode, the plasmons in the central

nanoshell oscillate out-of-phase with the plasmons of

the peripheral nanoshells, so that the radiative damp-

ing is strongly suppressed. The higher energy superra-

diant mode has a large dipole moment while the subra-

diant mode has no net dipole moment. The subradiant

mode can therefore only be excited through its quadru-

polar resonant modes.

Analysis of the Experimental Array Spectrum. We can now

explain in more detail the difference between the ex-

perimental spectra in Figure 1 and the FDTD spectra in

Figure 2. The FDTD calculation, with its assumption of a

perfectly periodic array, overestimates the radiative

damping actually observed in the experimental sample.

The defects in the experimentally fabricated nanoshell

arrays discussed earlier can localize the plasmon modes

and introduce inhomogeneous broadening. Any devia-

tion from perfect periodicity will also break the coher-

ence of the collective dipolar plasmon mode and can

lead to destruction of the superradiance.49 For dipoles

oscillating out of phase, the radiative damping can be-

come smaller than the radiative damping of an indi-

vidual dipole which leads to subradiance.50 From the

perspective of coherence, in the presence of a small de-

gree of disorder, the substrate can probably best be de-

scribed as consisting of independent, finite-sized do-

mains within which coherence is maintained. These

optical coherence effects only influence the damping

of the plasmon resonance and not their energies, which

are determined by local properties, that is, the hybrid-

ization of individual nanoparticle plasmons with adja-

cent nanoparticles. The fact that the calculated trimer

and septamer spectra in Figure 3 look much more simi-

lar to the experimental spectrum of Figure 1 than the

calculated array spectra supports this hypothesis. How-

ever, even the septamer dipolar resonance is consider-

ably narrower than the experimental MIR resonance, in-

dicating that the size of the coherent domains are likely

to be larger than a nanoparticle septamer.

Electric Field Enhancements. In Figure 2 we showed that

significant electric field enhancements were induced

at the same locations (in the junctions) of the HCP

nanoshell array for two very different wavelengths, a

NIR resonance of relevance for SERS and a MIR reso-

nance of relevance for SEIRA. As discussed in the intro-

duction, this is a finding of considerable importance in

sensing applications since it allows the use of two

complementary vibrational spectroscopies for the de-

tection of the same analyte at the same spot on the

same substrate. In this section we will further analyze

the physical mechanisms underlying these

enhancements.

In Figure 6 we show the calculated maximum elec-

tric field enhancements in the 2D HCP nanoshell array

as a function of the wavelength of the incident light.

Further investigation shows that the maximum field en-

hancement factor continues to grow until it saturates

at a value of around 40 beyond 20 �m. The peak in the

field enhancement around 750 nm is due to the reso-

nant excitation of the NIR quadrupolar plasmon. This

mode is only weakly damped, which allows for an effi-

cient pumping of the quadrupolar oscillator. The elec-

tromagnetic field enhancements associated with this

mode therefore have a wavelength dependence simi-

lar to that of the far field extinction spectrum. In con-

Figure 6. Maximum electric field enhancement in the junctions of a
HCP nanoshell array as a function of wavelength. The simulations
are performed using COMSOL Multiphysics 3.3a. At MIR to IR regime
(wavelength >2000 nm) the maximum field enhancement steadily
increases towards 35 at 10 �m. The maximum electric field enhance-
ment saturates to a value around 40 beyond 20 �m.
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trast, the large field enhancements for the largest wave-

lengths can be understood as an electrostatic lightning-

rod effect.51,52 The slow monotonic increase of the

maximum field enhancement between the wave-

lengths of 2 and 20 �m can be understood simply as

the response of an overdamped dipolar harmonic oscil-

lator. Only for very slow perturbations will the oscilla-

tor adjust adiabatically to the applied force. The screen-

ing associated with the lightning-rod effect does not

correspond to excitations of plasmons and will there-

fore not appear in the far-field excitation spectrum.

The calculated field enhancement of approximately

35 in the MIR corresponds to electromagnetic SEIRA en-

hancement factors of 103 (352). These values are consis-

tent, but slightly lower than, the largest SEIRA enhance-

ment factors of 6 � 104 reported in the experimental

SEIRA study of pMA.37 Possible reasons for this discrep-

ancy may be structural inhomogeneities in the array

(closer separations between two adjacent nanoshells),

or chemical effects, that is, an increase in the dynami-

cal dipole moment of some of the vibrational modes of

a molecule chemisorbed on a nanoparticle surface.

Lightning-Rod Effect. The relevance of the lightning-rod

effect for the understanding of the large field enhance-

ments in nanoparticle dimers was recently discussed

by Käll and co-workers.53 The physical origin of the

lightning-rod effect is metallic screening. For a perfect

metal, no electric field penetrates inside the material.

The metal becomes equipotential and all potential

drops must occur in the junctions between the metals.

Indeed, the electric field enhancement plot in Figure 2c

shows this effect already at 3 �m, with the electric

field almost perfectly expelled from the metallic shells.

The reason for the efficient screening of metals at low

frequencies is that the real part of the dielectric function

becomes large and negative. The expulsion of the elec-

tric field from the interior of the nanoparticles gives

rise to the intense field enhancements in the junctions

between the metals. This phenomenon provides yet an-

other simple way of understanding the slow mono-

tonic increase of the maximum field enhancement in

Figure 6. As the wavelength is increased and the dielec-

tric permittivity becomes more and more negative, the

electric field are gradually expelled from the metallic

shells with a resulting increase in the field strength in

the junctions.

Our finding of large electric field enhancements in

metallic structures at long wavelengths in nanoparticle

arrays is not limited to nanoshells. Our results would ap-

ply equally well to finite aggregates of arbitrarily

shaped nanoparticles as long as the wavelength of inci-

dent light is in the mid- to far-infrared, thus, resulting

in an extremely versatile system to perform highly effi-

cient SEIRA spectroscopy independently of the struc-

tural constitution of the array unit cell.

In the original work on the relevance of the

lightning-rod effect for SERS on individual nanoparti-

cles, it was noted that the structure of the particles will

influence both the magnitude of the maximum field en-

hancement and the volume within which the field en-

hancements remain large.52 To investigate if this ap-

plies to arrays, we now use a simple electrostatic

approach and investigate the field enhancements in

two-dimensional square lattices of metallic spheres, cyl-

inders, and blocks. The simulations were performed us-

ing the electrostatic module of COMSOL Multiphysics

3.3a,54 which is a finite-element-based commercial nu-

merical simulation software.

In Figure 7 we schematically illustrate the numeri-

cal experiment. The structures are periodic square lat-

tices as illustrated in panel a. For the cylinders and

blocks when the separation distance d is small com-

pared to the overall size of the individual structures D,

the maximum field enhancement Emax occurs in the

middle of the junction between two adjacent particles.

For the spheres, a slightly larger field enhancement

(10%) can sometimes be found on the sphere surface.

For consistency, we will define the maximum field en-

hancement as the value in the middle of the junction.

Using PBC the calculation of the fields needs only to be

performed in a unit cell as shown in panel d. The left

and right boundaries are set to be equipotential sur-

faces with electric potentials V/2 and �V/2, respectively.

For the other boundaries we apply symmetric (zero

charge) boundary conditions. When the separation d is

changed, V is tuned so that the background electric

field across the unit cell without any objects E0 � V/(D

� d) is a constant, where D is the dimension of the ob-

ject. For simplicity the dielectric constant of the objects

is set to minus infinity, as appropriate for a perfect con-

Figure 7. Schematic illustration of a typical COMSOL simulation on a
2D square lattice of (a) blocks, (b) cylinders, and (c) spherical particles.
The particles are perfect conductors with a diameter D and interpar-
ticle separation d . Panel d shows the individual unit cell of the lattice.
The left and right boundaries are equipotential boundaries with elec-
tric potentials V/2 and �V/2, respectively. The location of the hotspots
in the nanoparticle junctions are illustrated in red and yellow.
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ductor. The maximum field enhancement � is defined

as � � Emax/E0 .

Maximum Field Enhancement. In Figure 8, the calculated

maximum electric field enhancement factor for the

sphere, cylinder, and block arrays as a function of rela-

tive separation d/D for thin junctions is shown. We also

show the analytical result � � (D � d)/d for the field en-

hancement in a junction of thickness d between two

metallic spheres of diameter D derived previously us-

ing electrostatic arguments.53 In this approach, the en-

hancement factor � � Eloc/Ei which is the ratio of the in-

cident field Ei and the local field Eloc, can be derived

from the condition for the potential Ei(D � d) � Elocd,

obtaining Eloc/Ei � (D � d)/d .53 The results show almost

identical field enhancement factors. The fact that the re-

lation between � and d/D is the same for these very dif-

ferent structures is a consequence of perfect metallic

screening. The maximum field enhancement is only de-

pendent on the closest distance between two equipo-

tential particles and not on the detailed structure

around the junction.

In Figure 9 we show the calculated local electric

fields and the electrostatic equipotential surfaces of

the cylinder and the block arrays. For the cylinder ar-

ray there is a distinct hotspot (Figure 9b) but for the

block array (Figure 9e) the electric field is almost uni-

formly distributed in the junctions. Although the spa-

tial distributions of the field enhancement are quite dif-

ferent, the maximum field enhancement factors are

the same for both systems. In panels c and f we show

the electrostatic equipotential surfaces of these two sys-

tems. Although the overall electric potential distribu-

tions are different for the block and the cylinder array,

the close-up around the hot-spots are nearly identical.

In this analysis we have studied arrays of nanoparti-

cles with the same aspect ratio in their lateral dimen-

sions. The magnitude of the maximum field enhance-

ments in the electrostatic limit will depend on the

aspect ratio of the individual particles.

Hotspot Volume. A factor of crucial importance for the

efficiency of a substrate for SES is associated with the

Figure 8. The maximum electric field enhancement factor � as
a function of relative separation d/D for sphere, cylinder, and
block arrays, respectively. The relation between � and d/D in
these three systems almost overlap and can be parametrized
as � � (D � d)/d .

Figure 9. Local electric field enhancements and electrostatic potential surfaces for the 2D cylinder and block arrays. The ap-
plied electric field is E0 � 20 and the relative separation is d/D � 0.04 . Panels a,d show the cylinder and block array sche-
matically with inset; Panels b,e show the electric field enhancements for the cylinder and the block array insets; Panels c,f dis-
play the electric potential distribution in the cylinder array and the block array insets, respectively.
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sensing volume, that is, the volume inside which the

electromagnetic field enhancements are large. A large

hotspot volume means that a larger number of mol-

ecules can be probed. We now investigate how the

hotspot volume of conductive arrays (an assumption

valid to describe behavior in the infrared as a SEIRA sub-

strate) depends on interparticle separation and shape

of the particles. Since the electric field enhancements

can vary significantly in space and their relevance for

different SES depends on how the cross sections de-

pend on the power of the field enhancement, the

hotspot volume needs to be defined differently for dif-

ferent spectroscopies. For SEIRA we define the SEIRA ef-

ficiency as

Σ) ∫E2dV, (1)

with a hotspot volume defined as VH � �/Emax
2 . To

evaluate the integral we need to do a subdomain inte-

gration of energy density E2dV for each system.

In Figure 10, the calculated hotspot volume for the

sphere, cylinder, and block arrays as a function of par-

ticle separation is shown. On a logarithmic scale, the cal-

culated VH of these three arrays each follows an al-

most perfect linear dependence on d/D and can be

parametrized as

VH
B ∝ (d/D)1.035 (2)

VH
C ∝ (d/D)1.431 (3)

VH
S ∝ (d/D)1.742 (4)

These results can simply be rationalized by analyzing

the surface curvatures of the different particles. For the

blocks, the surfaces are flat so that the lateral size of the

hotspot always equals the surface area of the particles.

Hence VH increases linearly with separation. For the cy-

lindrical particles, the lateral size of hotspot in the plane

parallel to the cylinder axis is constant, while the dimen-

sion in the plane perpendicular to the cylinder axis is

proportional to (d/D)0.5. Thus VH of the cylindrical par-

ticles should be proportional to (d/D)1.5. For the spheri-

cal particles the lateral dimension of the hotspot should

be proportional to (d/D)0.5 which would lead to VH be-

ing proportional to (d/D)2. We believe that the reason

the simple geometrical analysis does not work exactly

for the sphere array is caused by the more inhomoge-

neous field distribution in the sphere array relative to

the cylinder and block arrays. An explicit calculation of

the volume within which the field enhancement re-

mains larger than 10% of the maximum enhancement

gives the powers 1.038, 1.494, and 2.033 for the block,

cylinder, and sphere arrays, respectively. The hotspot

volumes for the block arrays are much larger and homo-

geneous than for the sphere arrays, with those for the

cylinder array in between. Since the maximum field en-

hancements depend only on interparticle separation,

the block or cylinder arrays provide better SEIRA sub-

strates than 2D sphere arrays.

Designing an Efficient SEIRA Substrate. We now demon-

strate how our findings can be applied to optimize a

configuration of metallic nanoparticles on a finite-sized

substrate for maximum SEIRA efficiency. For simplicity,

we consider a single layer square array of rectangular

metallic blocks of length L, width W, and height W,

separated by junctions of a length d . What is the opti-

mal shape of the individual particles for a given sub-

strate area? For simplicity we will assume light incident

perpendicular to the substrate. Our electrostatic analy-

sis shows that the maximum field enhancements in the

junctions for longitudinal polarization (polarization

along L) is proportional to (L � d)/d . The correspond-

ing hotspot volume will be proportional to W2d with a

SEIRA efficiency proportional to (L � d)2W2/d . For trans-

verse polarization (polarization along W), the maxi-

mum field enhancement is (W � d)/d with a hotspot

volume of LWd . The SEIRA efficiency for transverse po-

larization is thus (W � d)2LW/d . The surface footprint

per particle is (L � d)(W � d) . By maximizing the SEIRA

efficiency for a fixed particle foot print area, it can trivi-

ally be shown that the optimal SEIRA efficiency per unit

surface area is achieved for longitudinal polarization

and high aspect ratio (L/W) particles. Such a substrate

may be realized by aligning finite carbon nanotubes on

the substrate,55 or by electron or focused ion beam mill-

ing of a thin metallic film. For more complicated struc-

tures, the optimization problem becomes a multivari-

able problem which can straightforwardly be solved

using linear programming methods such as the Sim-

plex Method.56

CONCLUSIONS

Using the FDTD, PH, and FEM methods we have ana-

lyzed the electromagnetic properties of two-

Figure 10. Hotspot volume VH as a function of separation d/D

for 2D square arrays of block, cylinder, and sphere particles. The
figure is plotted on a log–log scale and the slopes are 1.035 (B),
1.431 (C), and 1.742 (S).
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dimensional hexagonal nanoshell arrays. We have

shown that the extinction spectrum for normal inci-

dence is characterized by a narrow resonance in the

NIR and a broad structure in the MIR in qualitative

agreement with experimental results. These resonances

are formed through interactions and hybridization of

the individual nanoshell plasmons. The NIR resonance

originates from the quadrupolar resonances of the indi-

vidual nanoshells and the MIR resonance derives from

the dipolar resonances of the individual nanoshells. The

strong broadening of the MIR resonance is caused by

radiative damping which for normal incidence results in

superradiance, that is, a collective enhancement of the

radiation from several dipolar emitters oscillating in

phase. An analysis of the electromagnetic field en-

hancements in the array structure reveals large field en-

hancements in the nanoparticle junctions both for the

excitation of the NIR and the MIR modes. The field en-

hancements associated with the NIR resonance can be

understood as a conventional resonant excitation of a

weakly damped plasmon mode, with a wavelength de-

pendence that follows the extinction spectrum. The

field enhancements associated with the MIR resonance

show a qualitatively different wavelength dependence

with a slow monotonic increase with increasing wave-

length and a saturation to the electrostatic result at a

wavelength beyond 20 �m. The field enhancements in-

duced in the MIR are not caused by excitations of plas-

mons but are a consequence of metallic screening, that

is, the lightning-rod effect. At long wavelengths, met-

als behave like perfect equipotential conductors and all

the field enhancements result from the drop of the po-

tentials across the junctions between individual nano-

particles. In this limit, the field enhancements depend

only on the geometrical structure of the substrate. The

slow increase of the field enhancements in the MIR is

analogous to the response of an overdamped oscilla-

tor and is consistent with our finding of large radiative

damping of the MIR resonance. Our observation that

the maximum field enhancement in the MIR does not

depend sensitively on wavelength is another advantage

for SEIRA where the measurements need to be per-

formed over an extended spectral region.

We have demonstrated that the field enhancement

and hotspot volumes in the infrared region of the spec-

trum where SEIRA takes place can be described using

analytical electrostatic arguments. Following this simple

but practical approach, we have identified the struc-

tural requirements for optimization of a substrate for

maximum SEIRA efficiency in a very general way. Our

initial investigations indicate that such a substrate

should be composed of high aspect ratio particles. In

contrast to the hotspots associated with resonant exci-

tation of plasmons in SERS, high field enhancements in

the far-infrared do not require sharp junctions, but

rather the use of narrow flat junctions with large

hotspot volumes. The field enhancement is also more

constant and homogeneous compared to the plasmon

resonances in the visible and near IR, therefore the com-

mon magnification of the infrared signal has the advan-

tage of preserving the information on the relative

weight of the absorption peaks. Moreover, because

the nature of the enhancement in the far-infrared is

connected with the exclusion of the field from the

conductor-like material, the trends for optimizing the

enhancement can be extrapolated to Terahertz fre-

quency regions, thus having a great potential for SEIRA

in this relatively unexplored spectral range. The con-

cepts shown in this communication could lead to a new

paradigm in the design of efficient substrates for vis-

ible (SERS) and far-infrared (SEIRA) spectroscopies.

METHODS

Experiments. Au nanoshells were fabricated following a previ-

ously reported seed-mediated electroless plating method,24

then purified by dialysis. The dialyzed nanoshells were function-

alized with the surfactant cetyltrimethyl ammonium bromide

(CTAB), and subsequently redispersed in water to form colloidal

solutions with desired particle concentrations. Applying droplets

of nanoshell solution to a substrate and allowing the solvent to

evaporate under ambient conditions resulted in the formation of

hexagonally packed nanoshell arrays, which maintain an inter-

particle spacing established by the bilayers of CTAB that sur-

round each nanoshell as the interparticle spacer. The nanoshells

organize into hcp structures with typical domain sizes ranging

from several tens of micrometers to over two hundred microme-

ters. The CTAB molecules form bilayer structures on the surface

of Au nanoparticles, resulting in a net positive charge on the

nanoparticle surfaces, and providing a net repulsive interaction

between the nanoparticles to prevent random disordered aggre-

gation during solvent evaporation. The CTAB bilayers also de-

fine the spacing between neighboring nanoshells and result in

an average interparticle spacing determined to be nominally 8

nm, consistent with the reported thickness of a CTAB bilayer. Op-

tical spectroscopic measurements were performed on nanoshell

monolayer arrays formed on glass slides using unpolarized light
at normal incidence with a commercial UV–vis spectrophotome-
ter.

Finite-Difference Time-Domain Method. The FDTD method is an es-
tablished numerical time marching algorithm for the solution of
Maxwell’s equations on a spatial grid.57 The method provides an
accurate and fully retarded description of both the near- and far-
field properties of the electromagnetic response. Our implemen-
tation has been parallelized for execution on distributed memory
computer architectures such as Beowulf clusters using domain
decomposition.39,58

Plasmon Hybridization Method. The PH method is an electro-
static method for calculating the energies of plasmon reso-
nances and the optical absorption spectra of complex nanostruc-
tures. The method has recently been reviewed with references
to many applications,30 briefly, the plasmons of a composite me-
tallic nanostructure are expressed as a linear combination of
the plasmons in the individual parts or surfaces of the nanostruc-
ture. The kinetic and electrostatic energy of the system is calcu-
lated using a Lagrangian approach. By application of the Euler–
Lagrange equation, the plasmon energies are obtained from a
secular equation. The structure of the eigenvalue problem is
then equivalent to the secular equation in molecular orbital
theory describing how electronic levels interact (hybridize) and
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shift in the presence of interactions. The plasmon hybridization

method provides a simple and intuitive method for understand-

ing the nature of the plasmon resonances in composite

nanostructures.

Finite Element Method. The FEM method is standard method

for the solution of partial differential equations. Briefly, the elec-

tromagnetic field are expanded in finite elements, that is, basis

functions localized around individual points on a spatial grid. Us-

ing a variational formulation, Maxwell’s equations are converted

to matrix equations which are solved using direct or iterative

methods. Our FEM calculations are performed using the electro-

static module of COMSOL Multiphysics 3.3a,54 which is a finite-

element-based commercial numerical simulation software.
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