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Abstract: It is generally accepted that the lifetimes of the localized
plasmonic excitations are inherently controlled by the type of the metals
and the shape of the nanoparticles. However, extended plasmonic lifetimes
and enhanced near-fields in nanoparticle arrays can be achieved as a result
of collective excitation of plasmons. In this article, we demonstrate
significantly longer plasmon lifetimes and stronger near-field enhancements
by embedding the nanoantenna arrays into the substrate. Our approach
offers a more homogeneous dielectric background allowing stronger
diffractive couplings among plasmonic particles leading to strong
suppression of the radiative damping. We observe near-field enhancements
well beyond than those achievable with isolated nanoparticles. Enhanced
fields obtained in these structures could be attractive for biosensing and
non-linear photonics applications.
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1. Introduction

Localized surface plasmon resonances (LSPRs) in metal nanoparticles give rise to greatly
enhanced near-fields and strong far-field extinction resonances. Enhanced near-fields are
attractive for applications [1,2] including Raman [3,4] and infrared absorption spectroscopies
[5,6], as well as for nonlinear optical phenomena [7] and photovoltaics [8]. For other
applications, narrower resonance line-widths, in addition to enhanced near-fields, could be
desirable. For example, in biosensing applications based on refractive index change, the
detection limit depends on both the LSPR sensitivity to the local dielectric environment and
the resonance line-width [9-11]. Narrower line-widths allow smaller shifts to be detected
[12]. So far, most of the effort has been concentrated on optimizing the nanoparticle
geometries to improve the near-field enhancements and to control the resonance
frequencies/line-widths [13—15]. Further improvements in plasmon lifetimes and near-field
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enhancements require innovative approaches. Collective excitations of nanoparticle
ensembles in well engineered periodic arrays offer a means to suppress radiation damping
allowing improvements well beyond what is achievable by simply tuning the particle
geometry [5,16-22]. In an earlier article, we demonstrated narrow far-field extinction
resonances and enhanced near-fields in rod-shaped nanoparticle (nanorod) arrays as a result
of suppression of the radiation damping by electromagnetic field confinement in the ensemble
plane [5].

In this article, we propose and demonstrate further improvements in the near-field
enhancements/line-widths by embedding the plasmonic nanoparticle arrays beneath the
surface of the substrate. Far-field extinction measurements confirm the strong diffractive
coupling between the particles and the resulting narrow plasmonic lineshapes. Numerical
modeling using the three dimensional Finite Difference Time Domain (3D-FDTD) method
[23] indicates that strong near-field enhancements complement these sharp extinction
features.

2. Fundamentals of collective plasmonics

In an ensemble, collective plasmonic excitations arise from the retarded dipolar interactions
among nanoparticles. Plasmonic behavior of the nanoparticles in an ensemble may strongly
differ from that of the individual constituent nanoparticles [16,18]. This phenomenon can be
understood from fundamental principles by using a coupled dipole (CD) method. For an
individual nanoparticle, the acting field is simply the incident field exciting the LSPRs
(E,, =E,,.). A nanoparticle responds to this electric field with an induced dipole moment,
p=a,E

«: - 1n an ensemble, on the other hand, the acting field on the individual particle

includes both (i) the incident field and (ii) the sum of the retarded dipolar fields due to the
other nanoparticles [16,18-21]:

ikr,

N
Eact,i = Einc,i +Z€ ! Cljp/ (1)

J#

J=1
where, C; is the dipolar interaction matrix without the phase term [24]. The indices i and j
label the iy, and jy, particles, r; is the distance between them, and N is the total number of
particles. The sum in Eq. (1) strongly depends on the phase delay experienced by the retarded
dipolar interactions among particles. For a periodically arranged nanoparticle array, the
scattered fields add in phase at a specific wavelength when kr;; = 27zm, where m is an integer.
This corresponds to the appearance of a new grating order. For wavelengths shorter/longer
than this transition wavelength, the grating order is radiative/evanescent. Interesting physical
phenomena leading to the narrowing of the plasmonic resonances and the enhanced near-
fields are observed around the transition wavelength. A quantitative understanding of the
phenomena can be developed for an infinite chain of identical nanoparticles excited by
normally incident light. In this case, dipolar moments of the constituent particles are the same
p;,=p; = apEmJ and Eq. (1) can be simplified to:

ikr;;

Eri =K+ ie 'Cy |, E s 2
=
S
Following this relation, local electric field can be expressed as E,,; = (1—apS )71 E,.:

where S is the retarded dipole sum defined in the parentheses in Eq. (2). Accordingly, an
effective polarizability for nanoparticles can be defined as:
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This equation shows that the polarizabilities of the

such that p, =a,E,,; =a,E, ;.
nanoparticles in an ensemble are controlled by the retarded dipole sum S, which is only a
function of geometrical parameters. A maximum both in the imaginary part and modulus of

the particle’s complex polarizability, thus a peak in extinction spectrum corresponding to the
array resonance, is expected when the real part of the denominator (1/ a, = S) vanishes.

Creation of collective resonances can be explained using Eq. (3) for an infinite chain of
nanorod particles with dimensions chosen to reflect the conditions of our experiments to be
discussed below.

In Fig. 1(a) the nanoparticle polarizability, a,, , and the retarded dipole sum, S, are shown
with respect to the wavelength of the incident light, which is normally incident and polarized
perpendicular to the chain axis (along the long axis of the nanorods). The particles are
modeled as gold ellipsoids, with the dielectric function computed from a Lorentz-Drude
model [25,26]. In order to account for the finite size of the particle, a, is computed using the
modified long wavelength approximation (MLWA) [27,28]. Computation of S involves
evaluating an infinite summation. This was done numerically with the sum terminated at N =
400 particles.
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Fig. 1. Narrow extinction resonances in periodic arrays of nanoparticles. (a) Lattice sum and
(b) extinction spectra are shown for 1D nanoparticle chains. The particles are gold ellipsoids
with dimensions 1.6x0.3x0.1 um and the background refractive index is 3. A modified long
wavelength approximation (MWLA) is used for the single particle polarizability [27,28]. The
particles are arranged on a 2.8 um periodic chain. Light is normally incident and polarized
perpendicular to the chain axis. The real part of S diverges at the grating transition wavelength
(black vertical dashed line in (a)) while the imaginary part exhibits a drastic sign change. At
wavelengths below (above) the transition wavelength, a grating order has radiative (c)
(evanescent (d)) character.

As shown in the figure, the real part of the inverse nanoparticle polarizability (green
curve) monotonously increases starting from a negative value and crosses to the positive
domain at the LSPR wavelength of a single nanoparticle. The lattice sum, S, shows a more
complex behavior. For large particle separations, Cjj is dominated by the far-field term which
is a real positive number. Hence, for a periodic chain, the real part of the lattice sum S (red
curve) diverges at the diffraction condition (kr; = 2zm) [16,18-20]. This is visible as a sharp
maximum in the figure at the grating transition wavelength (dashed vertical line). Im(S) [blue
curve in Fig. 1(a)] exhibits a rapid sign change around this grating transition wavelength.
Imaginary part of the lattice sum, Im(S), is positive (negative) when the grating order is
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radiative (evanescent) resulting in increased (decreased) radiative damping. The sudden
appearance of the new grating order causes a dramatic increase in the radiated power from the
array, which is closely associated with the Wood anomalies and Rayleigh’s explanation [29].
As shown in Fig. 1(a), cancelation of the real terms in the dominator in Eq. (3) occurs at a
wavelength (dotted vertical line) slightly longer than the grating transition wavelength, where
the real part of 1/ a, (green curve) crosses the real part of lattice sum (red curve) as indicated

by circle in Fig. 1(a). A maximum both in the imaginary and the modulus of the particle’s
complex polarizability (corresponding to resonance in extinction spectrum) is observed at this
crossing wavelength, which is slightly red-shifted from the LSP resonance of the individual
nanoparticle. More interestingly, the imaginary part of S is negative at the array resonance

wavelength [Fig. 1(a)] and partially cancels the imaginary parts of 1/ a, (light blue curve in

the figure). This partial cancelation results in linewidth narrowing of the far-field extinction
resonance and longer plasmon lifetimes due to the suppression of the radiative damping. With
increasing plasmon lifetimes, enhanced intensities in the near-field are expected as a result of
field confinement in the array plane. In well engineered arrays, significant improvements in
plasmon lifetimes [19] and near-field enhancements are possible [5]

For extended plasmon lifetimes and enhanced near-fields, an important consideration is
that dipolar couplings among nanoparticles should be through a homogeneous dielectric
background [20,30]. In practice, however, nanoparticle arrays are fabricated on substrates.
For light propagating above and below the substrate, this refraction index mismatch results in
different phase velocities and conditions for constructive interference. Even then,
significantly narrower far-field extinction resonances, enhanced near-fields [5] and extended
lifetimes [19] are observed in arrays where the nanoparticles are fabricated on a substrate
[Fig. 2(b)]. However, further improvements in collective plasmonic characteristics can be
achieved for arrays buried in a homogeneous background. The embedded particle geometry
proposed in this article (Fig. 2) provides a largely homogeneous dielectric environment to
overcome the large index mismatch limitation in conventional particle arrays.

Although index matching oils can be used to obtain a homogeneous background in
experiments aimed at investigating the basic physics of the collective resonance effect [20],
the embedded geometry proposed here offers several practical advantages. Firstly, greater
freedom in the choice of substrate is possible, as the range of refractive indices of index
matching oils is limited. This is an important consideration at the mid-infrared frequencies
examined here where the substrate is silicon, with a refractive index of 3.46. Regarding
biomolecule detection applications, care must be taken that the fluid used is hospitable to
biological substances. This is not a concern in the embedded geometry. Finally, where
enhancement in the substrate is desired, e.g. for photovoltaic and nonlinear photonic
applications, the embedded geometry offers a clear advantage as will be shown with FDTD
simulations.

3. Results
3.1 Sample fabrication and measurement

We introduced a fabrication scheme for the embedded nanoparticle arrays in homogenous
dielectric background as summarized in Fig. 2(a). It is based on single layer e-beam
lithography, reactive ion etching (RIE) and a following lift-off process. We start by
performing e-beam lithography on silicon substrates using a positive e-beam resist
poly(methylmethacrylate) (PMMA). The nanohole pattern is transferred to the silicon
substrate by a dry etching process using PMMA as a mask. The scanning electron microscope
(SEM) image of a cleaved sample in the inset of Fig. 2(c) shows that etching is directional
with vertical side-wall profile. The etch depths examined here is 200 nm. Before the removal
of the PMMA mask, a directional e-beam metal deposition is performed with a thin Ti (5nm)
adhesion and Au (95nm) metal layers. Lifting off the remaining resist results in well formed
nanorods effectively buried beneath the substrate surface as shown in Fig. 2(d, iii-iv). On
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substrate particle arrays are also fabricated [Fig. 2(d, i-ii)] to compare the effect of the
homogenous versus inhomogeneous background on the collective resonances.

(a) e‘H"H’ SF6+Ar¢¢¢¢ Ti+Au

Pvval il Il W IPvval B

Silicon substrate Silicon substrate Silicon substrate Silicon substrate
(Electron Beam Lith.) (RIE Etching) (Metal Deposition) (Metal Lift-off)

(b) (d)

Fig. 2. Sample geometry and fabrication. The fabrication process is illustrated in (a). (b) On-
substrate and (c) embedded particle array schematics are shown. Cross section view (inset)
shows vertical wall profile. (d) SEM images of fabricated random array and periodic (in square
lattice) samples are shown for (i, ii) —on-substrate nano-rod arrays and (iii, iv) —embedded
nano-rod arrays.

In order to characterize the resonant behavior of the nanoparticle arrays, we perform
transmission measurements using an IR microscope and Fourier Transform Infrared (FTIR)
spectrometer. Spectra are collected over the wavelength region of 1.67-15.38 um (6000-650
cm™") using a Mercury Cadmium Telluride (MCT) detector. Polarized light is incident on the
particle array from the substrate side and collected with 0.4 NA, 15x reflection optics
objectives. The fabrication method and the experimental conclusions that we present here,
(implemented in mid-infrared spectral regime) can be readily extended to visible and near-
infrared frequencies by using an appropriate etching processes on a desired substrate. Our
fabrication procedure results in air holes above the embedded particles. As we show in
section 3.4 using FDTD analysis, the effect of the air holes is not significant. In fact, near-
field distribution of the embedded rods is found to be similar to that of a particle in a fully
homogeneous background.

3.2 Individual particle resonances

To obtain plasmon resonances in the mid-infrared spectral region, we fabricated rod shaped
particles, which support resonances similar to those of an ideal dipole antenna at wavelengths
given by [31-33]

Ages =20y Im)L+C . 4)

Here, L is the rod length, n.4 is the refractive index of the dielectric background and m is
an integer corresponding to the order of the plasmonic standing wave pattern on the surface of
the rod. C is a fitting parameter due to the finite width of the nanorods, which is C =4Rn.¢/m
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for a cylindrical rod with cross sectional radius R and hemispherical ends [32,33]. In order to
determine the individual particle response, we fabricated large arrays of randomly (but
consistently oriented) particles. The random arrangement cancels out any consistent coupling
among nanoparticles and allows the individual particle response to be measured at high signal
to noise ratios in an interferometer [5,34]. In order to obtain consistent particle geometry
throughout the random arrays, the pattern was designed to ensure that all particles were
separated by at least 200 nm edge to edge. This prevented particle overlap and allowed a
clean lift-off process. Experiments have shown that the array design does not affect the
position of the resonance peaks [35] confirming a faithful measurement of the individual
particle behavior. Spectral response of the resonance transforms to a Gaussian lineshape as
the effects of particle coupling in a periodic pattern are replaced with randomly phased
dipolar interactions [35,36].

(a) 10— . . . : .

(b) 16
14

12

& Substrate ' ! T

® Embedded 200 nm
* Embedded 200 nm, FEM

10} ¥
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=309 N,
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-

Resonant wavelength (um)
[ ]
)

Resonant wavelength (um)

6} - - 4
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Fig. 3. (a) Length dependence of the resonance wavelength for Au rods on a Si substrate.
Experimentally obtained resonances for the m = 1 and m = 3 modes are shown fitted to dipole

antenna relation given in Eq. (4) (black and blue dashed lines, respectively). Effective indices
determined from linear fits are indicated. The constant term, C, was 0.16 um and 0.26 pm for
the Ist and 3rd order modes, respectively. The insets correspond to the field distribution for z
component of the electric field in a plane below the surface of the rod. (b) Red-shifting of the
resonances is experimentally observed for embedded (d = 200 nm) individual antennas relative
to on-substrate (d = 0) ones. Analytical and numerical calculations based on the ideal dipole
approximation (green dashed line) and 3D FEM simulations (black stars, red dashed line
indicates linear fit) are shown for the embedded rods.

The lithographically patterned rods are highly rectangular, with constant heights of 100
nm, and widths of 300 nm. The rod length, L, was the only parameter of the particle geometry
varied in the experiments. The linear dependence of the resonant wavelength on the rod
length is clearly evident in our experimental data for m=1and m =3 modes, as shown in
Fig. 3(a). Here, the mode corresponding tom =2 is missing due to the absence of a dipole
moment required to couple the incident light to this excitation. For the m = 1 mode, a close fit
to the dipolar antenna behavior using Eq. (4) is observed for an effective refractive index of
negr = 3.11 (dashed black curve). Similarly, for the m = 3 mode, fitting of the experimentally
observed resonance wavelengths to the dipolar antenna formula resulted in n s = 3.09 (dashed
blue curve).

In Fig. 3 (b), the effect of the embedding procedure on the single particle for m = 1 order
resonance is illustrated. Resonance wavelengths are shown for varying rod lengths and
compared for on-substrate and 200 nm deep embedded rods. The resonant wavelengths for
the embedded rods are strongly red-shifted in comparison with those deposited directly on the
Si substrate. In addition, they deviate from those expected for an ideal half-wave dipole
antenna in a Si dielectric background [Eq. (4) with C = 0 indicated by green dashed line].To
confirm this observation, we have performed Finite Element Method (FEM) simulations
(black stars). Experimentally observed peak positions are in very good agreement with our
FEM calculations. A linear fit to the FEM data using Eq. (4) results in values of 3.51 and 1.86
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um for n. and C, respectively. The constant term in the fit, C implies a rod with 265 nm
diameter cross section, which is in close agreement with the actual width, 300 nm, of the
rectangular rods. This indicates that finite width of the particle is not negligible for embedded
nanorods and results in red-shifting.

3.3 Collective resonances in embedded periodic arrays

a T T T T T T T T b " . T T T T T T
( ) 3.5 Periodicity (um) ( ) 10 Periodicity (um) |
1.2 15
3.0F —13 —16
5 —14 >~ 8 —1.75 A
5 251 —12 1 s 2.0
o . S --- Random
5 1.7 £ 6
8 - - - Random ] 5
g g 4 ]
i \ 1 i}
N\/’N z 1 . 1
Si-(1,0)
- - - o 1 11 4 o i

7 8 9 10 2 3 4 5 6 7 8 9 10
Wavelength (um) Wavelength (um)

Fig. 4. Extinction spectra for (a) embedded (d = 200 nm) and (b) on-substrate arrays are shown
with changing periodicity. The diffraction edges are indicated by the dashed vertical lines at
the bottom of the figures. The feature at ~8pm in (a) is associated with the formation of a thin

oxide layer on the Si substrates. (b) is adapted from PNAS [5]. The individual particle spectra
obtained from random arrays are shown for comparison purposes (dashed black lines).

Significantly narrower resonances as well as enhanced extinction efficiencies are
demonstrated for well optimized periodic arrays (in square lattice), buried d = 200 nm
beneath the silicon surface (Fig. 4). The resonance wavelengths/linewidths as well as the
extinction efficiencies strongly depend on the array periodicity, a sign for stronger diffractive
and plasmonic coupling compared to the on-substrate arrays. The results here are presented
for embedded nanorod particles with L = 500 nm and on substrate rods with L = 1100 nm
such that the individual particle resonance wavelengths are comparable. In well optimized

arrays, a quality factor improvement of Q. /Q,.,,d =4.6 over that of an individual

nanoparticle is observed due to the suppression of the radiative losses [Fig. 4(a)]. As shown in
Fig. 4(b) (adapted from [5]), narrowing of plasmon resonances of on-substrate arrays is
weaker than that of the periodic arrays embedded in silicon substrate. Improvements in

quality factors for on-substrate arrays are limited to Q. / 0, =2 due to weaker collective

excitation of plasmons. Although this figure may seem to be modest, the fact that near field
enhancements are correlated with but not linearly proportional with quality factor
improvements must be also taken into consideration [17,37]. In fact, in an earlier article, we
have obtained an order of magnitude improved absorption signals for a quality factor
improvement of only O, / Q,, =2 leading to signal enhancements of 10*-10° with zepto

mole level sensitivities [5]. Thus, higher quality factor improvements obtained in this article
(O / 0, =4.6) could lead to even greater near-field enhancements as we show in the

FDTD analysis below. As shown in Fig. 4(a), additional resonances at shorter wavelengths
are observed for the embedded arrays. These resonances are associated to the diffractive
(Wood’s) anomalies. They are controlled by the array periodicity and show no variation in
their line-widths. The plasmonic excitation modes (both m = 1 and m = 3) are spectrally far
from these shorter wavelength resonances thus plasmons have no effect on these anomalies.
Such short wavelength anomalies are absent in the extinction measurements obtained from
on-substrate arrays as a result of diminished diffractive couplings [Fig. 4(b)].
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Fig. 5. The strong effect of array periodicity on extinction spectra is illustrated. (a) Real and
imaginary parts of the lattice sum (S) for a 2D periodic (P = 1.4 pm) array is shown. S is
calculated via truncated numerical evaluation as described in section 2. The grating transition
wavelengths are indicated by the dotted vertical lines. (b) Computed extinction efficiency for a
single ellipsoidal particle (black curve) and a 2D array of 10x10 particles (red curve) via the
CD method are shown. (c) Shifting in resonant wavelengths with varying periodicity for the
on-substrate and embedded arrays are shown. Analytically obtained grating transition
wavelengths for Si-(1,0), Si-(1,1), Si-(2,0) are also shown with dashed lines. Dotted blue/red
lines correspond to the individual nanorod antenna resonance of on-substrate/embedded arrays.
(d) Embedded 800 nm long nano-rods with 1.5 pum periodicity displays perfect transmission in
the vicinity of a grating transition wavelength.

Figure 5(a,b) presents an analysis of these higher order resonances using CD method for a
two-dimensional array consisting of nanorods completely surrounded with silicon medium (L
= 800 nm). Appearance of the higher grating orders results in a sudden sign change and a
sharp maximum in the imaginary and the real parts of the lattice sum S, respectively
[Fig. 5(a)]. As shown in Fig. 5(b), dips in extinction efficiencies are observed at these grating

transition wavelengths Ag;, Air—Gi,j) = Msis air p/«/i2 + j2 , where p is the array periodicity,

nsyair 18 the index of silicon/air, and (i,j) is the two-dimensional grating diffraction order. In
Fig. 5(c), experimentally obtained resonance wavelengths are plotted for varying array
periodicities for embedded (red points) and on-substrate (blue points) arrays. For embedded
arrays, the spectral locations of the resonances are controlled by the array periodicity and
closely follow the analytically derived grating transition wavelengths (dashed lines)
corresponding to Si-(0,1), Si-(1,1) and Si-(0,2) grating orders. Slight deviation from the
analytical model is likely due to the finite NA (0.4) of the IR-objective resulting in a beam
spread.

On the other hand, resonance wavelengths of the on-substrate arrays do not show
significant variation with changing periodicity (blue points) as a result of weaker diffractive
coupling among particles. Instead, they slightly deviate from the random on-substrate array
resonance (dotted blue line). Figure 5(d) shows extinction spectra obtained from periodic
arrays consisting of 800 nm long rods embedded 200 nm beneath the silicon surface. A sharp
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dip in extinction efficiencies, corresponding to a nearly perfect transmission, is clearly visible
in the extinction spectrum for the embedded array with a periodicity of 1.5 pm (red curve in
Fig. 5(d)). This sharp dip, a sign for strong diffractive coupling as shown in Fig. 1(b), occurs
when the real part of the lattice sum § is a maximum (as discussed in section 1). Such a
feature is not observed in extinction spectra obtained from the nanorod arrays directly
fabricated on the silicon substrates.

3.4 Enhanced near-field intensities with collective plasmonics
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Fig. 6. 3D FDTD simulated extinction spectra are shown for (a) embedded (d = 200 nm) and
(b) on-substrate nano-rod arrays for varying array periodicities (L = 800 nm for both).

Far-field characteristics such as resonance linewidths and extinction efficiencies are a strong
indicator of the near field behavior of the plasmonic excitations in relation to the plasmon
lifetimes. Due to the suppression of the radiation damping with the confinement of the
electromagnetic field within the array (extended plasmon lifetimes), narrowing of the far-field
extinction resonances are observed. This narrowing is associated with the enhancement of the
near-fields with respect to those of individual nanorods. In particular, when the array’s
diffractive resonances occur at a wavelength near the plasmon resonance of the individual
particle, the collective plasmonic response is most pronounced. Near-field enhancements well
beyond than those achievable with a single isolated particle are observed with optimized
periodic arrays [5]. Considering that embedded nanoparticle arrays have even narrower
resonances, much stronger near-field intensities are expected with respect to on-substrate
fabricated arrays. This prediction is confirmed with 3-D FDTD simulations performed for the
embedded structures consisting of 800 nm long rods buried 200 nm beneath the silicon
surface as well as arrays of same size nanorods fabricated on-silicon substrate. The particles
are modeled as 100 nm thick gold rods without the Ti adhesion layer used in the experiments.
The calculated extinction efficiencies (shown in Fig. 6) illustrate the dramatic influence of the
array periodicity on the resonance linewidths. The maximum amplitude of the extinction peak
varies with the proximity of the array diffractive resonance to the particle LSPR [20]. The
stronger extinctions for the embedded rods [Fig. 6 (a)] with respect that of the on-substrate
ones are associated with the stronger diffractive couplings. The highest quality factors are
observed at A = 7.81 pm (5.68 pm) for the embedded (on-substrate) arrays for the array with
the periodicity of 2.2 uym (1.6 pum). The differences in resonance wavelengths of the
embedded and on-substrate arrays are due to the differences in effective refractive indices. In
agreement with our experimental observations (Fig. 4), narrowing of the resonance linewidths
is much more pronounced in embedded arrays with respect to on-substrate ones.
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Fig. 7. Spatial distributions of the near-field intensity enhancements (IE/E¢* where E, is the
incident pulse amplitude at the corresponding frequency) for an isolated nanorod particle in
homogenous silicon background (Ist column), in a periodic array fabricated on silicon
substrate (2nd column), and in a periodic array embedded in 200 nm beneath the silicon
substrate (3rd column). Note the different color scales for edge (top row) and center vertical
cuts (bottom row) planes indicated in red in the cartoons to the left.

The near-field intensities for individual nanorods in optimized arrays with the narrowest
line-widths are shown in Fig. 7. Both embedded and on-substrate periodic arrays show
marked improvements in near field enhancements with respect to the isolated nanorods.
However, strongest overall near-field enhancements are observed for embedded structures as
a result of longer plasmon lifetimes. For the arrays fabricated on silicon surface, the enhanced
near-fields are mainly concentrated in a small region at the base of the nanorod. For the
embedded geometry, a peak enhancement of 6,439 is obtained which extends over a large
region outside the metal, while the enhancement of the on-substrate rod geometry is reduced
to 3,579 outside the metal with lesser extent. The field distribution of the embedded structure
is highly symmetric and closely resembles to that of the particle in homogeneous background.
This implies the minimal effect of the air gap on the plasmon resonance. The large field
enhancement extends over several tens of nanometers into the substrate as well as into the air
gap.

For biodetection applications, the field enhancement in the air gap would be of primary
interest. Despite the fact that the available region for target biomolecules is limited to the air
gap region, the embedded geometry still offers advantages over on-substrate geometry. To
quantify the effect, we have computed the integrated near-field intensity over the exposed
surface of the embedded and on-substrate structures within a region extending 5 nm from the
metal surface. The integrated intensity for the embedded geometry over this region is 2.2
times that of the on-substrate rods. Thus, despite the smaller exposed region, the embedded
geometry should prove more advantageous due to the larger overall field enhancement.
Finally, we note that the large enhancement in the dielectric medium (silicon substrate in this
case) could also be extremely attractive for photovoltaic and nonlinear photonic applications.

4. Conclusions

In summary, we experimentally demonstrated that plasmon lifetimes and extinction
efficiencies can be controlled by tuning the retarded dipolar couplings among nanoantennas in
periodic arrays. We observed embedded arrays lead to longer plasmon lifetimes and higher
extinction efficiencies with respect to on-substrate fabricated ones. We have analyzed our
experimental observations through analytical derivations and 3-D FDTD simulations. We
show that these observations are indicative of stronger radiative couplings associated with the
more homogeneous dielectric background present in the embedded particle arrays. Through
numerical simulations, the correlation between the extended lifetimes of the plasmons and the
enhancement of the near field intensities is confirmed. Near-field enhancements well beyond
than those achievable with isolated nanoparticles are predicted. The introduced fabrication
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method and proposed structure could be readily extendable to visible and near-infrared
frequencies. Given the advantages of our approach and its inherent flexibility, these results
should be of interest to the plasmonic applications utilizing large field enhancements as well
as narrower resonances.
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