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1. INTRODUCTION

When light interacts with a metal nanoparticle (NP), its
conduction electrons can be driven by the incident electric field
in collective oscillations known as localized surface plasmon
resonances (LSPRs). These give rise to a drastic alteration of
the incident radiation pattern and to striking effects such as
the subwavelength localization of electromagnetic (EM) en-
ergy, the formation of high intensity hot spots at the NP
surface, or the directional scattering of light out of the struc-
ture. LSPRs can also couple to the EM fields emitted by
molecules, atoms, or quantum dots placed in the vicinity of the
NP, leading in turn to a strong modification of the radiative
and nonradiative properties of the emitter. Since LSPRs
enable an efficient transfer of EM energy from the near to
the far-field of metal NPs and vice versa, we can consider
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plasmonic nanostructures as nanoantennas, because they operate in
a similar way to radio antennas but at higher frequencies. Typically,
plasmonic nanoantennas at optical frequencies are made of gold
and silver due to their good metallic properties and low absorption.

Controlling and guiding light has been one of science’s most
influential achievements. It affects everyday life in many ways,
such as the development of telescopes, microscopes, spectro-
meters, and optical fibers, to name but a few. These examples
exploit the wave nature of light and are based on the reflection,
refraction and diffraction of light by optical elements such as
mirrors, lenses or gratings. However, the wave nature of light
limits the resolution to which an object can be imaged, as well
as the size of the transverse cross section of efficient guiding
structures to the wavelength dimension. Plasmonic resonances in
nanoantennas overcome these constraints, allowing unprece-
dented control of light—matter interactions within subwave-
length volumes (i.e., within the nanoscale at optical frequencies).
Such properties have attracted much interest lately, due to the
implications they have both in fundamental research and in
technological applications.' ™ ®

Metal NPs have been used since antiquity. Due to their strong
scattering properties in the visible range, they show attractive
colors. One of their first applications, dating back to the Roman
Empire more than 2000 years ago, was as a colorant for clothing.
In art, they were used to stain window glass and ceramics.
Obviously, it was not known then that the colorants being used
contained metal NPs or that the spectacular colors were due to
the excitation of LSPRs. The first reported intentional produc-
tion of metal NPs dates from 1857, when Faraday synthesized
gold colloids.” However, at the time there was not much interest
in understanding the physics behind the optical properties
of colloids due to the impossibility of synthesizing NPs with
well-controlled shapes and sizes, as well as the lack of accurate
detection techniques.

The first theoretical work on the scattering of light by particles
smaller than the incident wavelength was carried out by Lord
Rayleigh at the end of the 19th century.'”"" He analyzed the
diffusion of light by diluted gases, and his theory explained
physical phenomena such as the blueness of the sky, the redness
of the sunset, or the yellow color of the sun. Mie took the next
step forward by deriving an analytical solution to Maxwell’s
equations to describe the interaction of light with spheres of
arbitrary radius and composition.'> Subsequently, based on the
results of Rayleigh and Mie, Gans considered elliptical geome-
tries. He demonstrated that the optical response of metal NPs is
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strongly shape dependent'” and explained the origin of the different
colors produced when white light is incident on colloidal solutions
of elliptically shaped nanoparticles with different aspect ratios.

After Gans’ work, the discovery of the surface-enhanced Raman
scattering (SERS) effect in 1974'*7'¢ renewed interest in metal
NPs due to the possibility of enhancing the Raman emission of
molecules adsorbed onto a metal surface. A large number of
publications on the physics taking place when molecules are in
close proximity to metal structures followed. Eventually, this
research has led to the development of nanoplasmonics, a multi-
disciplinary field devoted to the exploration of the unprece-
dented control of light and light—matter interactions that the
strong localized EM fields associated with plasmonic resonances
provide.

Concentrating light into small volumes leads to fascinating
phenomena. LSPRs supported by pairs of nanoantennas with a
small gap between them or by nanoantennas with particular
shapes, such as nanostars,”'® are able to greatly amplify local EM
fields, making these structures ideal for use in surface-enhanced
fluorescence'” *° (SEF) and SERS."®*°™** The small mode
volume of LSPRs also increases the photonic local density of
states (LDOS)*** close to the NP, enabling the modification of
the optical properties (decay rate and quantum efficiency) of
emitters placed in its vicinity. Controlling local field enhance-
ments and modifying of the LDOS in plasmonic nanoantennas
has made single-molecule detection possible.”*** Nanoantennas
are also extremely suitable for biological applications because
they enable the tracking of emission from markers in cells with
subdiffraction limit resolution, as well as the destruction of cancer
cells using the resistive heating of resonant NPs.>**¥# 75

In this review, we describe the main theoretical concepts
behind the interaction of light with nanoantennas and the emitter
decay rate modification due to plasmonic cavity effects. We
provide a brief overview of the fabrication and characterization
methods available and discuss some nanoantenna applications,
such as SEF, SERS, photovoltaics, and nanomedicine. The article
is organized as follows: In section 2, we introduce the excitation
of LSPRs in metal NPs and present concepts such as dark modes
and Fano resonances. Section 3 includes a brief overview of
fabrication and characterization techniques available in nano-
plasmonics. In section 4, we show that LSPRs can influence the
radiative and nonradiative properties of nanoemitters and show
how nanoantennas can be used to control their optical proper-
ties. Finally, we outline some promising applications of plasmo-
nic nanoantennas in section 5, such as nanomedicine and
plasmonic solar cells.

2. SCATTERING OF LIGHT BY METAL NANOPARTICLES

2.1. Nanoparticle Cross Section and Optical Theorem
Figure 1 shows the general problem considered in this section:
the interaction of light with a particle of arbitrary geometry
and dielectric properties.*®*” Given the incident EM field and
the shape, size, and relative dielectric function (or relative
permittivity), €, of the scatterer, the objective is to determine
the electric, E, and magnetic, H, fields at all points in space. In
both the scatterer and the embedding medium of lossless di-
electric constant &4, the EM fields must satisfy the macroscopic
Maxwell’s equations. At the particle boundary, continuity con-
ditions must be imposed on the different components of the
fields.® In general, this is a complex problem that must be solved
numerically, although analytical expressions can be obtained for

Figure 1. (a) Sketch of the scattering of p-polarized light by a metal
particle with translational symmetry along the z-axis (out of the page),
showing the decomposition of the EM fields into incident and scattered
contributions. (b—d) Incident, scattered, and total magnetic field for the
case of a metallic NP of permittivity € = —10 4+ i. The color scale is the
same for these three panels and ranges from H, = —1 (blue) to H, = 1
(red), in normalized units.

simple geometries or certain approximations.sg_61 Note that

although all the expressions and definitions presented below have
a general character, we will assume that the particle size is of the
order or much smaller than the wavelength, 4, of the incoming
field. In order to gain physical insight into the problem, it is
convenient to write the total fields as a superposition of incident
and scattered fields

Etot = E'mc + Esca 1
Htot = Hinc +Hsca ( )

The incident field is the light illuminating the particle, while the
scattered field accounts for the EM waves that are reirradiated by
the particle when interacting with the incoming radiation (see
panel a of Figure 1). We can express the conservation of energy
for the problem as

Stot = Sinc + Ssca + Sext (2)

Where Sinc = 1/ZI{e{Einc X H;’;‘IC} and Ssca = l/ZRe{Esca X H;kca}
are the time-averaged Poynting vectors (EM power flow)
corresPonding to the incoming and scattered waves. The term
Stor = /2Re{E . X Hf,(} denotes the total energy traveling in the
system, while S = '/,Re{E;c X Hi, + Eq, X Hf.} describes
the EM power arising due to the interference of the incident and
scattered fields.

By integrating eq 2 through any closed surface, I, containing
the particle [see Figure la], we find a simple relation for the
different energy channels present in the system. We can assume
without loss of generality that the incoming light is a plane wave,
having f Sinc ds = 0. Thus, the energy scattered and absorbed by
the particle are given by W, = f Sscadsand W = — f Sior ds,
respectively. Notice that the link between the total field and
the absorbed energy resides in the fact that the embedding
medium is lossless, whereas Im{¢} > 0 for the metallic particle.
The minus sign indicates the inward orientation of the surface,
which leads to W, > 0. The interference term gives the energy
extinct in the scattering process, Wy = — f Sext ds, whose
physical meaning can be understood through the energy relation,
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Wexe = Waps + Wi, which follows from eq 2. Thus, W, cor-
responds to the total energy removed from the incident field by
both scattering and absorption.

We introduce now the concept of an EM cross section.
As we have seen, absorption and scattering remove energy
from the incoming EM field when light interacts with particles.
Thus, we can associate an effective cross section to each of these
mechanisms,

Oabs = abs/‘sincl (3)
Ogca = Wsca/lsinc|

where |S;,| = Ysceo(eq)” *|Eo| is the power flow per unit area
carried by the incident linearly polarized plane wave, E;,. =
E, el(edhormo eo. ng and e are unit vectors along the direction of
illumination and polarization, respectively, and ko = w/c = 27/
is the modulus of the wavevector in vacuum. Energy conservation
enables us to define the extinction cross section as

Oext = Wext/‘sinc| = Oabs + Osca (4‘)

Oy is a measure of the total effective area that the EM fields
perceive when interacting with the particle. An efliciency factor,
Q, associated with each cross section is defined in the literature by
normalizing the cross section, 0, to the physical cross-sectional
area of the particle projected onto a plane perpendicular to the
direction of illumination.

Panels b—d of Figure 1 show the incident, scattered, and total
magnetic field components for the particle geometry shown
in Figure 1a, illuminated from the left by a transverse magnetic
plane wave (magnetic field points out of the plane). The
permittivity considered in the calculation is € = —10 + i, which
corresponds to Au at 4 = 620 nm.*> For simplicity, translational
symmetry has been imposed along the direction normal to the
page. These panels illustrate the decomposition of the EM fields,
which give rise to the various EM cross sections we have
defined above.

We can get a deeper understanding of the phenomenon of
light scattering by metal NPs by considering the expression for
the scattered fields in the far-field (r > 1). It can be demon-
strated®® that, for any particle geometry and dielectric properties,
the scattered electric field far from the particle has the form

ei\/ggkor

Eqo = Eo——— f(nJ no) (5)
\/ Sdkor
where f(n,ny) gives the amplitude and polarization of the
scattered electric field along the arbitrary direction n. By intro-
ducing eq S and the expression for Hy, into S., we can write the
extinction cross section as
4

Ot = —— Im{egf(ng, no)} (6)
ko

This is a very powerful relation, which indicates that the total
power removed from the incoming EM field by the particle only
depends on the scattering amplitude along the forward direction,
f(nony). Note that this is a striking result, because extinction
combines both absorption and scattering by the particle in all
directions. Equation 6 is usually known as the Optical Theorem®
and is valid not only in electromagnetism but also in acoustics
and quantum mechanics.®*

2.2. Optical Properties of Metals

The optical response of noble metals are described by a
frequency-dependent complex dielectric function, &(w), which
relates the value of electric, E, and displacement field, D, within
them. Experimental measurements of the optical properties of a
range of solids, including gold and silver, can be found in the
literature.®>* % Qualitatively, we can identify two different
mechanisms that contribute to £(®) in metals:*’

e The fast response of conduction electrons, which can move
quasi-freely in the bulk material when experiencing an
external EM excitation, yields a Drude—Sommerfeld con-
tribution to &(w)

(1)2

gDrude(a)) = € — U)(w—i—l'y) (7)

where @, (metal plasma frequency) corresponds to the
eigenfrequency of the electronic oscillations,  (collision
frequency) reflects the damping experienced by the elec-
trons when moving within the material, and &.. accounts for
the residual polarization due to the positive background of
the ion cores.

e The electronic interband transitions occur when the energy
of the incoming photon is large enough to overcome the
band gap and promote valence (bound) electrons to the
conduction band of the material. This effect can be taken
into account in &(w) by means of a Lorentz-like term

B AeQ,?
N sz —w*—ilw

(8)

ELorentz (C{))

where, in analogy to the Drude formula (eq 7), €, and I"are
the plasma and damping frequencies for the bound elec-
trons, and the parameter A¢ weights the contribution of the
given interband transition to the dielectric function. In
general, several Lorentzian terms can be added to &(w) to
describe the effect of different interband transitions and
enable a better fit to experimental data. The integrated effect
of high-energy electronic transitions also modifies €. in
eq 7, because it governs the metal response in the high-
frequency limit.

In panels a and b of Figure 2, we plot the real and imaginary
parts of the permittivity of gold in the visible and near-infrared
parts of the EM spectrum. The dielectric function, calculated
using data measured by Johnson and Christy,** is plotted as black
dots, while the red and blue lines correspond to Drude and
Drude—Lorentz fits to the experimental values. At long wave-
lengths (A = 600 nm), £(w) is governed by its large negative real
part. This is a consequence of the fast response of conduction
electrons compared with the frequency of the incident EM field.
Their quasi-free behavior allows them to screen the external EM
excitation, preventing considerable penetration of EM fields
within the metal. Note that the refractive index, n = g/ 2 is
almost purely imaginary in this wavelength range. It is remarkable
that even the simple Drude formula reproduces the trend of £(w)
in the near-infrared. At shorter wavelengths (4 < 600 nm),
Re{e} decreases and Im{e}, which describes the dissipation of
EM energy within the metal, grows due to the presence of
interband transitions. The Drude model does not reproduce this
increase in metal absorption losses. Including a single Lorentzian
correction increases the range of agreement with the experi-
mental data to 4 = 400 nm. Although neither of the two models
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Figure 2. (a, b) Real and imaginary parts of the permittivity of gold in
the optical regime. Black dots correspond to the experimental data taken
from ref 62. The red and blue lines are fits to the Drude and Drude—
Lorentz formulas. (c) Extinction cross section for a 25 nm radius gold
sphere in water (¢4 = 1.77). Black line corresponds to theoretical
calculations taking the experimental ¢(w), and red and blue lines to
the Drude and Drude—Lorentz fits, respectively. Green dotted line
shows the experimental absorbance spectrum for 25 nm radius colloidal
Au nanoparticles in water. (d) Theoretical electric field profile at 4 =
535 nm for the NP considered in panel c.

reproduces accurately the permittivity of gold at shorter wave-
lengths, a good comparison with experimental data can be
recovered by introducing more than one Lorentzian term in
the fitting expression for £(w).*~"*

The local approximation of the permittivity of metals fails as
the size of the NPs approaches ~1 nm. This means that a more
§ener7§171;10nlocal constitutive relation for the electric fields of the
orm’ ™’

D(r,w) = 80/ e(Jr — |, w)E(Y, w) dV’ 9)

must be considered in order to accurately describe the optical
properties of small metal structures. Although we restrict our
discussion to the local description of £(w), nonlocal effects in the
dielectric response of metal NPs have been analyzed theoretically
using different models for (|r — r’|,a)).75_77

The failure of the bulk description of the dielectric properties
of metals occurs for NP sizes comparable to the mean free path of
conduction electrons. This leads to a spectral broadening of the
plasmonic resonances caused by the damping experienced by
charge oscillations when scattering with the NP boundaries.”®””
Finite size effects can be then taken into account through an
effective increase of the collision frequency, ¥, in the Drude
permittivity. For spherical particles, this can be expressed as

VE
Y = Vbulk +L_ (10)
eff

where v is the Fermi velocity and L.g is the particle diameter.

2.3. Localized Surface Plasmon Resonances

Surface plasmon polaritons (SPPs) are transverse magnetic
waves propagating along a metal—dielectric interface and eva-
nescently decaying in the direction perpendicular to it.***' SPPs
have mixed EM wave and surface-charge nature due to the inter-
action between light and the collective oscillation of conduction
electrons within the metal. The simplest system supporting these
confined EM modes is an infinite flat metallic surface. Maxwell’s
equations provide us with the dispersion relation (frequency

versus parallel wavevector) for the plasmonic modes sustained
by this geometry

e(w)eq

ki = ko e(w) +eq

(11)

where ky = @/c and (@) and &g are the metal and dielectric per-
mittivities, respectively. For simplicity, and without loss of generality,
we consider €4~ 1 in our discussion. Using eq 11 and the metal per-
mittivity shown in Figure 2, we can extract the most relevant physical
properties of SPPs. At near-infrared wavelengths, Re{e(w)} << —&4
and k = £4"%k,. This makes the normal component of the SPP
wavevector, k| = (eqko” — ki 1 2 vanish, and the field amplitude
varies very slowly along the direction normal to the metal surface.

At visible wavelengths, the permittivity of noble metals
decreases and approaches —¢&y. This causes the real part of the
denominator in eq 11 to vanish, yielding Im{k  } > £4"%ky. EM
fields then experience a fast decay along the normal direction into
the dielectric material (note that Im{k,} is inversely propor-
tional to the SPP normal decay length). This leads to the
concentration of EM energy into subwavelength volumes at the
surface of the metal and overcomes one of the main constrains of
classical optics, the diffraction limit.*> The striking ability of SPPs
to guide and confine light into the subwavelength scale has been
the focus of much attention during the past decade in the context
of nanophotonics research.®*®

Flat surfaces are not the only geometry where plasmonic
modes arise. The fingerprint of these peculiar EM modes can
easily be recognized in the polarizability, o, of a spherical
metallic NP. @, is defined as the ratio between the dipole moment
induced in the NP by an incoming wave and the amplitude of the
incident displacement field (a,, = £t/(€0€4Eo)). For a NP with
radius, R, much smaller than the effective wavelength, 1/ sd]/ 2
retardation effects can be neglected. The electrostatic (Rayleigh'®)
approximation yields an accurate expression for the polarizability®’

e(w) —&q
e(w) + 2¢&4

In a similar way to what happens for kj in the flat geometry, o,
grows for smaller metal permittivities, diverging for frequencies
satisfying £(w) = —2¢&4. By comparison with the flat geometry,
this result can be interpreted as the appearance of resonances in
the NP dielectric response at incident wavelengths matching
those of the plasmonic modes supported by the NP. For this
reason, plasmonic effects in metal NPs are usually termed
localized surface plasmon resonances (LSPRs). Although the
validity of eq 12 is restricted to spherical geometries in the
electrostatic regime, the formation of LSPRs in metal particles of
arbitrary shape and size is revealed by full electrodynamic
calculations based on analytical'>"* or numerical approaches.** ™

The link between o, and the NP extinction cross section is
provided through the Optical Theorem. It can be demonstrated®’
that for small spherical particles, f(n,n,) = [(e4"%ko)3/(47)n x
(n X 0eo). Equation 6 then yields

Ot = V/EakoIm{0t, } (13)

for particles whose radius is much smaller than the incoming
wavelength. All the EM energy removed by the incoming
radiation in the scattering process is lost in the form of work
performed by the incident electric field on the dipole moment
induced in the NP.

o, = 4R’ (12)
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Figure 2c shows the extinction cross sections normalized to
the physical cross section (Qey = Uexi/A) for a 25 nm radius gold
NP. The spectra, plotted in black, red, and blue, were calculated
using Mie theory and dielectric data for gold from Johnson and
Christy,%” and the Drude and Drude—Lorentz models shown in
panels a and b. For comparison, the normalized experimental
absorbance spectrum measured using 50 nm spherical gold
colloids is plotted as the green dotted line in Figure 2c. In both
experiment and simulations, the gold particles are embedded in
water (€4 = 1.77). There is an excellent agreement between the
position of the spectral features obtained in the experiment and
calculations for the Johnson and Christy and Drude—Lorentz
permittivities. However, the Drude model leads to a blue shift,
narrowing, and increase of the cross section. These effects are
related to the failure of the Drude model at short wavelengths,
where it underestimates both the real and imaginary parts of £().

The nature of the LSPR responsible for the cross section peak
observed at 4 = 535 nm in Figure 2c is revealed by the scattered
electric field, E,., shown in panel d. The color contour plot
shows the time averaged field amplitude, and the arrows indicate
the instantaneous orientation of E,, at resonance. This field profile
resembles that of an oscillating electric dipole.”® This enables us
to identify the dipolar character of the plasmonic mode causing the
extinction maximum. At resonance, the charges induced by E;,.
oscillate coherently within the NP along the direction of polar-
ization in a similar way to an oscillating electric dipole. This effec-
tive charge oscillation gives rise to the dipole-like electric field
map shown in Figure 2d. It is remarkable that Q.. = 4 at
resonance, and O for the NP is four times larger than its
physical cross section. This means that the interception area that
the spherical particle presents to the incident radiation is much
larger than its actual size. As we will see in the following section,
this enlargement of the effective cross section of metal NPs
caused by LSPRs allows us to consider them as optical anten-
nas (or nanoantennas), due to their strong interaction with
incoming light.

2.4. Optical Nanoantennas

We have seen how the excitation of LSPRs effectively increases
the size of Au nanospheres interacting with free space radiation.
This plasmonic effect is not restricted to gold spheres but takes
place in any metallic NP. Figure 3a shows the absorption (solid
lines) and scattering (dashed lines) efficiencies (Q = 0/A) of two
different silver NPs of similar dimensions, a cube and a ring. Each
side of the cube is S0 nm, the outer and inner diameters of the
ring are 50 and 30 nm, respectively, and its height is 20 nm. The
structures are illuminated from the top by a linearly polarized
plane wave. In both cases, the normalized cross sections present a
maximum within the visible range, which is linked to the excita-
tion of dipolar LSPRs. For the two NPs considered, only a small
part of the incident energy is scattered and absorption dominates
the cross section. This is the case for metal particles much smaller
than the wavelength (sizes ~50 nm or less for gold and silver),
whereas for larger sizes, it is the scattering contribution that
dominates the cross section.

Figure 3a demonstrates that shape affects the properties of
LSPRs supported by metal NPs, including the height and width
of the cross section maxima. The cubic NP presents a broad peak
around A = 430 nm (violet part of the EM spectrum), whereas in
the ring, the peak is narrower and shifted to ~568 nm (in the
green-yellow part of the spectrum). At resonance, NPs not only
absorb but also scatter light much more efliciently than at any

gOO 400 500 600 700
wavelength (nm)

—
N
1

Scattering (a.u.)
o
b

(=]
S
1

400 500 600 700 800
( C) Wavelength (nm)

n=1 n=2

Figure 3. (a) Calculated absorption (solid lines) and scattering (dashed
lines) efficiencies for a cubic (blue) and a ring (green) shaped silver NP.
The particles have similar dimensions, both the side of the cube and the
diameter of the ring are S0 nm. (b) Experimentally measured scattering
spectra of silver nanobars of length 100—200 nm. The height and width
of the particles, shown in the insets of the panel, are 55 and 50 nm,
respectively. Adapted with permission.'”® (c) Electric field intensity
enhancement corresponding to the three lowest longitudinal LSPRs
supported by 400 nm long Ag NPs of 50 x 100 nm” cross section. Color
code: the field amplitude on a logarithmic scale from 0.1 (blue) to 100
(red). The bottom sketches show the instantaneous charge distributions
for the three plasmonic resonances.

other wavelength. Therefore, the cubic (ring) NP considered in
Figure 3a scatters efficiently in the violet (green) when illuminated
by white light. Remarkably, in both cases, the extinction cross
section of the NP becomes several times larger than its actual size at
resonance. This, together with their spectrally narrow response,
makes metal NPs good candidates for nanoantennas.
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Elongated NPs offer a new degree of freedom in tailoring the
optical properties of metallic structures.*””'°® The anisotropic
shape of such particles enables them to support resonant plas-
monic modes at different spectral positions,'"'** associated
with induced charge oscillations along their different symmetry
axes. This effect is illustrated in Figure 3b, which shows normal-
ized scattering spectra for chemically synthesized single Ag
nanobars placed on top of a glass substrate. The height and
width of the particles is fixed at 50 and 55 nm, respectively, and
their length is varied from 100 to 200 nm. The insets show
scanning electron microscope (SEM) images of the four NPs
considered. The measured spectra were obtained for unpolarized
incident light. They show two peaks, one fixed at 4 = 430 nm and
another whose position changes from the visible (~620 nm) to
the near-infrared (~850 nm) depending on the NP aspect ratio.
The former is linked to the excitation of LSPRs in which induced
charges move back and forth along the short axis (width) of the
particle, which remains fixed for all samples. The latter is due to
plasmonic modes leading to charge oscillations along the long
axis (length) of the particle, and therefore, its position red shifts
with increasing NP length. As expected, the scattering peaks
associated with longitudinal LSPRs are larger than those for
transversal resonances, as they lead to a larger effective cross
section of the metal NP. Figure 3b demonstrates how elongated
metallic NPs are able to scatter light efficiently at various wave-
length ranges (visible and near-infrared) and how the position
and height of the cross section maximum can be modified by
changing the NP aspect ratio.

An efficient antenna must not only have a large and spectrally
tunable cross section but also give rise to a large local field enhan-
cement.* In the following, we show that elongated NPs, like
those considered in Figure 3b, are potentially good nanoan-
tennas.'® As we have seen, the optical response of metal nano-
bars is mainly controlled by the length (L) of their axis parallel to
the incident electric field. In a phenomenological picture, we can
describe the NP as a Fabry—Pérot cavity, whose resonances will
be given by sin(k.gL) = 0, where k.g = 27T/ is the mode
wavevector along the direction of polarization. This approximate
relation can be rewritten as

n
L= E/leff (14)

where 7 is any integer number. Equation 14 forces the effective
wavelength of the LSPR to fit exactly a half-integer number of
times into the NP length. The validity of this simple rule is
verified in Figure 3¢, which shows the calculated field enhance-
ment, |E|2/ |E0|2, surrounding a gold nanobar with dimensions
400 x 100 X 50 nm? for its three lowest LSPRs. The NP is placed
on top of a glass substrate and is illuminated from the top by a
plane wave tilted 20 with respect the vertical direction and
polarized along its long axis. The color code for the enhancement
is from 0.1 (blue) to 100 (red). The free space resonant
wavelengths for the three LSPRs are, from left to right, 4 =
1375, 770, and 630 nm. The three bottom sketches show how
eq 14 is satisfied in the system and indicate the value of  for each
plasmonic resonance.

The lowest and most intense LSPR (n = 1) supported by metal
nanobars fulfills L = A.g/2 (half-wave resonance). The corres-
ponding electric field, shown in the left panel of Figure 3c, has a
maximum at the ends of the bar outside the metallic NP. The
induced charges, given by the divergence of the electric field,
follows the dipolar distribution we have already predicted. These

simple arguments hold for higher order resonances, such as those
corresponding to n = 2 and 3 in Figure 3c. It is remarkable that
the excitation of LSPRs in simple nanoantenna geometries such
as the nanobar leads to field enhancements of around 100 close
to the metal particle.

We have not yet established a link between the free space
wavelength of the incoming light, 4, and the effective wavelength
of the plasmonic mode, A.g, supported by the NP. As mentioned
above at radio and telecom frequencies, the high permittivity of
metals prevents the penetration of external EM signals into them.
This means that the relation between A and A.¢ is completely
governed by geometry in conventional antennas. However, at
higher frequencies, the dielectric function of metals is lower (in
absolute value) and EM fields can penetrate deeper into the
metal. This leads to the excitation of plasmonic modes by the
incident light and translates into an increase of the effective
wavevector of the incoming photons, as demonstrated for a flat
surface by eq 11. Therefore, at visible frequencies, the relation
between A and A.q is controlled not only by the shape of the
nanoantenna but also by intrinsic plasmonic effects related to the
dielectric properties of the metal structure and its surroundings.
Using a simple model based on a metal cylindrical waveguide,
Novotny'®* demonstrated that the scaling law for the effective
wavelength in optical antennas can be expressed as

A
Aot = 1y + ”2/1— (15)
p

where /1}, = 271¢/ w,, is the plasma wavelength, and 1, and 1, are
parameters that depend on both the geometry and the dielectric
properties of the system. This expression accounts for the
increase in momentum experienced by incident photons as a
result of their interaction with a metal NP for an incoming
wavelength approaching lp.44 Note that eq 15 has the same form
as eq 11 for the particular case of planar metal—dielectric
interfaces.

As we have already stated, a good nanoantenna is character-
ized by a large cross section and a large near-field enhancement.
The former enables it to collect EM energy from the incident
radiation with high efficiency. The latter allows the transfer of
most of that energy into small volumes in the vicinity of the
nanoantenna. A successful strategy to increase the performance
of a nanobar optical antenna consists of cutting it at its middle,
thereby opening a gap along its long axis. This improves the field
enhancement capability of the structure without a considerable
reduction of its effective cross section. The effect of opening a gap
in elor;gated nanoantennas has been studied by Ghenuche
et al,'”” who measured the two-photon luminescence (TPL, see
section 3), see section 3 maps for three different gold nanoanten-
nas on top of a glass substrate at 4 = 730 nm (see Figure 4). Note
that TPL is proportional to the local electric field intensity, |E|”.
The SEM images of the three structures, whose height and width
are fixed at 50 and 100 nm, respectively, are also shown. Panel a
shows the field distribution for a single S00 nm long nanobar,
which has a maximum at the ends of the structure similarly to the
left panel of Figure 3c. This indicates that a half wavelength LSPR
is excited in the system. Panel b corresponds to a composite antenna
comprising two 500 nm long nanobars separated by a 40 nm gap. The
plasmonic resonance leads to a much larger field enhancement
concentrated at the gap of the antenna. This is illustrated by
considering the TPL map measured for a 1 4m nanobar and
plotted in Figure 4c. The system is out of resonance, and the
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Figure 4. TPL scans for three different gold nanoantennas and their
respective SEM images: (A) a single S00 nm long bar, (B) two coupled
500 nm long bars separated by a 40 nm gap, and (C) a 1 #m long bar.
The height and width of the antennas is fixed to 50 and 100 nm,
respectively. The superimposed black lines plot the TPL signal along the
symmetry axis of the antennas. The incident polarization is parallel to the
long antenna axis, and all the measurements were performed at 4 =
730 nm, for which the gap antenna (B) is at resonance. Adapted with
permission.'®” Copyright 2008, American Physical Society.

enhancement is drastically reduced in comparison with the two
previous structures. This shows that the resonant properties of
the composite antenna in Figure 4b are controlled by the LSPRs
supported by each of the arms and their coupling through the

antenna gap,'®® rather than by the plasmonic modes of a gapless
antenna with the same overall lenﬁgth. This result anticipates the
plasmon hybridization concept,10 which will be discussed in the
following section.

We can gain insight into the electric field concentration that
takes place in composite nanoantennas by thinking of the gap asa
capacitor. The electric field amplitude between the internal walls
of the arms of the antenna is mainlg governed by its longitudinal
component and must be uniform.>® The continuity condition on
the normal components of the displacement field at the gap walls
then provides us with the relation between the field amplitude in
the gap, |Eg,p|, and inside the antenna arm, |Eqm|,

[Byop| _ £(w)

= 77 16
|Earm| &4 ( )

&(w) and &4 are the permittivity of the metallic nanoantenna and
the dielectric medium filling the gap, respectively. Note that
eq 16is a crude description of the field concentration taking place
at nanoantenna gaps, because it does not take into account the
coupling of the fields in each arm of the antenna through the
gap. These effects lead to intensity enhancements larger than 10
in metal composite nanoantennas operating at visible frequencies
with gaps of a few tens of nanometers in size. Therefore, tailoring
of the gap geometry and filling it with dielectric materials provide
new strategies to tune the EM response of nanoantennas, as
recently demonstrated experimentally.'*'%

Although, for simplicity, we have focused our discussion on
bar-shaped NPs, many other nanoantenna geometries have been
analyzed both experimentally and theoretically. The range of
nanoantenna configurations explored in the literature covers com-
plex shaped individual NIPs such as discs,''” triangles,'"" prisms,'"
rings,"'? stars,'** or flowers,*" as well as composite antenna geo-
metries such as dimers, !> bowties, ! *° trimers, ***!” dolmens,* or

118
quadrumers.

2.5. Dark Modes and Fano Resonances

Although metal NPs sustain plasmonic resonances with
different symmetry properties, the strong radiative character of
dipolar charge oscillations means that the interaction of nanoan-
tennas with free space radiation is mainly controlled by dipole
LSPRs. For this reason, these plasmonic modes, which are the
lowest in energy, are also termed bright modes.>® Note that this is
a well-known fact that we have already exploited in eq 13, where
we described the scattering properties of deeply subwavelength
metal particles through their electrostatic dipolar polarizability.
However, larger metal structures support higher multipole reso-
nances, which couple very weakly to radiation. These higher
order LSPRs are labeled as dark modes. Importantly, the only
mechanism that permits the optical excitation of multipole reso-
nances is retardation effects within the nanoantenna. These are
related to the slow response (in comparison to the incoming
frequency) of the metal’s conduction electrons to the external
EM excitation and lead to a phase mismatch between the
incident fields and the effective charge oscillations within the
nanoantenna.

The normalized scattering intensity measured from a single
200 nm side Ag triangular nanoprism using white light dark field
microscopy is plotted in Figure Sa.''” The insets show the SEM
images of the NPs considered in the experiments, and the scale
bar corresponds to 200 nm. The spectrum is dominated by a
broad maximum around 670 nm, the origin of which is the bright
dipole resonance that the NP supports at low frequencies.
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Figure 5. (a) Normalized scattering spectra of an isolated silver nano-
prism. Inset: SEM images of the structures under consideration (scale
bar, 200 nm). (b, c) Theoretical and experimental electric field distri-
butions, respectively, for nanoprisms supporting a dipole LSPR. Panels d
and e are identical to panels b and ¢ but for a larger NP under quadrupole
excitation. Arrows indicate the polarization of the incident light (1 =
632 nm). Adapted with permission.""”

However, at larger photon energies (A =430nm), the scattering
intensity shows a bump, which can be associated with the
excitation of a dark quadrupole LSPR in the structure. The use
of a scanning near-field optical tip enables the probing of the
various components of the resonant evanescent fields at the NP.
The near-field pattern obtained for a 120 nm nanoprism exhibit-
ing a dipole plasmonic resonance is shown in Figure Sb. The
profile plotted in Figure 5d corresponds to a larger NP, whose
optical response at the same frequency as panel b is dominated by
the excitation of a quadrupole LSPR. The experimental identi-
fication of the nanoprism plasmonic modes is supported by
calculations. Panels ¢ and e show theoretical field distribu-
tions for the dipole and quadrupole resonances measured in
the experiment and signs indicate the relative phase of the
resonant fields. For all the field plots in Figure S, 4 = 632 nm,
and arrows indicate the polarization of the incident light.
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Figure 6. (a) Confocal extinction spectra for the dolmen nanoantenna
shown in the inset of the panel. The structure (200 nm side) is
illuminated by light with different polarizations (red and blue arrows).
(b) Theoretical extinction cross sections of the nanoantenna computed
by finite-difference time-domain (FDTD) simulations. (c, d) Induced
charge distribution in the dolmen under the two polarizations at the
wavelengths indicated by yellow and blue dots in panel b. (e) Hybridiza-
tion diagram for the two plasmonic resonances shown in panels ¢ and d.
Adapted with permission.'>?

A deeper understanding of bright and dark plasmonic modes
can be achieved by analyzing the optical properties of composite
nanoantennas in which a NP sustaining a quadrupole mode is
placed in the near-field of another exhibiting a dipole resonance.
The dark nature of the former makes it spectrally narrow, as its
width is only controlled by absorption effects within the metal.
On the other hand, the latter presents a broad spectral character,
as it suffers from strong radiative damping. In the time domain,
this means that resonant fields corresponding to bright (dark)
modes spend a little (long) time before being reradiated
(absorbed) by the metallic NP. When these different plasmonic
resonances interact, asymmetric spectral profiles arise. In analogy
to the features observed in atomic autoionization spectra, they
are termed Fano resonances."”””'** These consist of spectral
peaks and dips, very close in frequency, that originate from the
constructive and destructive interference of narrow (dark) and
broad (bright) NP resonances.

Figure 6 shows the experimental (a) and theoretical (b)
extinction spectra for a dolmen-shaped nanoantenna. It is
composed of three gold nanobars of similar dimensions (100—
200 nm, see inset) and supports a Fano resonance in the infrared
regime.'>* We consider first the response of the structure when it
is illuminated from the top with light polarized along the long axis
of the dimer formed by the two parallel nanobars (red arrow). In
this configuration, the extinction spectrum (in red in both
panels) shows a broad maximum around 780 nm (yellow circle).
This peak can be attributed to the constructive superposition of
the longitudinal dipole resonance excited in the dimer with the
transverse dipole mode in the perpendicular monomer. This is
clarified in panel ¢, which shows the induced charge distributions
calculated at A = 780 nm for this case. When the incident
polarization is rotated 90 degrees (blue arrow), measured and
calculated spectra (in blue) develop a narrow dip at the same
wavelength (blue circle). This yields an asymmetric spectral profile,
fingerprint of the formation of a Fano resonance in the system.
The physical origin of this Fano resonance is revealed by the
charge distribution plotted in panel d. It demonstrates that the
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extinction minimum results from the destructive interaction
between the bright longitudinal dipole mode of the monomer
and the dark quadrupole resonance excited in the dimer. It is
important to notice that this quadrupole mode could never be
excited by normally incident light and that it is the presence of the
monomer that allows its near-field excitation.

An ingredient needed for the appearance of Fano resonances
in composite nanoantennas is structural asymmetries. This
allows the coupling between bright and dark plasmonic modes
supported by its closely spaced constituents. Fano resonances
have been recently explored as a means to tune the spectral
response of nanoantennas.'**”'*” Remarkably, it has been
demonstrated that the tailoring of Fano resonances can lead to
sharp and deep extinction minima. This makes the supporting
nanostructure transparent to incoming radiation within a narrow
frequency range. In analogy to its atomic version,'** this effect is
known as plasmonic-induced optical transparency and has been
recently predicted theoretically>> and verified experimentally.'*’

The hybridization model'* is an elegant theoretical approach
that provides physical insight into the interaction of LSPRs
supported by closely spaced NPs. Although the model was first
developed for dimers of spherical particles, the underlying ideas
can be transferred to any geometry."** The model establishes the
analogy between bound plasmonic modes in metal NPs and
electronic orbitals in covalent molecules. Molecular orbitals emerge
from the overlapping of the atomic orbitals. In a similar way,
LSPRs of composite metal structures result from the evanescent
EM coupling between the modes supported by their isolated
components. In the case of spherical NP dimers, the model
enables us to write the following electrostatic Lagrangian for the
dynamics of the surface charge deformations at each particle:'*!

ds\*

iyj

S; are the deformation amplitudes of the NP surface charge,
o(RQ,t) = £Si(t)Y,(L2), expressed in terms of spherical harmo-
nics, Y;(Q)"** (where Q is the solid angle measured from the NP
center). The diagonal terms in eq 17 describe the charge oscilla-
tions for each NP, and w; denote the eigenfrequencies of the
various LSPRs supported by them when isolated from the rest of
the system. The nondiagonal part of the Lagrangian takes into
account the electrostatic interaction between the NPs, and V;;(d)
(where d is the interparticle distance) is the projection of the
Coulomb interaction onto a spherical harmonics basis.

Panel e of Figure 6 shows a schematic diagram based on the
plasmon hybridization model for the two plasmonic resonances
excited in the dolmen nanoantenna. It shows how the coupling of
the different LSPRs, supported by the isolated monomer and
dimer components, leads to the formation of a bright and a dark
mode in the overall system at the same energy. Thus, depending
on the incident polarization, which selects the excited plasmonic
resonance in the structure, the extinction cross section of the
dolmen-shaped antenna can develop a maximum (yellow circle)
or a minimum (blue circle) at the same wavelength.

Recently, theoretical studies on nanoantenna configurations
containing geometric singularities, such as crescents or cylindrical
and spherical particles touching at a single point, have demon-
strated a large absorption cross section (on the order of the
physical size) over a large spectral window. Moreover, remark-
able field enhancements have been predicted in these

nanoparticle geometries, where EM fields accumulate as they
propagate toward the structure singularity.'** "%’

2.6. Nanoparticle Arrays

We have studied above the LSPRs sustained by individual
NPs, and we have analyzed how they interact when a number of
NPs are placed in close proximity, leading to the formation of
hybrid plasmonic modes supported by the resulting structure as a
whole. We previously restricted our discussion to nanoantennas
comprising a small number of elements but did not explore the
optical properties of arrays of NPs.

When light is incident on a two-dimensional array of metal
particles, it is scattered by different elements in the structure. The
presence of order in the system enables the appearance of coherent
effects among the various scattered waves. Bloch’s theorem'*®
provides us with the relation between the in-plane wavevector for
the various diffraction orders, {m,n}, and the geometry of the
structure

27 27
Kk, = kipce + m—u; +n—uy (18)
d; d,

where ky, is the in-plane wavevector for the incident plane
wave and d; (d,) is the array pitch along the direction of the unit
vector u; (u,).

At normal incidence (kj,. = 0), the lowest order coherent
superposition of the incoming and scattered fields occurs when
the wavelength of the incident light is similar to the pitch of the
array. This gives rise to collective EM resonances of the metallic
NPs, which are spectrally very narrow due to their extended
spatial character. The associated EM fields can travel many
wavelengths within the structure before being scattered. These
phenomena are similar to the Rayleigh’s and Wood’s anomalies
observed when light is diffracted by metallic gratings.**'*° The
condition for the occurrence of Rayleigh’s anomaly under an
arbitrary angle of incidence can be written as

K| = ko (19)

which implies that all the momentum of the scattered radiation is
parallel to the plane of the array (note that the normal wavevector
vanishes if eq 19 is satisfied). This transforms the scattered fields
into grazing waves, which travel along the structure for many
periods without being radiated back into the free space. The
hybridization of these grazing waves with LSPRs gives rise to
collective NP resonances. This enables us to drastically modify
the optical properties of metal NPs by designing arrays
in which geometric effects take place near the spectral position
of LSPRs. This phenomenon was predicted theoretically a
long time ago,"*" '** and it has recently been demonstrated
experimentally,'*>~ "4

The coupled dipole approximation'*° enables us to describe
how array resonances affect the og)tical properties of individual
NPs. This is done by calculating’®" the effective polarizability of
spherical NPs in the array, obtaining

/ Q
o, =——— (20)
Pl —0,8

where @, is the polarizability of the isolated NP, given by eq 12
for small spherical particles. The factor S reflects the contribution
to the dipole induced in the NP by EM fields scattered by the rest

3896 dx.doi.org/10.1021/cr1002672 |Chem. Rev. 2011, 111, 3888-3912



Chemical Reviews
Pitch S <1,0>, AN
& _| Pichloml \ ., Pitch [nm]
ST m 420
| 460 | ! ' @ 480
© - @ 500 | : : B 500
O @ 540 \ | m 520
© |3 . | 540
1 @ 560
} ]
— o ! !
(aY] o _
E S le T T o :
= 9
— o 500 700 900 1
3 |
© 1
!
o
Q
o
]
|
|
o |
S 1
o

|
700

wavelength [nm]

| | | |
500 600 800 900

Figure 7. Measured extinction spectra (per particle) for several gold NP
arrays. The average particle size is 123 X 85 x 35 nm’. Inset: Measured
extinction spectra for particles of size 120 x 90 x 35 nm”>. Adapted with
permission.'*> Copyright 2008, American Physical Society.

of the array. For infinitely periodic arrays, this parameter can be
written as

5 ; [(1 — i\/akor,vj —ri)(?) cos? 9,7 —1)
i#j

3

2 2

gqko” sin* 0;;] .

4 dko ’l:| el\/akgﬁl
ri

(1)

where r;; is the distance between NP i and j and 6 is the angle
between r;; and the polarization direction.

A clear experimental demonstration of the excitation of
collective modes was shown by Auguié et al.'** They measured
the extinction spectra from gold NPs arranged in a 35 sm square
periodic array; the results are plotted in Figure 7. The nominal
dimensions of the particles are 123 x 85 x 35 nm® and 120 x
90 x 35 nm” (inset), and the pitch of the arrays ranges from 420
to 560 nm. The vertical dashed lines in Figure 7 indicate the
position of the edges given by eq 19 for the first diffraction orders,
{1,0} and {1,1}.

In the extinction spectra of the main panel of Figure 7, we
observe a broad feature at A = 710 nm, which is due to the
excitation of a dipolar LSPR in the NPs. A set of narrow peaks,
which shifts to longer wavelengths as the period of the structure is
increased, is also shown. These features are related to the
excitation of collective resonances in the system and are given
by the zeros of the real part of the denominator in eq 20, that is,
(1 — 0,S) = 0. From the dependence of Ty on the array
period shown in Figure 7, two different regimes can be identified.
When the lowest diffraction edge lies at a shorter wavelength
than the individual LSPR (inset), the spectra develop sharp dips.
These originate from the reduction in the radiative coupling
of the plasmonic resonances supported by the NPs. In this
regime, all diffraction orders are evanescent at 710 nm. When
the diffraction edge is at a longer wavelength than the individual
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Figure 8. The top row shows metal nanoparticles made by bottom-up
approaches, while those in the bottom row are fabricated by top-down
methods: scanning electron microscope image of (A) a colloidal gold
nanostar, adapted with permission,'” (B) a hexagonally arranged array of
Au nanoshuttlecocks obtained by colloidal lithography, adapted with
permission,"** (C) a dolmen-type resonator fabricated via electron
beam lithography and ion milling, adapted with permission,'** and
(D) a silver grating fabricated using thermal nanoimprint lithography
and shadow evaporation, adapted with permission.160 Copyright
2008, TEEE.

LSPR (main panel), very sharp and intense peaks appear in the
long wavelength tail of the individual resonances. The intensity
and width of these peaks decrease as they shift to longer wave-
lengths. In this case, the array resonances increase the radiative
character of the plasmonic resonances of the individual NPs.

Thus, by arranging metallic NPs in a periodic fashion, we can
modify their far-field properties and tune their optical responses.
Importantly, and although it is outside of the scope of this discus-
sion, NP arrays can also enable the concentration and guiding of
light at subwavelength scales, !S> 154 Recently, the emission enhan-
cement of dye molecules (see section 4) assisted by collective
dipolar or multipolar resonances in arrays of NPs has been also
reported."**'%°

3. FABRICATION AND CHARACTERIZATION

Over the last number of decades there have been huge deve-
lopments in the fabrication of metallic nanostructures. Such
structures can be on the order of 100 nm or less and can be
fabricated in a bottom-up or top-down approach.'*®

Bottom-up fabrication processes include the chemical synth-
esis of NPs, which enables the production of large numbers of
NPs in a range of sizes and shapes, including spheres, cubes, rods,
octahedrons, triangular prisms, boxes, and stars, 7491031617165
The s?rnthesis involves the reduction of metal salts by a chemical
agent'®> or by photochemical processes.'*> ™' Once the reduc-
tion is complete, further chemistry can be carried out including
galvanic replacement reaction.*” Synthesized NPs can remain as
colloids or be deposited on a substrate,"® as can be seen in the
top left panel of Figure 8."” There are also reports of metal NP
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Figure 9. Four types of measurement techniques (A—D) used to study plasmons:'® In the top row, plasmons are excited by photons (A, B), while in
the bottom row, (C, D) plasmons are excited by the electromagnetic field associated with an electron beam: (a) Confocal microscopy extinction spectra
for a disk, a ring, and a concentric disk and a ring. Adapted with permission.'*” (b) Comparison between theoretical and experimental phase and
amplitude SNOM images supported by a metal disk. Adapted with permission.' % Copyright 2004, F. Keilmann. (c) Extinction spectra for a square array
of disk-shaped Au particles with a diameter range between 120 and 180 nm. Adapted with permission.”*> Copyright 2007, American Institute of Physics.
(d) Top panel, SEM image of a 4 um long nanowire; bottom panel, photoemission electron microscopy near-field mapping. Adapted with permission.'®”
(e) Cathodoluminescence spectra taken at two different positions (X and Y) along a 725 nm long Au nanowire. Adapted with permission."*® (f) Top
panel, SEM image of the nanowire on a Si substrate; bottom panel, cathodoluminescence images of the Au nanowire as a function of excitation
wavelength. Adapted with permission.'** (g) Electron energy-loss spectroscopy spectra measured from a 97 nm edge silver nanoprism, shown in the

inset. Adapted with permission."®” (h) High-angle annular dark field image obtained from the nanoprism of panel g.

synthesis in porous media."®”'%’ Using synthesized NPs, peri-
odic arrays and clusters of s;)eciﬁc shapes can be produced b

self-assembly on a substrate”'”® or using DNA linking.'”* ™"

Another bottom-up approach involves the thermal evaporation
of metal onto a substrate leading to the formation of NPs or
nanoclusters.'”*'”” However there is little control over the
position, size, and shape of the particles.

Colloidal lithography'*®'®° is a bottom-up process, which
enables the fabrication of periodic arrays of metal NPs over a
large area, such as the one shown in the top right panel of
Figure 8. In this fabrication technique, polystyrene nanospheres
deposited on a substrate self-assemble into an ordered array
creating a mask. The mask can be made up of one or more layers
of particles. Metal is then evaporated onto the mask, filling the
holes between the spheres, and when it is removed, an array of
metallic NPs remains on the substrate.

3898

Top-down approaches differ from bottom-up methods be-
cause they do not involve chemical synthesis or self-assembly,
and can be seen as an extension of microfabrication techniques.
Deep ultraviolet projection lithography is a top-down a&proach
that has been used to fabricate plasmonic waveguides.'*" How-
ever in order to obtain metallic structures with dimensions on
the order of 80 nm or less, processes that are not diffraction-
limited are necessary. Focused ion beam and electron beam
lithography'>”'®* are maskless sequential techniques that are
widely used to fabricate nanostructures of different sizes or
shapes very accurately on a substrate."*>'®> The bottom left
panel of Figure 8 shows a dolmen-shaped NP obtained using this
method. Due to the high cost and low throughput of these two
methods, other processes such as soft'®* and nanoinprintls‘7
lithography have been developed. In these techniques, large
numbers of complex nanostructures can be fabricated on a
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substrate at low cost with high accuracy'>”'** using a mold

made by electron beam lithography. The bottom right
panel of Figure 8 shows an example of a silver grating fabri-
cated using thermal nanoimprint lithography and shadow
evaporation.lé0

There are many techniques available to study metallic nanos-
tructures and their properties. We will focus on plasmon
characterization methods, which can be divided into four cate-
gories according to the type of excitation and detection used,'®®
as shown schematically in the center of Figure 9. In this figure, the
rows relate to the excitation type and the columns to the type of
detection.

LSPRs can be excited optically without the need for careful
matching of the wavevector as in SPPs.*> We consider first all
optical characterization, which encompasses a wide range of
different techniques, including the methods used to measure the
data plotted in panel A of Figure 9. The position of the LSPR of
an ensemble of NPs particles in solution,'”” in a matrix,"”"*** or
on a planar substrate can easily be determined from a transmis-
sion spectrum assuming negligible inhomogeneous broadening
due to size variation in the ensemble. Coupling optical spectros-
copy and confocal microscopy enables the measurement of far-
field spectra from single nanostructures on a substrate, as seen in
the graph labeled a in Figure 9."* Using a dark field objective'>*'**
on a confocal microscope or using the evanescent field created
by total internal reflection from a prism'®®'**'** enables the
measurement of the scattering spectrum from a single NP.

Due to the intrinsic ultrafast electronic dephasing, details
about the local electric field distribution around metallic NPs
cannot be extracted from the LSPR measured in the far-field.””
The plasmon modes of metal nanostructures can be mapped by
near-field ogtical processes such as leakage and fluorescent
imaging>”"*>'?>1%¢ using a confocal microscope. Confocal mi-
croscopy can also be coupled with nonlinear optical processes,
which have a higher power dependence on the electric field. This
leads to improved sensitivity when probing the near-field of the
particles. One such process is TPL,'*”"” where the lumines-
cence is due to the interband transitions of gold. TPL therefore
provides an all-optical probe-free approach for the study of the
near-field around gold nanostructures. However methods based
on a confocal microscope are diffraction-limited.

The amplitude and phase of the near-field around metallic
nanostructures can be accurately studied using a near-field
optical microscope (SNOM) and heterodyne detection techni-
que. A range of probes have been used with SNOM including
subwavelength apertures'®® >" and scatterers, such as atomic
force microscope (AFM) tips,"'”"#%?%*72% carbon nanotubes,*”’
and fluorescent molecules.””® SNOM offers subdiffraction limit
resolution®” with the size of the aperture or tip of the scatterer
limiting the lateral resolution.”'® However a SNOM probe can
distort the results of the measurement due to its interaction with
the sample.”***'®?!! Setting orthogonal polarizations for excita-
tion and detection has been demonstrated as a means of decoupl-
ing the effects of the tip and sample as well as leading to
background signal suppression.”'® This technique can be used
in conjunction with optical spectroscopy and time-dependent
measurements”'> as well as with nonlinear processes such as TPL
and second and third harmonic generation.'*¥*°>*'?

SEM can be used to image NPs as well as manipulate them,
while TEM is another imaging tool available in plasmonics.”**
However, electron microscopes can also be used to excite and
detect plasmon resonances in metal nanostructures.”"> The

plasmons are excited by the focused electron probe due to the
EM fields associated with fast moving charges. This means that
electrons can also act as plasmon probes as a beam of charges
passing close to or through an object yields information about its
optical properties.

We consider now characterization techniques where both the
excitation and detection of plasmons are due to electrons and not
photons. Such methods yielded the data plotted in panel D of
Figure 9. In scanning transmission electron microscope electron
energy-loss spectroscopy (STEM-EELS) the LSPR spectrum can
be measured, and the amplitude and spatial variation of surface
plasmon resonances can be mapped.''! However, the low-energy
part of an EELS spectrum can be masked by the so-called zero-
loss peak (ZLP), caused by electrons that are elastically scattered
or have encountered too little loss. Electron energy filtering
transmission electron microscopy (EEFTEM)*'® enables the
suppression of the ZLP and faster spectral sampling but at the
expense of the resolution. Plasmons have been mapped on single
and coupled metallic NPs with high spatial and energy reso-
lution using STEM-EELS and EEFTEM,''"*'#2167220 byt
the interpretation of a STEM-EELS spectrum is still open to
debate.**"***

Having considered photon (Figure 9, panel A) and electron
(Figure 9, panel D) excitation and detection in turn, there exist
mixed methods, labeled B and C in Figure 9, where optically
excited plasmons are detected via electrons and vice versa.

In photoemission electron microscopy (PEEM), a light
source, such as a laser, is used to excite plasmons leading to
the photoemission of electrons by metal nanoobjects, which are
collected and analyzed. A PEEM experiment can be used to
measure the LSPR spectrum as well as to image the near-field
around metallic nanostructures, as shown in panel B of Figure 9.
This experiment has subdiffraction limit resolution and does not
require a probe to be placed in the near-field of the particle."*”***
The dynamics of the plasmonic modes can also be temporally
and spatially studied by coupling time-resolved TPL with a time-
resolved PEEM detection system.”****> Photon-induced near-
field electron microscopy (PINEM)?**¢ also has potential appli-
cation in plasmonics, because it enables the near-field around
NPs to be studied on a femtosecond time scale.

Lastly, the electron beam from a TEM used for excitation can
be coupled with a light detection system. This technique, known
as cathodoluminescence, offers the high excitation resolution of
the electron beam as well as higher energy resolution in the
optical regime than EELS.**” Cathodoluminescence has been
used for spectral measurements of LSPRs as well as to map
plasmon modes in different geometries,"****”**® as illustrated in
panel C of Figure 9.

4. EMITTERS CLOSE TO METAL NANOPARTICLES:
INTERACTION WITH LOCALIZED SURFACE PLASMONS

Spontaneous emission occurs when an electron in an excited
state of an atom, molecule, quantum dot, etc. decays to another
state with lower energy. The frequency of the emitted light is
given by

hw = E, — E, (22)
where E, is the energy of the upper level and E; is the energy of

the lower level (see Figure 10). It is a well-known physical
phenomenon studied in disciplines such as chemistry, physics,
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Figure 10. Sketch of the electronic transitions between two levels (of
energies E; and E,) of an emitter leading to absorption (a) and
spontaneous emission (b) of photons.

and biology, with applications ranging from light-emitting diodes
to fluorescent dyes, colorants, clinical assays, etc.

Spontaneous emission is a very intriguing physical process
because it is one of the few macroscopic effects in nature that can
only be described by means of a full quantum electrodynamic
treatment. Note that quantum mechanics (in the first quantiza-
tion framework) explicitly forbids spontaneous transitions. In
fact, for an isolated atom in an excited state, that is, in an
eigenstate of the Hamiltonian, there is no mechanism leading
to electron decay, except for external perturbations acting on the
system. This is because the two eigenstates (excited and ground
levels) are orthogonal. We will later see that it is only possible to
address the phenomenon of spontaneous emission in the context
of a full quantum electrodynamic theory (second quantization).
Surprisingly, the first quantitative description of spontaneous
emission was proposed before the birth of quantum electro-
dynamics.”*”**° Einstein developed a phenomenological de-
scription of photon absorption and emission by atoms based
on blackbody radiation, in which he distinguished spontaneous
and stimulated emission channels and introduced transition
rate coefficients.”****° In determining the Einstein coeffi-
cients, the only interaction of the emitter with the “external
world” is through blackbody radiation. This led to the erroneous
assumption that the emission properties are only determined by
the emitter itself.

4.1. Spontaneous Emission Engineering: Purcell Effect

In 1946, Purcell”' discovered that spontaneous emission not
only is related to the emitter, but also depends on its environ-
ment. A very persuasive example is the case of an atom in a cavity
with perfectly reflecting walls. If the dimensions of the cavity are
smaller than half the wavelength of the atomic emission, no EM
modes are supported by the system at a frequency, w, given by
eq 22, and the atom will not decay. This means that we cannot
consider an emitter and its environment as two separate entities
because they interact and modify each other. We therefore need
to consider the system comprising both emitter and environment
as a whole.

As we mentioned above, the spontaneous emission of an
isolated atom is due to an external perturbation and is forbidden
in the first quantization picture. The situation is completely
different if the EM field is also quantized (second quantization).
In this case, the ground state, i.e., the absence of photons in the
system, has an energy E,,. = '/,hw, that is different from zero.
Usually, this state is known as the zero-point energy and
originates from random fluctuations of the electric field known

as the vacuum field. This can interact with an isolated emitter in
an excited state and can make it decay to a lower energy level. We
can calculate the corresponding radiative transition rate using
Fermi’s golden rule*®®

y = 3-8, JoPp() 23

where  is the transition decay rate from the initial (excited) state
|i) to the final state |f), /i and E _ are the electric dipole and
vacuum-field operators evaluated at the emitter position, respec-
tively, and p(w) is the final photonic density of states.

Equation 23 enables us to consider the spontaneous emission
of an excited state as the stimulated emission due to the zero-
point fluctuations of the EM field. The density of final photonic
states p(w) is defined so that p(E)dE gives the number of final
states which fall into the energy range E to E+4-dE, where E=he-
One can calculate p(w) in vacuum by considering the EM modes
within a cube of volume V,**° having

2

(2
p(w) = Vp, =V

—a (24)

Note that the arbitrary volume V serves as a computational tool
and that it will disappear in the final result. The magnitude p is
the local density of states (LDOS) for vacuum, that is, the
number of final states (modes) per unit volume with frequency
. On the other hand, the transition matrix element in eq 23,
averaged over all the possible directions, yields

o 1
|<f|ﬂ'Evac|l>|2 = gﬂiszvacz (25)

/t,-fz being the square modulus of the electric dipole moment of
the transition

uy = — eilelf) (26)

where e is the electron charge and r is the position operator. The
vacuum electric field can be obtained by equating the EM energy
in a volume V with the zero point energy

h
/ eoBy2 AV = Tw (27)
which implies

hw
2e0V

Epae = (28)

Hence using eqs 23—25 and 28, we obtain the decay rate of an
isolated emitter

2.3
S (29)

Vhree Thee  3MENC

where Tg.. is the radiative lifetime. Remarkably eq 29 has exactly
the same form of the classical expression for the radiative
damping of an electric dipole in vacuum *3%3%2327234

4.2. Weak Coupling

The contribution of emitter and environment to the
decay rate, y, split into two terms in eq 23. The matrix element
takes into account the quantum mechanical properties of the
emitter, while the density of states, p(w), reflects the influence
of the environment. A similar situation occurs when the emitter is
placed in a cavity and their interaction is said to be weak*****>*3>23¢
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Figure 11. Schematic comparison between the density of photo-
nic states in a plasmonic cavity (red solid line) and free-space (blue

dashed line).

(we will give a formal definition of the weak interaction in section
4.3). Depending on the characteristics of the cavity, such as its
dimensions, shape, and composition, only specific EM modes will be
supported. This means that the cavity will only allow certain final
states into which photons can decay. If; for instance, an emitter is
placed close to a metal NP, the final density of states will have a
peaked maximum at the plasmon resonance wavelength, as it pro-
vides a new and strong decay channel for the emitter (see Figure 11).

If we consider a cavity that supports only one mode of
frequency, w,, the density of states, p(w), can be described by
the Lorentzian function

plw) =2 A (30)

7T 4w — o) + Aw?

characterized by the quality factor, Q = w./Aw, of the cavity,
where Aw is the width of the LDOS maximum at @ = 0>’

If an emitter located in the cavity has an electronic transition at
Wy = W, the cavity is said to be tuned to the emission frequency,
and the density of states at @ = w is

2Q
wy) = —— 31
p(wo) W, (31)

The fact that cavity and emitter are only weakly coupled enables
us to relate the transition matrix elements of the system to those
of the free emitter. Using eqs 25 and 28, we have

2/" tf

[fla-Elo* = B (32)

where V is the cavity volume and f3 is a factor that takes into
account the dipole moment orientation

lu-E|
| E|
Note that when it is randomly oriented, 8> =

Using eqs 25 and 31, we can also calculate the decay rate of an
emitter placed within a plasmonic cavity:

22/“‘1‘1‘2 g
Soh \%4

B = (33)

Yaw = B (34)

It is interesting to compare the decay rate of the emitter in the
cavity to that in free space. For an emitter parallel to the field

direction (8% = 1), we find
e _ 3 2
FP:@:”I"in () (35)
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Figure 12. Normalized measurements of fluorescence decay rate for a
dye near a resonant nanoantenna (black diamonds) and away from the
nanoantenna (red circles), together with exponential decay fits (black
and blue lines). Inset: SEM image of the resonant gold nanoantenna.
Adapted with permission.'®

. 23,2372
where Fp is known as the Purcell factor>**” >* and we have

used c/w = n(27w/A), where n is the cavity refractive index. Fp
describes how the decay rate of the emitter is modified by the
presence of the cavity. If Fp > 1, the spontaneous decay rate is
enhanced; otherwise the cavity inhibits the emission.

Equation 35 shows that Fp is proportional to the quality factor,
Q, of the plasmonic resonance and inversely proportional to the
mode volume. As plasmonic structures concentrate EM fields
into subwavelength volumes, they are suitable to manipulate the
decay rate of emitters despite the fact that such structures do not
have resonances with very high quality factors (Q ~ 10—100
or*/,7°Q A~ 1—10). However, the highly reduced mode volume
of LSPRs enables a strong enhancement of the decay rate of
emitters, given by the factor A*/(1n°V) in eq 35.

An example of this effect is shown in Figure 12, where the
radiative decay rate of dye molecules positioned close to gold
nanoantennas is measured."®* In this experlment a pair of nano-
antennas with dimensions of 90 x 60 x 20 nm? are placed 20 nm
apart (see inset of Figure 12). The dye used has a fluorescence
decay time of 3.3 ns. The red circles in Figure 12 represent the
fluorescence intensity (plotted on a log scale) versus time at the
resonant frequency of the antennas at a position away from them.
The black diamonds are the resonant fluorescence measure-
ments taken just above the nanoantennas.

We can see that in the measurements without the nanoanten-
nas (red circles), the intensity decay follows an exponential trend
from which the decay rate can be extracted, Yo~ 0.3 ns . Onthe
other hand, the presence of the nanoantennas modifies the
fluorescence decay of the dye, leading to a multiexponential
behavior (black diamonds). Two channels, leading to different
decay rates, can be distinguished in this case. The slow decay
channel corresponds to the molecules that are not coupled to the
LSPR of the antennas and show a decay rate that is very similar
to that observed in the absence of the metallic structures (y; ~
0.3ns ™ '). The fast decay rate is due to dye molecules located in
the vicinity of the antennas, which are strongly coupled to the
LSPRs excited in them. Remarkably the molecules affected by the
presence of the nanoantennas decay ~S times faster than the
unperturbed ones (y, ~ 1.7 ns ).

We have seen how plasmonic cavities enable the enhancement
of the decay rate of an emitter placed in their vicinity. We have
seen that a metal NP also acts as an optical antenna and enhances
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Figure 13. (a) SEM image of a five-element Yugi—Uda gold nanoan-
tenna. A quantum dot is attached to one end of an arm, indicated with a
red square. (b) Measurement (black line) and calculation (red line) of
the radlatlon angular distribution for the structure. Adapted with
permission.”** Copyright 2010, American Association for the Advance-
ment of Science.

the interaction between a dye molecule and the far-field in two
ways. On the one hand, light can be concentrated from the far-
field into the small subdiffraction reglons, 44 where the emitter is
positioned. On the other hand, plasmonic nanoantennas can
enhance the outcoupling of radiation into the far-field.*>***’

When an emitter is excited, its emission is not directional,
meaning that its experimental detection involves large solid
angles. Controlling and modifying the far-field of an emitter is
an important issue in plasmonics, and it is particularly interesting
to obtain directional beaming effects. The alteration of the angular
pattern by means of nanoantennas has been demonstrated,*’
and Yagi—Uda antennas have been pro 4gosed to achieve high
directionality through plasmonics.”*' ~*** These antennas are
very common in the microwave regime and consist of arrays of
coupled dipoles that drive the emission in a particular direction.

A quantum dot carefully positioned near a Yagi—Uda nanoan-
tenna emits in the direction where the geometry leads to constructive
interference. Only recently, Y. M§1 -Uda nanoantennas have been used
to verify this experimentally.” In this experiment, a quantum dot
was positioned close to an arm of the antenna (see Figure 13a). By
near-field coupling, the quantum dot excites the nanoantenna and
the interference of the emission from each arm causes a directional
angular radiation pattern, as shown in Figure 13b.

4.3. Strong Coupling
The quality factor, Q, of a cavity mode is linked to the time,
Teav = 1/7 cay, that a photon spends in the cavity or, in the case of a

plasmonic resonance, to the lifetime of the LSPR. This provides
us with a strategy to quantify the strength of the interaction
between the cavity and the emitter. If the lifetime of the LSPR is
very short compared with the inverse of the spontaneous decay
rate of the isolated emitter, we are in the limit of weak coupling.
In this case, resonant photons are retained for a short time and
interact very little with the emitter. A different scenario occurs
when the lifetime of the plasmonic resonance is significantly
longer than the spontaneous emission lifetime in free space.

In order to describe the strong interaction between cavity and
emitter, we have to introduce their interaction probability.
Strong and weak regimes of interaction can be distinguished
on the basis of the atom-field coupling constant, ,>7%37 which is
defined as the interaction energy,

hx = |:uif “Evc| (36)
Using eq 28, we obtain
ﬂ,‘f hw
- 7
h 2e0V (3 )

Weak coupling satisfies the condition ¥ << Y. In this limit
regime, the effect of the vacuum field on the emitter can be
considered as a perturbation, and as we have seen previously, the
cavity and emitter can be treated as two separate entities.

Strong coupling satisfies the condition x > y,. In this
regime, photons remain in the cavity for a long time and are
absorbed and re-emitted multiple times before being radiated out
of the structure. This leads to a strong coupling between cavity and
emitter, which must be considered as a unique system instead of
two separate entities. Importantly, an accurate description of
such a system can only be obtained through a full quantum
electrodynamics treatment.

Equation 37 shows the benefit of using the small volumes of
LSPR in the strong coupling regime. The strong coupling
between single emitters and the LSPRs of metallic nanostruc-
tures represents an exciting frontier in plasmonics, in particular
when considering its exploitation for quantum optics applica-
tions. Although it has been demonstrated that subwavelength
confinement of guided plasmon modes in nanowires leads to a
strong coupling between these EM modes and nearby emitters
in the optical domain,***™** similar effects for LSPRs in metal
NPs have not yet been shown.

5. NANOPARTICLE APPLICATIONS

Thus far, we have described how metal NPs can strongly
interact with light and have shown that they can behave as
receiving antennas by absorbing and concentrating incident light
into a subdiffraction limited volume. NPs can also efliciently
couple out stored energy, acting now as emitting antennas. These
characteristics could lead to their use in the enhancement and
manipulation of light interaction with emitters, with a 4;z)]zohcations
in various fields, such as SEF,'9 72148248249 g g 18,30742,248,250252
plasmonic solar cells“’253 %! nanomedicine,***** 7% and
sensing,'®*>3%%%2% In this section, we very briefly outline
some of the applications that are currently attracting much
attention.

5.1. Surface-Enhanced Fluorescence
We have seen that the ability of metal nanostructures to
concentrate light into small volumes enables the enhancement of
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Figure 14. (a) Schematic representation of molecules randomly placed
around a gold bowtie antenna on a transparent substrate. (b) SEM image
of a gold bowtie antenna. Scale bar = 100 nm. (c) Calculation of the local
electric field intensity enhancement. (d) Enhancement factor, fg, from
several nanoantennas as function of the gap size. Adapted with permis-
sion.”® Copyright 2009, Nature Publishing Group.

the LDOS and thereby the decay rate of an emitter. However,
when light is concentrated into subdiffraction volumes, another
effect becomes relevant as well. The electric field in these small
volumes becomes very intense, leading to the formation of
hot spots®”®” where the intensity of the incident field can
easily be enhanced by a factor of 10°. Thus, placing a molecule
in a hot spot also improves the efficiency of the optical excitation
process.

For example, if we consider a dye molecule, the fluorescence
enhancement, f, of the detected signal

_ o Bl

= (38)
Mo |y Bol”

fe

depends on both the incident, Eo, and local electric field at the
molecule position, Ej,, as well as on the quantum efficiency of
the molecule**° close to, 77, and far from, 7., the nanostructure.

The quantum efficiency is defined as the ratio between the
radiative decay rate, y,, and the total decay rate of the molecule,
¥, given by the sum of the radiative and nonradiative decay rates,

Vi Ve
n="t= 39
Y Vet Va )

The nonradiative decay rate, ., reflects the absorption in the
metal nanostructure and other intrinsic losses.

In a hot spot, the local field, E,,,, is very large compared with
the incident field, and from eq 38, we can anticipate that the
fluorescence will be strongly enhanced. However, the highest fx is
obtained only (see eq 38) when both the quantum efficiency
(1/10) and the local EM field are amplified.

A clear example of this effect has been recently shown by
Kinkhabwala et al.*® They have measured f. (see Figure 14d), for
molecules placed in the gap of a gold bowtie antenna (see
Figure 14a—c), obtaining a 1340-fold intensification of the
emission. The dimensions of the gold triangles forming the
antenna are about 100 nm, with a gap that is varied from 15 to
80 nm. The antennas were covered with a relatively inefficient
dye (170 &~ 2.5%), and the enhancement was high enough to
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Figure 15. (a) Representation of an array of gold NPs covered with a
ultrathin layer of silica or alumina. (b) Shell-isolated NP-enhanced
Raman spectra obtained from different hot spots (curves L, II, and III) on
the wall of a yeast cell incubated with Au/SiO, NPs. Curve IV is the
spectrum obtained for bare NPs and curve V is a normal Raman
spectrum for yeast cells. The peaks marked with red asterisks are closely
related to mannoprotein. Adapted with permission.”®” Copyright 2010,
Nature Publishing Group.

detect the contribution of single molecules. This was achieved by
examining the time dependence of the fluorescence signal. By
detection of a reduction of the signal due to irreversible photo-
bleaching, it was possible to measure single-molecule contribu-
tion to the total fluorescence. The results shown in Figure 14d
were obtained as a function of the bowtie gap size, showing a
stronger enhancement for narrower gaps.

Fluorescence experiments usually suffer from two limitations.
The first is diffraction-limited spatial resolution, constrained to
about half the wavelength of the incident light. The second is
limited brightness because there are only a small number of
molecules close to the area being probed. Both these drawbacks
can be overcome by making use of the excitation of localized
surface plasmons in metal NPs.*®

Importantly, the quantum efficiency and the near-field en-
hancement, which contribute to the fluorescence amplification,
are evaluated at two different frequencies in eq 38. The electric
field factor, (|ﬂijz-E10c|2/|ﬂUc'EO|2), is calculated at the incident
frequency that excites the LSPR (the absorption wavelength
of the emitter), while the quantum efficiency enhancement,
(1/70), is calculated at the emission frequency. In order to maxi-
mize the fluorescence enhancement, it is important to design
nanostructures that have plasmonic resonances whose frequencies
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Figure 16. Schematic representation of different approaches to solar cells by means of plasmonic NP excitation: (a) light is trapped due to NP
scattering; (b) light excites local surface plasmon polaritons, which enhance the absorption; (c) light is coupled to a guided mode. Adapted with

permission.® Copyright 2010, Nature Publishing Group.

coincide with the absorption and emission spectral windows of
the emitter, leading to a 2-fold effect.""”

5.2. Surface-Enhanced Raman Scattering

A field that benefits greatly from the excitation of plasmons in
metals is SERS spectroscopy. The SERS effect results from the
enhancement of the Raman emission of molecules adsorbed onto
rough metal surfaces, metal colloids, or metal NPs*3 2% and is
due to two main effects, known as the chemical and the EM
mechanisms. The chemical mechanism is linked to the formation
of charge-transfer complexes, and the EM mechanism relates to
the excitation of surface plasmons.****** In the case of the EM
mechanism, the SERS enhancement factor

Gsers = 0(w)o(wg) (40)

depends on the local electric field enhancement, 0 = |E10C|2/
|Eim|2, at the pump frequency, w, and at the Raman-shifted
frequency, wg.

When the Raman shift is small compared with @, the SERS
enhancement factor of eq 40 has a fourth power dependence on the
local electric field, that is, Gggrs & |E10c|4/ |Emcl4. For this reason,
typical enhancement factors obtained are ~10°, and at best, it is
possible to obtain factors as large as ~10'°—10"%. Such enhance-
ment enables the detection of single molecules,***%*¢ despite the
fact that the Raman emission from isolated molecules is very low. In
fact, SERS may be the most sensitive analytical technique.”*® Due
to the high sensitivity of SERS, small differences in metal surface
roughness or molecule position between samples limit the repro-
ducibility of experimental results. Therefore, there is now an
interest in using metal NP arrays, which can be accurately be
fabricated, as SERS substrates.

A very interesting application of SERS has recently been
reported by Li et al.”®” They propose a new spectroscopy technique
in which the Raman signal amplification is provided by gold NPs
with an ultrathin silica or alumina shell (see Figure 15a). Such NPs
can be spread as a monolayer over the surface to be probed. The
ultrathin layer covering the metal NPs keeps them from agglom-
erating and separates the NPs from direct contact with the material
to be probed. It is the very small gap (~2 nm) between the NPs
that leads to the strong electric field enhancements and associated
high-quality Raman spectra. The authors call this new technique
shell-isolated NP-enhanced Raman spectroscopy (SHINERS).

The Raman spectra of yeast cells (curves I—III) plotted in
Figure 15b were measured at different locations of the same
sample using SHINERS. These spectra are very different from
the normal Raman spectra (curve V) of yeast cells, but similar to
the SERS spectra of mannoprotein,”®® which is considered to be
the main component of the yeast cell wall. The yeast cell walls are
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Figure 17. Photocurrent enhancement from a SOI solar cell improved
with silver NPs with different dimensions. Adapted with permission.*>®
Copyright 2007, American Institute of Physics.

of considerable interest due to their sensitivity to the different
biological functions of the cell.

Another remarkable example of an application based on the
SERS effect was given by Ward et al,** who made electromigrated
nanoscale gaps for SERS. They showed a method for producing
planar electrodes with very small gaps of around S nm, where it
was possible to detect Raman emission coming from a small
number of molecules. The advantage of these nanojunctions is
that they can be mass produced, allowing large SERS enhance-
ments over a broad band of illumination.

5.3. Plasmonic Solar Cells

Photovoltaic light conversion is an important green technol-
ogy that can be a viable solution to the energy and pollution
problems worldwide. However, photovoltaics still cannot com-
pete with fossil-fuel technologies. Current photovoltaic technol-
ogy is mostly based on crystalline silicon wafers with thicknesses
around 100—300 #m.’ The production of such wafers represents
most of the cost of a solar cell,’ and the conversion efficiency
of such cells needs to be improved. This situation can only
change by reducing the amount of silicon being used, leading to a
decrease in the price of the solar cell, while at the same time
increasing their conversion efficiency.

Plasmonic photovoltaics is one of the most exciting fields in
nanophotonics at the moment.>**** %! Standard solar cells are
combined with metallic nanostructures, which concentrate and
guide light at the nanoscale, leading to a reduction of the
semiconductor thickness required, as well as enhancing the
absorption of the incident light.6
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Figure 18. (A) Near-infrared fluorescence tomographic images of normal and subcutaneous tumor-bearing mice after injection of a gold NP probe with
and without inhibitor (blue, low intensity; red, high intensity). (B) Near infrared fluorescence images of excised gold NP-probe-treated tumors with and
without inhibitor. (C) Upper row, immunohistology results for tumors with different inhibitors; lower row, near-infrared fluorescence microscopy
images of tumors containing gold NP probes without and with inhibitor. (D) 2D slices of the image from panel A reconstructed in the z direction (blue,
low concentration; red, high concentration). (E) Quantitative image analysis performed by counting the total number of photons in the tumors as a

function of time. Adapted with permission.”®’
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There are three main configurations being studied (Figure 16).
The first approach makes use of the light scattering properties
of metal NPs. The idea is to create a situation where incident
sunlight is trapped in the semiconductor due to scattering
effects (see Figure 16a). In the second strategy, incident light
excites localized surface plasmons, which concentrate it. This
leads to the creation of regions where the electric field is very
intense (see Figure 16b). In this configuration, the NPs are
close to the semiconductor, and because the absorption
in the semiconductor is proportional to the local electric field
intensity, the absorption enhancement takes place where the
electric field is amplified. In the third case, NPs couple the
incident light into a guided mode in the semiconductor, which
propagates until it is completely absorbed by the active
medium (see Figure 16c¢).

The idea of using plasmonic resonances to manipulate
light and improve the absorption in semiconductor materials
dates back to 1998, when Stuart and Hall*”® showed that silver

nanoparticles deposited onto silicon leads to a 20-fold enhan-
cement of photocurrent at 800 nm. More recently, it has been
demonstrated that plasmonic structures can amplify photo-
absorption of the photocurrent generated in the cell in several
different physical situations. There are interesting examples
reported on quantum well structures,””" ¢-Si and GaAs solar
cells,””*?7? ultrathin-film organic cells,*”* organic bulk hetero-
junctions cells,””® and silicon-on-insulator (SOI) devices>
Figure 17 illustrates the occurrence of photocurrent enhance-
ment in plasmonic solar cells. The system consists of silver NPs
deposited on a 1.25 ym thick SOI substrate, with a 30 nm height
intermediate oxide layer.”>> In this experiment, metal NPs that
have LSPRs in the visible and near-infrared scatter light leading to
the formation of guided modes, which increase the amount of
light trapped in the silicon film. The resulting photocurrent
generated was normalized to that generated by the bare SOI
structure and is shown in Figure 17. The photocurrent enhance-
ment, which corresponds to a 33% increase in the total current of
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the device, is due to different NP depositions and is particu-
larly pronounced at longer wavelengths, where the silicon is less
absorbing.

In recent years, there have been experimental advances in
plasmonic photovoltaics. These have been accompanied by
increasing efforts devoted to quantify theoretically the photo-
absorption limit in plasmomc hotovoltalcs Initial work was
carried out by Yablonovitch,>’® who showed that the max-
imum absorption enhancement in an active medium (normal-
ized to the incident EM energy) cannot exceed 2n”, where n 1s
the refractive index. This is the so-called ergodlc limit,*”
which was calculated in the framework of statistical ray optics
considering randomly textured surfaces. These assumptions
are no longer valid in plasmonic structures, which are sub-
wavelength and are not randomly textured. This means that
the statistical approach based on ray optics is not suitable to
describe light scattering from a plasmonic solar cell.

Researchers are currently studying the absorption enhance-
ment limit in these new structures, and recent works have shown
that the ergodic limit can be exceeded.”””*”® However, more
accurate analyses are needed in order to find the fundamental
absorption limit in nanophotonics.

5.4. Nanomedicine

Although gold NPs have been used in biomedical applications
for almost 40 years,””” the range of applications has increased
recently due to advances in biotechnology as well as NP synthesis
and conjugation. The use of nonspherical metal particles*”**>*°
for biomedical applications allows the tuning of LSPR to the
medical window (650—900 nm), where light penetrates much
deeper into living tissue, and the scattering to absorption ratio
can be tuned.”’

The imaging of biological samples and the detection of
diseases such as cancer require biomarkers and contrast
agents. Traditionally, these were based on photoabsorbing
and fluorescent dyes, and more recently, quantum dots have
been also proposed. However, both are prone to photobleach-
ing. Therefore, there is an interest in exploiting the large
scattering cross sections associated with LSPRs. Moreover,
unlike dyes or quantum dots, they do not photobleach and can
be nontoxic.”*"*** An example of In Vivo gold NP imaging can
be seen in Figure 18.”®' Gold particles are also being inves-
tigated for use in drug and gene delivery;**” application relies
on both their biostability and optical properties. Due to their
biostability, gold particles have also been groposed as contrast
agents for magnetic resonance imaging. 283

The absorptive properties of metal NPs are also promising
for medical imaging. Small spherical NPs with diameter
<20 nm or optimized nonspherical geometries mostly ab-
sorb light. This leads to alocal increase in the temperature of
the host as the NP cools, which can be used to image the
particle. Photothermal imaging relies on the change of the
refractive index of the host with increasing temperature,
while photoacoustic imaging monitors the thermal expan-
sion of the host.

The main interest in the absorptive properties of metal NPs
lies in exploitation of their resistive heating for medical treat-
ment. A laser can be used to ablate tumors in the presence of
photoabsorbers. Using gold particles as the photoabsorbers
maximizes the light absorption due to the large cross section
associated with their LSPR, which leads to a reduction of the
intensity of radiation required.*>***** The idea is to introduce
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Figure 19. Calculated temperature variation for gold spherical nano-
particles in water as a function of the incident wavelength (a) and
incident power (b) for different radii. Inset of panel a shows the time
dependence of the temperature increase within the nanoparticle. The
calculations in panel b are performed at the LSPR frequency. Adapted
with permission.” Copyrlght 2006, Springer.

specifically designed metal NPs into tumor cells, with dimensions
allowing the excitation of LSPRs at wavelengths where the
human body is almost transparent. The excitation of plasmonic
resonances causes a temperature increase in the particles that can
be lethal for tumors. It is possible to show that the absorbed
power density in an arbitrary structure, as function of the vector
position r, is

L Imle(r, )] |E(r, )| (41)

Q) =2
which is proportional to the imaginary part of the dielectric
constant, &(r,w), and the local electric field intensity, |E(r,a))|
The absorbed energy, Q(r), represents the heat source due to
light dissipation in the metal particle and is obtained by solving
Maxwell’s equations. Once Q(r) is known, the temperature
distribution inside and outside the NP can be calculated using
the heat transfer equation

9T (r,t)
ot

p(r)e(r) = Vk()VT(nt)+Q(r)  (42)

where p(r), c(r), and k(r) are the mass density, specific heat, and

thermal conductivity, respectively, and T(r,t) stands for the

time-dependent local temperature. The solution of eq 42 has a

transient state, and after a characteristic time, T, it reaches its
54,286—288

steady state.
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Thermal processes in metals are fast, which means that a
steady state is rapidly reached for typical powers and metal NP
dimensions used in nanomedicine.”>****** Therefore a simpli-
fied time-independent heat equation can be considered instead
of eq 42

Vik(r) V(T (r))] = —Q(x) (43)

Because heat flow is fast in the metal, the nanostructure
temperature is nearly uniform for small particles.’****** The
temperature distribution inside and outside spherical gold NPs
in water is shown in Figure 19 as a function of the wavelength
(panel a) and the incident power (panel b). The inset in
Figure 19a shows the temperature increase with time. Note that
the maximum temperature in panel a occurs at 4 = 520 nm for a
gold sphere of 30 nm radius. This peak corresponds to the
excitation of a LSPR in the system. In Figure 19b, we can see that
larger temperature increases are obtained for bigger spheres,
as expected, because the absorbed energy is proportional to
the NP volume (assuming a constant energy distribution
within it).

6. CONCLUSIONS

In this paper, we have reviewed fundamental concepts, recent
advances, and applications concerning the interaction of nanoan-
tennas with light and emitters, such as fluorescent molecules and
quantum dots.

It has been shown that nanoantennas designed to interact
strongly with radiation in the optical regime can be used to
manipulate light on the nanoscale through the excitation of
plasmonic modes. Notions such as localized surface plasmon
resonances have been explained in a tutorial-like manner
introducing electromagnetic cross sections, plasmon hybridi-
zation, plasmonics dark modes, Fano resonances, and coher-
ent coupling in nanoparticle arrays. We have also reviewed the
current state of the art in nanofabrication and characterization
techniques available for nanoplasmonics.

Nanoantennas can drastically modify the emission proper-
ties of quantum dots or fluorescent molecules placed in their
vicinity. In this context, they act as plasmonic cavities, which
enable the control and enhancement of the radiative properties
of light emitters. We have described the fundamental physics
behind this intrinsically quantum effect, and depending on the
intensity of the emitter—nanoantenna interaction, two differ-
ent regimes have been identified and discussed. We have
shown that metal nanoparticles do not only enable the efficient
extraction of electromagnetic energy from poor emitters but
also allow the tailoring of the radiation pattern emerging
from them.

The remarkable electric field enhancement and confinement
that nanoantennas provide have relevant fundamental and tech-
nological implications in areas such as surface-enhanced fluores-
cence, surface-enhanced Raman scattering spectroscopy, plas-
monic solar cells, and nanomedicine. The implementation of
plasmonic concepts in these different areas has been described,
and some of the prospects that nanoantenna capabilities open up
in research areas such as nonlinear optics and quantum photonics
have been also briefly discussed.

In order to obtain plasmonic nanostructures with high
quality factor resonances and strong light concentration, small
gaps and carefully designed structures need to be fabricated
with nanometer scale resolution in a reproducible manner.

This remains a challenge when using current fabrication tech-
nologies. Once these constraints have been overcome, it will
be possible to take advantage of all the benefits offered by
nanoplasmonics.
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NOTE ADDED AFTER ASAP PUBLICATION

This paper was published to the Web on 3/24/2011, with an
error in figure 6. The correct version was published to the Web
on 5/10/2011.
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