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Optical antennas are an emerging concept in physical optics. Similar to radio-
wave and microwave antennas, their purpose is to convert the energy of free
propagating radiation to localized energy, and vice versa. Optical antennas ex-
ploit the unique properties of metal nanostructures, which behave as strongly
coupled plasmas at optical frequencies. The tutorial provides an account of the
historical origins and the basic concepts and parameters associated with optical
antennas. It also reviews recent work in the field and discusses areas of appli-
cation, such as light-emitting devices, photovoltaics, and spectroscopy.
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ptical Antennas

alash Bharadwaj, Bradley Deutsch, and Lukas Novotny

. Introduction

n optical science and engineering, light is commonly controlled by redirecting
he wave fronts of propagating radiation by means of lenses, mirrors, and dif-
ractive elements. This type of manipulation relies on the wave nature of electro-
agnetic fields and is therefore not amenable to controlling fields on the sub-
avelength scale. In contrast, radiowave and microwave technology
redominantly makes use of antennas to manipulate electromagnetic fields, con-
rolling them on the subwavelength scale and interfacing efficiently between
ropagating radiation and localized fields.

hile antennas are a key enabling technology for devices like cellular phones
nd televisions using electromagnetic radiation in the radiowave or microwave
egime, their optical analog is basically nonexistent in today’s technology. How-
ver, recent research in nano-optics and plasmonics has generated considerable
nterest in the optical antenna concept, and several studies are currently focused
n how to translate established radiowave and microwave antenna theories into
he optical frequency regime.

he absence of optical antennas in technological applications is primarily asso-
iated with their small scale. Antennas have characteristic dimensions of the or-
er of a wavelength of light, demanding fabrication accuracies better than
0 nm. The advent of nanoscience and nanotechnology provides access to this
ength scale with the use of novel top-down nanofabrication tools (e.g. focused
on beam milling and electron-beam lithography) and bottom-up self-assembly
chemes. The fabrication of optical antenna structures is an emerging opportu-
ity for novel optoelectronic devices.

anotechnology is defined as the application of scientific knowledge to control
nd utilize matter at the nanometer scale (about 1–100 nm). At this scale size-
elated properties and phenomena can emerge [1]. Because diffraction limits the
onfinement of propagating radiation to roughly half a wavelength, the length
cales over which optical fields can be manipulated traditionally lie outside the
ize range of interest to nanotechnology. It is often possible to spatially separate
he nanoscale building blocks and to study their physical and chemical proper-
ies by using standard spectroscopic techniques. However, their properties can
hange once they are embedded in a macroscopic structure because of interac-
ions between the building blocks and with the environment. In fact, one of the
ost interesting aspects of nanoscale systems involves properties dominated by

ollective phenomena, which can bring about a large response to a small stimu-
us in some cases. To understand optical fields in such complex nanoscale struc-
dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 440
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ures, challenging obstacles in detection and control must be overcome. Optical
ntennas help surpass the diffraction limit, making it possible to manipulate,
ontrol, and visualize optical fields on the nanometer scale.

ntennas can enhance several distinct photophysical processes, outlined in Fig.
. In light-emitting devices, an electron and hole pair combine to emit a photon.
he reverse process takes place in photovoltaics, in which incoming light causes
charge separation in a material. In both cases, an optical antenna can be used to
ouple the propagating field and local electric field, making the transfer of en-
rgy between the two more efficient. In spectroscopy, incident light polarizes the
aterial of interest, which generates outgoing radiation. The wavelength of the

mitted light is related to the energy-level structure of the material, allowing for
hemical identification. In this case, the antenna serves to make both the excita-
ion and the emission more efficient. Antennas are also encountered in biology.
n photosynthetic proteins, for example, individual chlorophyll molecules ar-
ange in antenna complexes in order to collectively optimize the efficiency of
ight absorption.

iven their wide applicability, the absence of optical antennas in current tech-
ology is conspicuous. Even as their fabrication becomes feasible, material
hallenges associated with optical antennas remain. For example, the penetra-
ion of radiation into metals can no longer be neglected. The electromagnetic re-
ponse is then dictated by collective electron oscillations (plasmons) character-
stic of a strongly coupled plasma. These collective excitations make a direct
ownscaling of traditional antenna designs impossible and demand the careful
tudy of surface modes in metal nanostructures.

he introduction of the antenna concept into the optical frequency regime will
rovide access to new technological applications. Optical antennas will likely be
mployed to enhance absorption cross sections and quantum yields in photovol-
aics, to release energy efficiently from nanoscale light-emitting devices, to
oost the efficiency of photochemical or photophysical detectors, and to in-
rease spatial resolution in optical microscopy. In this tutorial, we define the op-
ical antenna, outline its physical properties, and review relevant history and re-
ent work. The field of optical antennas is in its infancy, and new studies and
evelopments are evolving at a rapid pace. Therefore, we do not intend a state-

Figure 1

e - h+

photovoltaics

hν

e - h+

hν

LED
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hν hν

e -

spectroscopy(a) (b) (c)

ntenna-based optical interactions: (a) antenna-coupled LED, (b) antenna-
oupled photovoltaics, (c) antenna-coupled spectroscopy.
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f-the-art review. Rather, we hope to establish language pertaining to optical an-
ennas and to provide historical and future perspectives.

e will begin in Section 2 with a short history of antennas and show how the
oncept of optical antennas was motivated by microscopy. In Section 3 we derive
hysical properties of optical antennas in analogy to radiowave or microwave an-
ennas, and we derive several antenna parameters for the example of a spherical
anoparticle. We also discuss wavelength scaling, nonlinear properties of optical
ntennas, and their effect on atomic or molecular systems. Finally, in Section 4
e outline applications of optical antennas and review some recent develop-
ents in the field.

. Antenna History

he word antenna has had an interesting history that is worth reviewing. It was
rst introduced in a translation of Aristotle’s writings in 1476 [2]. Aristotle used

he Greek word keraiai to refer to the “horns” of insects [3], which Theodorus
aza translated into the Latin-derived antenna, used to designate a sailing yard
f a lateen. Antenna probably derives from the prefix an, “up,” and the Indo-
uropean root ten, “to stretch” [4,5]. The verbs tan (Sanskrit), tendere (Latin),

einein (Greek), dehnen (German) and tyanut’ (Russian), all meaning “to
tretch,” as well as modern English words such as tension, tent, pretend, tena-
ious, and tendon all trace their origins back to this root verb. Etymologically
hen, an antenna is that which stretches or extends up [6].

oday, we are accustomed to referring to an electromagnetic transmitter or re-
eiver as an antenna, but these were originally called aerials in English [7].
uglielmo Marconi introduced the term antenna in the context of radio in 1895
hile performing his first wireless transmission experiments in Salvan, a small

own in the Swiss Alps [8]. In Italian, antennas denote various kinds of posts,
ncluding those of tents or ships. Since Marconi’s father Giuseppe had encour-
ged him to become a naval officer, he was familiar with the nautical term, and
ikely introduced it in the electromagnetic sense as an analogy [9].

vidence suggests that the term antenna first found only casual verbal use in
nglish, and that it took about a decade before it was popularly used in scientific
ork. Marconi did not refer to antennas in his patents, but he makes use of the

erm in his Nobel Prize speech of 1909 [10]. The term can also be found in
eorge W. Pierce’s article of 1904 [11] and in John A. Fleming’s 1902 entry in

he Encyclopedia Britannica XXXIII referring to Marconi’s work [12].

he first document we are aware of that uses the word antenna for an electro-
agnetic transmitter is a paper by André-Eugène Blondel titled “Sur la théorie

es antennes dans la télégraphie sans fil,” presented in 1898 at a meeting of the
ssociation Française pour l’Avancement des Sciences. Blondel, the inventor of

he oscillograph, also refers to antennas in a letter that he sent to H. Poincaré in
ugust 1898 [13]. We also find the term antenna in the book by André Broca

itled La télégraphie sans fils published in French in 1899 [14]. Broca states that
n antenna is a means for concentrating electromagnetic waves and defines it as
the vertical long-wire pole of an excitation source.” The other pole is consid-
red to be grounded. He writes that “the extremity of the antenna is a point of
scape for electromagnetic energy” and that an antenna is also needed on the re-
eiving end, similar to Benjamin Franklin’s lightning rod [15]. The term antenna
dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 442
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s also used in a 1900 French patent by Manuel Rodriguez Garcia [16] and in
ubsequent U.S. patents filed in 1901 [17,18].

n 1895 Marconi described his experiments to his friend Luigi Solari, a Navy
ieutenant: “… by chance I was keeping one of the metal plates at a very high
istance from the ground while the other one was in the ground. Using this ar-
angement the signals became so strong that I was able to transmit up to one ki-
ometer away. From that moment on the progress increased enormously. The
late at the top—the antenna—was raised more and more and the other one—the
erra—was buried in the ground.” [9] Various antenna geometries have been de-
eloped since and many books have been written on antenna theory. In 1983,
EEE defined the antenna as “a means for radiating or receiving radio waves”
IEEE Std 145-1983) [19].

.1. Optical Antennas
hile radio antennas were developed as solutions to a communication problem,

he invention of optical antennas was motivated by microscopy. In analogy to its
adiowave and microwave counterparts, we define the optical antenna as a de-
ice designed to efficiently convert free-propagating optical radiation to local-
zed energy, and vice versa. In the context of microscopy, an optical antenna ef-
ectively replaces a conventional focusing lens or objective, concentrating
xternal laser radiation to dimensions smaller than the diffraction limit.

Optical antenna: a device designed to efficiently
convert free-propagating optical radiation to
localized energy, and vice versa.

n a letter dated April 22, 1928, Edward Hutchinson Synge described to Albert
instein a microscopic method in which the field scattered from a tiny particle
ould be used as a light source [20]. The particle would convert free-propagating
ptical radiation into a localized field that would interact with a sample surface.
hinking of the surface as a receiver, the particle can be viewed as an optical an-

enna. Synge’s description was likely inspired by the development of dark-field
icroscopy, a technique invented at the turn of the twentieth century by the Aus-

rian chemist Richard Adolf Zsigmondy [21].

ohn Wessel was unfamiliar with Synge’s work when he wrote in 1985, “The
article serves as an antenna that receives an incoming electromagnetic field
22],” making him the first to mention explicitly the analogy of local micro-
copic light sources to classical antennas—a concept that has since been thor-
ughly explored [23,24]. The invention of scanning tunneling microscopy [25]
nd the discovery of surface enhanced Raman scattering (SERS) [26–28] most
ikely inspired Wessel’s idea. The quest for an understanding of SERS gave rise
o many theoretical studies aimed at predicting the electromagnetic field en-
ancement near laser-irradiated metal particles and clusters [29–33]. This era
an be considered the first phase of what is now called nanoplasmonics. In 1988
lrich Ch. Fischer and Dieter W. Pohl carried out an experiment similar to Syn-
e’s and Wessel’s proposals [34]. Instead of a solid metal particle, they used a
old-coated polystyrene particle as a local light source, a structure that was later
xtensively developed and is now called a gold nanoshell [35,36]. Fischer and
dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 443
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ohl imaged a thin metal film with 320 nm holes and demonstrated a spatial res-
lution of �50 nm. Their results provide the first experimental evidence that
ear-field scanning optical microscopy as introduced by Synge is feasible. Ten
ears later, laser-irradiated metal tips were proposed as optical antenna probes
or near-field microscopy and optical trapping [37,38], and since then various
ntenna geometries have been studied (rods, bowties, etc.), some of which are
eviewed below.

he optical antenna concept also has strong parallels with the development of
o-called whisker diodes in the 1960s. An antenna attached to a metal-to-metal
oint contact was used in 1968 by Ali Javan and co-workers for frequency mix-
ng of IR radiation [39]. It was shown that the rectification efficiency of these
hisker diodes could be increased by suitably “kinking,” or bending the wire an-

enna [40]. The length L (tip to kink) had to be adjusted in relation to the wave-
ength and angle of incidence, and the strongest response was obtained for the
undamental resonance of L�� /2.7 [41]. These experiments were performed at
R wavelengths, at which metals are good conductors. IR antenna fabrication has
xpanded considerably in the past few decades, notably including work by Glen
oreman, who since the late 1990s has fabricated many types for use in IR de-

ectors, bolometers, and nanophotonics [42–44]. Figure 2 catalogs several ex-
mples of these antennas. In search of a near-field optical probe with a higher
fficiency than tapered fibers, in 1997 Robert Grober tested a microwave-scale
odel of a bowtie antenna at the end of a waveguide [48] and demonstrated con-
nement of a tenth of a wavelength ��� with 30% transmission efficiency. He

Figure 2

(a) (b)

(c) (d)

xamples of IR optical antennas fabricated by Boreman and co-workers: (a)
symmetric spiral antenna [45], (b) microstrip dipole antenna [46], (c) square
piral antenna [43], (d) phased-array antenna [47].
dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 444
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uggested that such antennas could be fabricated for visible frequencies, which
otivated several independent experimental efforts.

. Physical Properties of Optical Antennas

ptical antennas are strongly analogous to their RF and microwave counter-
arts, but there are crucial differences in their physical properties and scaling be-
avior. Most of these differences arise because metals are not perfect conductors
t optical frequencies, but are instead strongly correlated plasmas described as a
ree electron gas. Optical antennas are also not typically driven with galvanic
ransmission lines—localized oscillators are instead brought close to the feed
oint of the antennas, and electronic oscillations are driven capacitively [49].
oreover, optical antennas can take various unusual forms (tips, nanoparticles,

tc.) and their properties may be strongly shape and material dependent owing to
urface plasmon resonances.

he general problem statement of optical antenna theory is illustrated in Fig. 3.
receiver or transmitter interacts with free optical radiation via an optical an-

enna. The receiver or transmitter is ideally an elemental quantum absorber or
mitter, such as an atom, ion, molecule, quantum dot, or defect center in a solid.
he antenna enhances the interaction between the emitter or absorber and the ra-
iation field. It therefore provides the prospect of controlling the light–matter in-
eraction on the level of a single quantum system. The presence of the antenna
odifies the properties of the receiver/transmitter, such as its transition rates

nd, in the case of a strong interaction, even the energy-level structure. Likewise,
he antenna properties depend on those of the receiver–transmitter, and it be-
omes evident that the two must be regarded as a coupled system. In this section,
e will address these issues and attempt to express them in terms of established

Figure 3

RECEIVER /
TRANSMITTER

ANTENNA

RADIATION

E(r)ro

roblem statement of optical antenna theory. A receiver or transmitter (atom,
on, molecule...) interacts with free optical radiation via an optical antenna.
ntenna terminology.

dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 445
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.1. Local Density of Electromagnetic States
rguably, one of the most important quantities in a discussion of antennas is the

mpedance, defined in circuit theory in terms of source current I and voltage V as
=V / I. This definition assumes that the source is connected to the antenna via a
urrent-carrying transmission line. But optical antennas are typically fed by lo-
alized light emitters, not by real currents. Thus, the definition of antenna input
mpedance needs some adjustments. A viable alternate definition involves the
ocal density of electromagnetic states (LDOS), which can be expressed in terms

f the Green’s function tensor GI and which accounts for the energy dissipation
f a dipole in an arbitrary inhomogeneous environment.

ingle emitters such as atoms and molecules are inherently quantum objects
hat, strictly speaking, demand a quantum mechanical treatment. However, a
wo-level system that mostly resides in the ground state (perturbation limit) can
e represented by a classical dipole [50]. Therefore, we begin the discussion
ith the quantum mechanical description of a two-level atom and then establish

he link to the classical representation.

he total decay rate of a two-level quantum emitter located at ro and weakly
oupled to the antenna can be represented by Fermi’s golden rule as [51]

� =
��

3��o

��g�p̂�e��2�p�ro,�� , �1�

here �g�p̂�e� is the transition dipole moment between the emitter’s excited state
e� and ground state �g�, � is the transition frequency, and �p denotes the partial
ensity of electromagnetic states (LDOS). The latter can be expressed in terms

f the system’s dyadic Green’s function GI as [51,52]

�p�ro,�� =
6�

�c2
�np · Im	GI�ro,ro,��
 · np� , �2�

here np is a unit vector pointing in direction of p. The Green’s function used in
q. (2) is indirectly defined by the electric field E at the observation point r gen-
rated by a dipole p located at ro,

E�r� =
1

�o

�2

c2
GI�r,ro,��p. �3�

otice that the Green’s function in Eq. (2) is evaluated at ro, which is the position
f the emitter itself. This reflects the fact that the decay from the excited state
appens in response to the emitter’s own field.

he total LDOS ��� is obtained by assuming that the quantum emitter has no
referred dipole axis (atom). Averaging Eq. (2) over different dipole orientations
eads to

��ro,�� = ��p�ro,��� =
2�

�c2
Im	Tr�GI�ro,ro,���
 , �4�

here Tr denotes the trace. Thus, the excited state lifetime � =1/�of the quan-

um emitter is determined by the Green’s function GI of the system in which the

mitter is embedded. The LDOS therefore accounts for the presence of the an-

dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 446
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enna and is a measure of its properties. In free space, i.e., in the absence of the
ntenna, we obtain �p=�2 / ��2c3� and �o=�3��g�p̂�e��2 / �3��o�c3�. The obser-
ation that atomic decay rates are dependent on the local environment goes back
o Purcell’s analysis in 1946 [53] and has since been measured for various sys-
ems, such as molecules near interfaces [54] or atoms in cavities [55,56]. The
rigin for the modification of atomic decay rates is the interaction of the atom
ith its own secondary field—the field that arrives back at the atom’s location

fter being scattered in the local environment. This back-action also influences
he energy states and transition frequencies [57,58], but the effect is generally

uch smaller than the modification of transition rates.

.2. Power Dissipation and Antenna Impedance
he Green’s function introduced in the previous section corresponds to the elec-

ric field of a classical dipole oscillating at frequency � [59]. We likewise repre-
ent the quantum emitter by a classical dipole p, a pointlike source current lo-
ated at ro. According to Poynting’s theorem the power dissipated by a time-
armonic system is

P =
1

2
�

V
Re	j* · E
dV , �5�

here V is the source volume, j the current density, and E the electric field. The
urrent density j can be expanded in a Taylor series around some origin ro and to
owest approximation can be written as

j�r� = − i�p	 �r − ro� , �6�

here p is the dipole moment and 	 the Dirac delta function. Insertion into Eq.
5) yields

P =
�

2
Im	p* · E�ro�
 . �7�

he electric field in this expression is the field generated by the dipole and evalu-
ted at the dipole’s origin. Expressing the field in terms of the Green’s function
ccording to Eq. (3), we obtain for the dissipated power

P =
��2

12�o

�p�2�p�ro,�� , �8�

here we used Eq. (2) for �p. Using the known expression for dipole radiation in
ree space, Po= �p�2�4 / �12��oc

3�, we can express the LDOS in terms of the nor-
alized power radiation

�p�ro,�� =
�2

�2c3
P/Po. �9�

he factor �2 / ��2c3� corresponds to the LDOS in free space and is used in the
tandard derivation of blackbody radiation.
omparing Eqs. (1) and (8) we find the interesting result that

dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 447
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P

�
=

�p�2

��g�p̂�e��2
��

4
. �10�

he ratio of power dissipation to the transition rate can be expressed in terms of
he dipole moments. Failing to distinguish between the transition dipole and
lassical dipole leads to the erroneous result P= �� /4���, in which � represents
photon emission rate. However, � is not the photon emission rate, but the tran-

ition rate between the initially excited electronic state �e� and the electronic
round state �f�. The advantage in using the LDOS now becomes clear: it allows
or a safe link between quantum and classical formalisms.

e now return to the circuit-theory definition of the impedance. The antenna re-
istance follows from the dissipated power according to Re	Z
=P/ I2. Since we
ave a driving dipole instead of a physical current, it is more useful to define Z in
erms of the current density, j� i�p, instead of the current, I. Equation (8) thus
ields [60]

Re	Z
 =
�

12�o

�p�ro,�� . �11�

ence, the LDOS can be associated with the antenna resistance Re	Z
. The units
f such a resistance are ohms per area instead of the usual ohms. Notice that Z
epends on both the location ro and the orientation np of the receiving or trans-
itting dipole. As discussed by Greffet et al. [60], the imaginary part of Z ac-

ounts for the energy stored in the near field.

.3. Antenna Efficiency, Directivity, and Gain
he power P in Eq. (8) accounts for the total dissipated power, which is the sum
f radiated power Prad and power dissipated into heat and other channels �Ploss�.
he antenna radiation efficiency �rad is defined as

�rad =
Prad

P
=

Prad

Prad + Ploss

. �12�

hile P is most conveniently determined by calculating the field E at the di-
ole’s position according to Eq. (7), Prad requires the calculation of the energy
ux through a surface enclosing both the dipole and the antenna.

t is useful to distinguish dissipation in the antenna and the transmitter, which is
ot accomplished by Eq. (12). We therefore define the intrinsic quantum yield of
he emitter as


i =
Prad

o

Prad
o + Pintrinsic loss

o
, �13�

here the superscripts o designate the absence of the antenna. With this defini-

ion of 
i we can rewrite Eq. (12) as
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�rad =
Prad/Prad

o

Prad/Prad
o + Pantenna loss/Prad

o + �1 − 
i�/
i

. �14�

or an emitter with 
i=1 (no intrinsic loss) the antenna can only reduce the ef-
ciency. However, for emitters with low 
i we can effectively increase the over-
ll efficiency, which holds promise for the optimization of light emitting devices.

o account for the angular distribution of the radiated power we define the nor-
alized angular power density p�� ,��, or radiation pattern, as

�
0

� �
0

2�

p��,��sin �d�d� = Prad. �15�

he directivity D is a measure of an antenna’s ability to concentrate radiated
ower into a certain direction. It corresponds to the angular power density rela-
ive to a hypothetical isotropic radiator. Formally,

D��,�� =
4�

Prad

p��,�� . �16�

hen the direction �� ,�� is not explicitly stated, one usually refers to the direc-
ion of maximum directivity, i.e., Dmax= �4� /Prad�Max�p�� ,���.

ecause the fields at a large distance from an antenna are transverse, they can be
ritten in terms of two polarization directions, n� and n�. The partial directivi-

ies are then defined as

D���,�� =
4�

Prad

p���,��, D���,�� =
4�

Prad

p���,�� . �17�

ere, p� and p� are the normalized angular powers measured after polarizers
ligned in direction n� and n�, respectively. Because n� ·n�=0, we have

D��,�� = D���,�� + D���,�� . �18�

he influence of an optical antenna on the radiation pattern of a single molecule
as recently studied by van Hulst and co-workers [61–64], and it was shown that

he antenna provides a high level of control for the direction and polarization of
he emitted photons.

he gain G of an antenna follows a definition similar to that of the directivity, but
nstead of normalizing with the radiated power Prad the gain is defined relative to
he total power P, i.e.,

G =
4�

P
p��,�� = �radD . �19�

and G are usually measured in decibels. Since perfectly isotropic radiators do
ot exist in reality, it is often more practical to refer to an antenna of a known
irectional pattern. The relative gain is then defined as the ratio of the power
ain in a given direction to the power gain of a reference antenna in the same
irection. A dipole antenna is the standard choice as a reference because of its
elatively simple radiation pattern. Bouhelier and co-workers recently character-
zed the relative gain of optical antennas made from metal nanoparticle dimers,

sing as a reference the dipolelike radiation from single nanoparticles [65].
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.4. Radiative Enhancement
he reciprocity theorem states that for a closed system (no incoming waves)
ith two separable and finite-sized current distributions j1 and j2, producing the
elds E1 and E2, respectively, the following relationship holds [66]:

�
V

j1 · E2dV = �
V

j2 · E1dV . �20�

ccording to Eq. (6), for two dipoles this equation simplifies to

p1 · E2 = p2 · E1. �21�

e will use this equation to derive a relationship between the excitation rate �exc

f dipole p1 and its radiative rate �rad, following the steps used by Taminiau et al.
67,68].

et us consider the situation depicted in Fig. 4 in which one dipole �p1� repre-
ents a quantum emitter or absorber near an optical antenna and the other dipole
p2� is a dummy dipole representing the location of a point detector. The sepa-
ation between the two dipoles is assumed to be sufficiently large �kR�1� to en-
ure that they interact only via their far fields. Furthermore, the direction of p2 is
hosen to be transverse to the vector connecting the two dipoles.

n the classical picture, we assume that dipole p1 has been induced by the field

2 of dipole p2 according to p1=
J1E2, where 
J1=
1np1
np1

is the polarizability
ensor. Here, np1

is the unit vector in the direction of p1. According to Eq. (7), the
ower absorbed by the particle at r1 is

Pexc = ��/2�Im	p1
* · E2�r1�
 = ��/2�Im	
1
�np1

· E2�r1��2. �22�

e now substitute reciprocity relation (21) in the form p1np1
·E2=p2np2

·E1 and
btain

Pexc = ��/2��p2/p1�2 Im	
1
�np2
· E1�r2��2. �23�

he term �np2
·E1�r2��2 corresponds to the power a photodetector at r2 would

ead if it were placed behind a polarizer oriented in direction np2
.

e now invoke the partial directivities defined in Eqs. (17). In terms of the field
evaluated at r2= �R ,� ,�� the partial directivity D� reads as

Figure 4

R r2

r1
p1

p2antenna

llustration of reciprocity between two point emitters. The excitation rate �exc of

1 is related to its radiative decay rate �rad and its directivity D�� ,��.
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D���,�� = 4�
�n� · E�R,�,���2

�
4�

�E�R,�,���2d�

, �24�

here � is the unit solid angle and n� the unit polar vector. D��� ,��, referring to
adiation polarized in azimuthal direction n�, is expressed similarly.

o proceed, we choose the dipole p2 to point in direction of n�. Equation (23) can
hen be represented as

Pexc,���,�� = ��/2��p2/p1�2 Im	
1

Prad

2��ocR2
D���,�� . �25�

ere, Prad= �1/2��ocR2
4��E�R ,� ,���2d� is the total radiated power. The left-
and side, Pexc,��� ,��, specifies the power absorbed by dipole p1 when it is ex-
ited by the field of dipole p2 located at �R ,� ,�� and oriented in the n� direction.
ecause kR�1, the field exciting dipole p1 and the antenna is essentially a
lane wave polarized in n�.

e now remove the antenna and write an equation similar to Eq. (25). Dividing
he two equations yields

Pexc,���,��

Pexc,�
o ��,��

=
Prad

Prad
o

D���,��

D�
o��,��

, �26�

here the superscript o carries the same meaning as in Eq. (15). Invoking the
roportionality Eq. (10) between power P and transition rate �, we can represent
he above equation as

�exc,���,��

�exc,�
o ��,��

=
�rad

�rad
o

D���,��

D�
o��,��

, �27�

hich states that the enhancement of the excitation rate due to the presence of
he antenna is proportional to the enhancement of the radiative rate, a relation-
hip that has been used qualitatively in various studies [67,69–71]. Note that the
ame analysis can be repeated with n� instead of n�, which corresponds to po-
arization rotated by 90°.

n most experiments, a quantum emitter is excited by focused laser radiation
ather than a polarized plane wave from �� ,��. In this case, the incident field can
e written as an angular spectrum of plane waves and their mutual interferences
ccounted for to arrive at a correct relationship between �exc and �rad.

.5. Antenna Aperture and Absorption Cross Section
he antenna aperture or effective area, A, describes the efficiency with which in-
ident radiation is captured. It corresponds to the area of incident radiation that
nteracts with the antenna and is defined as

A��,�,npol� =
Pexc

I
= �A��,�,npol� , �28�

here Pexc denotes the power that excites the receiver and I is the intensity of

adiation incident from �� ,�� and polarized in direction npol. If the direction or
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olarization is not specified, one usually refers to that which yields the maxi-
um aperture. Formally, A is equivalent to the absorption (or excitation) cross

ection �A.

n the absence of the antenna, the absorption cross section of a two-level system
as a theoretical limit of �o=3�2 / �2�� [72]. Typical values for dye molecules or
uantum dots are of the order of �o�1 nm2. Thus, a planar array of molecules
ith nearest neighbor distances of �1 nm would interact with all of the incident

adiation.

he antenna increases the optical energy density that falls on a target and
hereby increases its efficiency. For example, the overall efficiency of a photode-
ector can be improved when coupled to an optical antenna [73]. For a detector
mall compared with the wavelength � the received power is calculated accord-
ng to Eqs. (7) and (22) as

Pexc = ��/2�Im	

�np · E�2. �29�

ere, np is the unit vector in the direction of the absorption dipole p, and E is the
eld at the location of the detector. If we denote the field at the target in the ab-
ence of the antenna as Eo, we can represent the absorption cross section (an-
enna aperture) as

� = �o�np · E�2/�np · Eo�2. �30�

ere, �o is the absorption cross section in the absence of the antenna and E is the
eld at the target in presence of the antenna. Note that both � and �o depend on

he direction of incidence �� ,�� and the polarization direction npol. According to
q. (30) the enhancement of the absorption cross section, and aperture, corre-
ponds to the local intensity enhancement factor.

everal studies have demonstrated that intensity enhancements of 104 . . .106 are
easible [37,74,75]. Using these values as working numbers we find that by use
f optical antennas the areal density of discrete absorbers can be reduced by 4–6
rders of magnitude without sacrificing any loss of absorption. For example, a
lanar solar cell consisting of an array of antenna-coupled molecules or quan-
um dots spaced by 100 nm to 1 µm would interact with all of the incident radia-
ion.

.6. Example: Nanoparticle Antenna
et us consider a spherical nanoparticle as a simple example of an optical an-

enna [23,24,71,76,77]. The nanoparticle geometry allows straightforward ana-
ytical solutions [71]. The experimental situation along with the theoretical

odel is shown in Fig. 5. For simplicity, we assume that the dipole p of the mol-
cule is pointing toward the nanoparticle in direction nz and that the incident
eld Eo is parallel to p. Furthermore, we assume that the intrinsic quantum yield
f the molecule is unity, i.e., that the molecule radiates all the power that is sup-
lied to it. The polarizability of the nanoparticle is approximated by its isotropic,
uasi-static limit by 
=4��oa

3������−1� / �����+2��, with a being the particle
adius and � the particle’s relative dielectric permittivity. The resonance condi-
ion arising from the denominator of this expression �Re 	�
=−2� is the well-
nown localized surface plasmon resonance for a sphere [51]. Similar resonance
onditions are calculated for nanoparticle antennas with other shapes (e.g., el-

ipsoids).
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o first order, the field at the molecule’s origin due to the incident field Eo is

E = �IJ+
k2

�o


���GI�ro,rp,���Eo = �1 + 2
̃���
a3

�a + z�3�Eo, �31�

here k=� /c, 
p= 
̃p4��oa
3, IJ is the unit tensor, and z is the separation between

he molecule and the particle’s surface. Notice that in the dipole limit �a��� 
̃p

epends only on the shape of the nanoparticle antenna and not on its size. We

etain only the near-field term of the free-space Green’s function GI and assume
hat retardation can be neglected. Similarly, the dipole induced in the nanopar-
icle due to the radiating molecule is

pp =
k2

�o


p���GI�rp,ro,��p = 2
̃p���
a3

�a + z�3
p . �32�

sing Eqs. (31) and (32) we can derive various antenna parameters for the nano-
article antenna.

. Received Power. According to Eqs. (7), (22), and (31) the normalized total
ower absorbed by the molecule is

Pexc

Pexc
o

=
�exc

�exc
o

= �1 + 2
̃p���
a3

�a + z�3�2

, �33�

here we have used the proportionality between P and � according to Eq. (10).
o and �o are calculated in the absence of the nanoparticle antenna.

. Radiated Power. For a particle much smaller than the wavelength of radiation
e can neglect the power radiated by higher-order multipoles. Therefore, the to-

al power radiated by the molecule in presence of the antenna is proportional to
he absolute square of the total dipole p+pp. Using Eq. (32) we find

Prad

Prad
o

=
�rad

�rad
o

=
�p + pp�2

�p�2
= �1 + 2
̃p���

a3

�a + z�3�2

, �34�

Figure 5

200nm

(a)

ro

2a

rp

(b)

p

z

ω1 ω2

a) An optical antenna in the form of a gold or silver nanoparticle attached to the
nd of a pointed glass tip is interacting with a single molecule. The inset shows
n scanning electron microscope image of a 80 nm gold particle attached to a
lass tip. (b) Theoretical model.
hich is identical to the normalized excitation rate in Eq. (33).
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. Directivity. In the absence of the antenna the directivity of the molecule is de-
ned by the dipole radiation pattern Do=D�

o= �3/2�sin2 �. The nanoparticle an-
enna does not change the directivity because the induced dipole moment pp

oints in the same direction as the molecular dipole, and because the two dipoles
re closely spaced. Therefore,

D��,�� = D���,�� = �3/2�sin2 � . �35�

ecause the directivities D� and D�
o are identical, Eq. (27) implies that the nor-

alized excitation rate is the same as the normalized radiative rate, which also
ollows from Eqs. (33) and (34). The situation would be more complicated if we
onsidered a dipole p oriented at an angle to the z axis or an incident wave com-
ng in from a different direction.

. Efficiency. To calculate the radiation efficiency �rad we need to determine the
ower absorbed in the nanoparticle antenna. For small distances between mol-
cule and particle the curvature of the particle’s surface can be neglected and the
nvironment as seen by the molecule is a plane interface [78,32,79]. From elec-
rostatic image theory [51] the normalized absorbed power of a vertical dipole
ear a half-space with dielectric constant ���� is [71]

Ploss

Prad
o

=
3

4
Im����� − 1

���� + 1
� 1

�kz�3
. �36�

he resonance of the above expression is worth noting: losses incurred by the
adiating dipole correspond to the excitation of surface plasmons along the pla-
ar surface given by the familiar condition Re	�
=−1. Unlike the dipolar local-
zed surface plasmon resonance, this resonance is nonradiative, and the ab-
orbed energy is ultimately lost as heat. Higher-order correction terms to Eq.
36) can be derived as outlined in the literature [32,80]. Combining Eqs. (34)
nd (36), the radiation efficiency �rad can be calculated for different intrinsic
uantum yields 
i. Figure 6 shows �rad for a molecule with different 
i as a func-
ion of separation z from a 80 nm gold particle. Evidently, the lower 
i, the more
he antenna increases the overall efficiency, an effect that was observed in 1983
y Wokaun et al. [81]. However, the distance between molecule and antenna is
ery critical. For too large distances there is no interaction between molecule
nd antenna, and for too small distances all the energy is dissipated into heat.
uch higher enhancements of the efficiency can be achieved with optimized an-

enna designs.

. LDOS. According to Eq. (9) the local density of states is related to the total
ower P dissipated by a point emitter. Because P=Ploss+Prad we find

�z�z� =
�2

�2c3��1 + 2����� − 1

���� + 2
� a3

�a + z�3�2

+
3

4
Im����� − 1

���� + 1
� 1

�kz�3� .

�37�

he first term within the brackets denotes the interference between its directly
adiated field and the dipole’s field scattered by the particle, while the second
erm corresponds to the power dissipated into heat. The impedance Z follows di-
ectly from the LDOS according to Eq. (11).

. Aperture. The intensity incident on the antenna–molecule system is I
2
�1/2��oc�Eo� . Using the result in Eq. (33) and the expression for the received

dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 454



p

H
o

T
i
o
t

3
M
p
i
o
s
n
r
a
p
t
w

R
a
t
m

A

ower in absence of the antenna, Pexc
o = �� /2�Im	

�Eo�2, we find

� =
k

�o

Im	
���
�1 + 2����� − 1

���� + 2
� a3

�a + z�3�2

. �38�

ere, �k /�o�Im	

 corresponds to the molecule’s cross section �o in the absence
f the antenna.

he nanoparticle serves as a model antenna, and its predictions have been tested
n recent experiments [23,24,71,76,77]. Because the antenna parameters depend
n the properties of the environment they can be used as local probes in spec-
roscopy and microscopy [76].

.7. Wavelength Scaling
etals at radio frequencies have very large conductivities and are thus almost

erfect reflectors. The depth that fields penetrate into them, called the skin depth,
s negligible compared with any relevant length scale of the antenna. However, at
ptical frequencies electrons in metals have considerable inertia and cannot re-
pond instantaneously. The skin depth is consequently of the order of tens of na-
ometers, comparable with the dimensions of the antenna. Traditional design
ules that prescribe antenna parameters only in terms of an external wavelength
re thus no longer valid. Rigorously treating the metal as a strongly coupled
lasma is required, which leads to a reduced effective wavelength seen by the an-
enna [82]. This effective wavelength �eff is related to the external (incident)

Figure 6
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ad

adiation efficiency �rad as a function of separation between a gold nanoparticle
ntenna and a molecule with different quantum efficiencies 
i. The lower 
i is,
he higher the radiation enhancement can be. The curves are scaled to the same
aximum value.
avelength � by the surprisingly simple relation
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�eff = n1 + n2� �

�p
� , �39�

here �p is the plasma wavelength of the metal and n1 and n2 are constants that
epend on the geometry and dielectric parameters of the antenna. �eff is roughly
factor of 2–6 shorter than the free space � for typical metals (gold, silver, alu-
inum) and realistic antenna thicknesses [82,83].

he notion of an effective wavelength can be used to extend familiar design
deas and rules into the optical frequency regime. For example, the optical ana-
og of the � /2 dipole antenna becomes a thin metal rod of length �eff /2. Since

eff for a gold rod of radius 5 nm is roughly � /5.3 [see Fig. 7(c)], this means that
he length of a � /2 dipole antenna is surprisingly small, about � /10.6. One can
imilarly construct antenna arrays like the well-established Yagi–Uda antenna
eveloped in the 1920s for the UHF–VHF region [67,82].

igure 7(a) shows the intensity distribution near a half-wave antenna of length
=110 nm and radius R=5 nm resonantly excited at �=1170 nm. The effective
avelength is �eff=220 nm. The induced current density j=−i��o�����−1�E

valuated along the axis of the antenna is shown in Fig. 7(a). The current density
an be accurately approximated by j�cos�z� / �L+2R��. The current is nearly
80° out of phase with respect to the exciting field.

he wavelength shortening from � to �eff has interesting implications. For ex-
mple, it implies that the radiation resistance of an optical half-wave antenna is
f the order of just a few ohms [82,84,85]. To see this, we note that the radiation
esistance of a thin-wire antenna is roughly Rrad=30�2�L /��2, with L being the
ntenna length. For a half-wave antenna at RFs L=� /2 and Rrad�73 �.

Figure 7
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owever, for an optical half-wave antenna, L=�eff /2 , and hence Rrad

�30/4��2��eff /��2. In other words, the radiation resistance at optical frequen-
ies is a factor of ��eff /��2 smaller than at RFs. For �eff=� /5 we find Rrad=3 �.

nterestingly, while the radiation resistance Rrad at optical frequencies is a factor
�eff /��2 smaller than at RFs, the loss resistance Rloss is only a factor ��eff /��
maller. This follows from Ploss=VI=RlossI

2, with V=E /L and I���o Im	�
E.
sing L=�eff /2 we obtain Rloss���eff / Im	�
. At RFs �eff=�, and therefore the

oss resistance is a factor ��eff /�� smaller at optical frequencies than at RFs. For
etals with no loss �Im	�
→0� the resistance tends to infinity, implying that no

urrent can flow for a given field E.

.8. Influencing the Light–Matter Interaction
n the discussion so far we have assumed that the antenna does not influence the
ntrinsic properties of the emitter or transmitter. Modifications of the transition
ates occurred because of a change in the LDOS and not because of a change in
olecular polarizability 
. However, the highly localized fields near the antenna

pen up new interaction mechanisms between light and matter, such as higher-
rder multipole transitions or momentum-forbidden transitions. These interac-
ions are inaccessible in free space and have the potential to enrich optical spec-
roscopy and provide new strategies for optical sensing and detection.

n free space, the momentum of a photon with energy E=�� is pph=�� /c. On
he other hand, the momentum of an unbound electron with the same energy is

e= �2m*���1/2, which is a factor of �2m*c2 / �����1/2�102 . . .103 larger than the
hoton momentum. Therefore, the photon momentum can be neglected in elec-
ronic transitions; i.e., optically excited transitions are vertical in an electronic
and diagram. However, near optical antennas the photon momentum is no
onger defined by its free space value. Instead, the localized optical fields are as-
ociated with a broad momentum distribution whose bandwidth pph=�� /� is
iven by the spatial confinement �, which can be as small as 1–10 nm. Thus, in
he optical near field the photon momentum can be increased by a factor of
/��100, which brings it into the range of the electron momentum, especially

n materials with small effective mass m*. Hence, localized optical fields can
ive rise to diagonal transitions in an electronic band diagram, thereby increas-
ng the overall absorption strength represented by Im	

, which is useful for de-
ices such as silicon solar cells (see Subsection 4.2). The increase of photon mo-
entum in optical near fields has been discussed in the context of photoelectron

mission [86] and photoluminescence (PL)[87].

he strong field confinement near optical antennas also has implications for se-
ection rules in atomic or molecular systems. The light–matter interaction in-

olves matrix elements of the form �f�p̂ · Â�i�, with p̂ and Â being the momentum
nd the field operators, respectively. As long as the quantum wave functions of

tates �i� and �f� are much smaller than the spatial extent over which Â varies, it is

egitimate to pull Â out of the matrix element. The remaining expression �f�p̂�i�
s what defines the dipole approximation and leads to standard dipole selection
ules. However, the localized fields near optical antennas give rise to spatial

ariations of Â of a few nanometers, and hence it may no longer be legitimate to
nvoke the dipole approximation. This is especially the case in semiconductor

anostructures where the low effective mass gives rise to quantum orbitals with
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arge spatial extent. In situations where the field confinement becomes compa-
able with quantum confinement it is possible to expand the light–matter inter-
ction in a multipole series. Theoretical studies have shown that higher-order
ultipoles have different selection rules [88,89]. Additional transition channels

re opened up in near-field interactions, which can be exploited for boosting the
ensitivity of photodetection. Once the field confinement becomes stronger than
he quantum confinement the multipole series no longer converges, and transi-
ion rates are solely defined by the local overlap of ground state and excited state
ave functions. In this limit, an optical antenna can be used to spatially map out

he quantum wave functions, providing direct optical images of atomic orbitals.
owever, this would require antennas with field confinements of better than
nm.

.9. Nonlinear Antenna Behavior
oday, most optical antenna designs are based on the optical properties of met-
ls. In the linear regime the behavior is well described by a free electron gas. Ad-
itional interband transitions give rise to the characteristic color of a metal. Non-
ocal effects come into play when the size of the structures becomes comparable
ith the electron mean free path [90–93], such as close to corners, tips, and gaps.

nterestingly, metals also have a very strong nonlinear response. For example,
he third-order nonlinear susceptibility of gold ���3��1 nm2/V2� is more than 3
rders of magnitude larger than the susceptibility of the most nonlinear optical
rystals, such as lithium niobate �LiNbO3� [94–96]. Laser systems employ non-
inear crystals instead of noble metals for frequency conversion because they are
ransparent, enabling them to be placed in a beam line, and because they allow
hase matching—the coherent addition of the nonlinear response on propaga-
ion through a periodic crystal. For phase matching to occur the crystal needs to
e many wavelengths in size. In plasmonics, one is usually more concerned with
ocal nonlinear signals, and without the constraints associated with lasers, ex-
loiting the nonlinearities of noble metal antenna structures may be favorable.
onlinear plasmonics is a largely unexplored territory and only a few nonlinear

nteractions in noble metal nanostructures have been studied so far, including
econd-harmonic generation [97,98], third-harmonic generation [99], two-
hoton excited luminescence (TPL) [87,100–102], and four-wave mixing
103,104]. Figure 8 shows the spectrum of photons emitted from a pair of gold
anoparticles in touching contact irradiated with laser pulses of wavelength �1

810 nm and �2=1210 nm. The discrete peaks correspond to coherent nonlin-
ar processes, whereas the broad continuum is associated with TPL. The inten-
ity drop toward the red ��em�570 nm� is due to the optical filters used to sup-
ress the excitation lasers.

he high optical nonlinearities of metals bring many opportunities for nanoscale
hotonic devices. For example, the intensity of optical four-wave mixing in a
old nanoparticle junction spans 4 orders of magnitude with a gap variation of
nly 2 nm [103] (see Fig. 9). Optical four-wave mixing uses two incident laser
eams with frequencies �1 and �2 to produce radiation at frequency �4WM

2�1−�2. Figure 9(b) demonstrates that a pair of gold nanoparticles can be
sed as a spatially and temporally controllable photon source. The ability to gen-
rate local frequency conversion with high efficiency makes it possible to ex-
loit frequency-selective interactions across the entire visible and IR spectrum

hile requiring only a single frequency excitation. Frequency-converted fields
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an be used to interact with nanoscale systems like single quantum dots, mol-
cules, or ions. The challenge for optical antenna design is that the structures
eed to be resonant simultaneously at multiple wavelengths—the wavelengths
f incoming radiation and the wavelengths of outgoing radiation. Nonlinear op-
ical antennas hold promise for frequency conversion on a single-photon level
nd for single-photon transistors [106]: devices that employ the energy of a
ingle photon to switch between states.

.10. Characterization of Optical Antennas
he nanoscale dimensions of optical antennas bring with them associated char-
cterization challenges. Resonant light scattering is a popular technique both

Figure 9
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heoretically and experimentally for studying size- and shape-related optical
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esonances in antenna structures [107–111]. Linear antenna structures, such as
anorods or nanostrips, are strongly analogous to Fabry–Perot resonators
112–114] and can support higher-order resonances in addition to the funda-
ental dipole mode [115,116]. A direct visualization of field distributions

round antennas using near-field scanning microscopy has been demonstrated in
he mid-IR for micrometer-sized structures [117,118], but the absence of ultra-
mall probes capable of resolving details of the order of a nanometer currently
mpedes the extension of this technique to antennas for the visible. The only
echnique that currently approaches such level of detail is electron energy loss
pectroscopy, which utilizes a tightly focused electron beam to probe the LDOS
irectly. This nonoptical technique has been used to map energy-resolved plas-
on eigenmodes on single nanoparticles [119,120].

n alternative characterization modality uses the nonlinear responses of anten-
as mentioned in Subsection 3.9. TPL is a second-order process especially
uited for mapping out intensity hot spots in antennas generating a high degree
f field localization, such as the bowtie [121,122], half-wave [102], or gap an-
ennas [123,102]. Figure 10 shows field intensities in antenna test structures re-
ealed by far-field TPL measurements using femtosecond laser excitation. As
xpected, the strongest enhancements arise in the gap region when the incoming
ight is polarized along the length of the antenna. To increase the spatial reso-
ution in TPL imaging, Bouhelier et al. employed a sharp tip to locally scatter the
PL signal generated by the antenna under study [100]. The tip is raster scanned
ver the laser-irradiated antenna in close proximity, and the TPL intensity is
easured as a function of the tip’s scan coordinates. In order not to perturb the

ntenna’s behavior, care must be taken to avoid any strong interaction between
he local scatterer and the antenna under study.

s an aside, one must note the difference in the role of the feed gap between the
adio and optical regimes. The feed gap in a radio antenna is typically impedance
atched to a generator (source) and is not a point of high localized energy den-

ity. This matching ensures that the two antenna segments do not feel a gap or
iscontinuity between them. The gap in an optical gap antenna, in contrast, is a

Figure 10
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wo-photon excited luminescence as a tool to characterize field intensity distri-
utions in optical antennas. (a) Resonantly excited linear nanostrip antenna
howing field enhancement at the ends. (b) TPL from a gap antenna, indicating a
trong field enhancement in the gap for incoming light polarized along the long
xis. Reprinted with permission from [102]. © 2008 American Physical Society.
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egion of high local field intensity and dictates the antenna’s overall optical re-
ponse. It is a high impedance point due to the large LDOS (see Subsection 3.2),
nd the efforts over the years to engineer the gap for strongest field enhancement
re a direct consequence. The mismatched gap can even be turned into an advan-
age as it provides a means to tune antenna properties, e.g., by loading the gap
ith various nanoloads [85,124,125]. Such a tuning may enable one to go be-
ond simple field enhancement and might lead to truly impedance-matched en-
rgy transfer between a localized source and the antenna.

. Applications of Optical Antennas

esearch in the field of optical antennas is currently driven by the need for high
eld enhancement, strong field localization, and large absorption cross sections.
his includes antennas for high-resolution microscopy and spectroscopy, photo-
oltaics, light emission, and coherent control. In one way or another, optical an-
ennas are used to make processes more efficient or to increase the specificity of
athered information. In this section, we review recent advances, highlight ap-
lication areas, and discuss future developments in the field of optical antennas.

.1. Antennas for Nanoscale Imaging and Spectroscopy
he hallmark of optical antennas, their ability to influence light on the nano-
eter scale, leads naturally to nanoimaging applications. In the context of nano-

cale imaging, an optical antenna represents a near-field optical probe used to
nteract locally with an unknown sample surface. To acquire a near-field optical
mage, the optical antenna is guided over the sample surface in close proximity
nd an optical response (scattering, fluorescence, antenna detuning) is detected
or each image pixel. In general, a near-field image recorded in this way renders
he spatial distribution of the antenna–sample interaction strength, and not the
roperties of the sample. It is possible, however, to write the interaction between
ntenna and sample as a series of interaction orders [126], and in many cases it is
egitimate to retain only a single dominant term. For example, in scattering-
ased near-field microscopy, the antenna acts as a local perturbation that scatters
way the field near the sample surface. Therefore, the antenna–sample interac-
ion can be largely neglected. At the other extreme, in tip-enhanced near-field
ptical microscopy, the sample interacts predominantly with the locally en-
anced antenna field, and the external irradiation can be largely ignored. In this
egime the optical antenna acts as a nanoscale flashlight [127] that can be used to
erform local spectroscopy.

here is a considerable body of literature on microscopy and spectroscopy
ided by antennas, which has been covered in several recent reviews
59,51,82,128–131]. Our goal below is not to provide a comprehensive review of
he field, but rather to convey the basic concepts with some examples.

.1a. Scattering-Based Microscopy

he optical field near an irradiated sample consists of both propagating and eva-
escent field components. The inability of the imaging apparatus to collect the
vanescent fields results in the resolution limit. The basic idea behind scattering

ased near-field microscopy is to locally convert the evanescent fields into

dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 461



p
f
d
S
p
i
t
m
b
q
t
p

I
a
t
s
T
d
p
f
v
c
i
n
T
d
t

4

A
h

M
(
n
n
o
(
S

A

ropagating radiation by use of a scattering probe. The first experiments per-
ormed in the early 1990s used sharp metal tips [132,133], although semicon-
ucting atomic force microscopy tips have since become the prevalent choice.
amples that couple strongly with the illuminating laser radiation (e.g., due to
lasmon or phonon resonances) are best suited for scattering microscopy stud-
es. As a consequence, most studies to date have investigated metallic nanostruc-
ures excited in the visible or near-IR [134,135] and semiconductors in the
id-IR [136]. Driven by the need for efficient signal extraction from a large

ackground, Knoll and Keilmann proposed modulating the tip vertically (at fre-
uency �) and demodulating the signal at higher harmonics �n�� [137]. This
echnique was later combined with a heterodyne scheme to extract optical am-
litude and phase information of the scattered light [138,139].

n most scattering-based approaches it is assumed that the incident light inter-
cts more strongly with the sample surface than with the local probe. Therefore,
he resulting images reflect primarily the properties of the sample. However, the
ample properties always act back on the local probe and influence its properties.
his back-action has been recently studied in an elegant experiment by San-
oghdar and co-workers using a local probe in the form of a single gold nano-
article [76]. The properties of this nanoparticle antenna, such as its resonance
requency and scattering strength, were found to be dependent on the local en-
ironment defined by the sample properties. Therefore, the antenna detuning be-
omes a local probe for the properties of the sample. An example of these studies
s shown in Fig. 11, which renders a spatial map of the width of the antenna reso-
ance recorded while scanning the nanoparticle antenna over a test structure.
he nanoparticle antenna has also been recently used by Eng and co-workers to
emonstrate scattering microscopy in the mid-IR using an 80 nm gold nanopar-
icle [140].

.1b. Spectroscopy Based on Local Field Enhancement

n effective antenna interacts strongly with incoming radiation and leads to a
igh degree of field localization. The localized fields have been used in several

Figure 11
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icroscopy using environment-induced spectral changes of an optical antenna.
a) Schematic of the experiment. A white light source illuminates a 100 nm gold
anoparticle antenna from the side. (b) A spatial map of the width of the anten-
a’s plasmon resonance recorded by raster scanning the nanoparticle antenna
ver a sample consisting of a circular hole in a layer of 8 nm thick chromium
see inset). Adapted with permission from [76]. © 2005 American Physical
ociety.
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ecent experiments as excitation sources for local spectroscopy, such as fluores-
ence, IR absorption, and Raman scattering.

aser-excited fluorescence is a widely used analytical tool because fluorescence
an be significantly redshifted from excitation (Stokes shift), rendering the sig-
al essentially background free. Even though fluorescence does not typically re-
eal molecular information, and neither are fluorescent dyes particularly long-
ived (photobleaching), it offers single-molecule sensitivity even without any
ntennas [141] because of the large absorption cross sections of fluorescent dyes
�10−15 cm2�. The fluorescence rate �fl from a single emitter is determined by
he excitation rate �exc and the intrinsic quantum yield 
i of the emitter. 
i is de-
ned analogously to Eq. (13) as �rad

o / ��rad
o +�nr

o �, where �rad
o and �nr

o are the in-
rinsic radiative and nonradiative relaxation rates, respectively. In the absence of
he antenna and far from saturation (weak excitation) the fluorescence rate is
iven by

�fl = �exc
o · 
i = �exc

�rad
o

�rad
o + �nr

o
. �40�

he antenna typically leads to an increase in �exc due to local field enhancement
nd the associated increase of the LDOS. By reciprocity [cf. Eq. (27)], an in-
rease in �exc is accompanied by an increase of �rad [24,53,142,143]. However,
he presence of the antenna also increases �nr because of nonradiative energy
ransfer from the excited molecule to the antenna [144–146]. Good emitters have

i�1, which cannot be further increased by an optical antenna. Therefore, an
ntenna-induced increase in fluorescence is basically a result of an increase in

exc. On the other hand, for poor emitters with 
i�1 (i.e., �nr
o ��rad

o ), the an-
enna can end up enhancing both the excitation rate and the efficiency (see Fig.
), leading to much higher net fluorescence enhancements than those for good
mitters [81,147].

artschuh et al. studied PL from single-walled carbon nanotubes and reported
L enhancements of around 100, using sharp gold tips [148–150] (Fig. 12).
uch high enhancements are consistent with the low intrinsic PL quantum yield
f �10−3 experimentally observed for single-walled carbon nanotubes, which is
result of large intrinsic �nr [151]. Tam et al. used single silica-gold core-shell
articles (nanoshells) for plasmonic fluorescence enhancement of adsorbed
olecules with low 
i in the near-IR [152]. Silicon quantum dots, which also

ave a low intrinsic quantum yield, have been studied by the groups of Atwater
nd Polman, and the luminescence was shown to increase close to patterned sil-
er islands [153,154].

he key to having efficient antennas for fluorescence enhancement is to mini-
ize nonradiative losses in the metal (quenching). Extended structures, such as

harp metal tips, allow relaxation of an excited emitter into propagating surface
lasmons along the tip and therefore lead to high losses [155]. Confined nano-
tructures such as noble metal nanoparticles strike a balance between strong
eld enhancement and low absorption and are thus ideal for fluorescence appli-
ations. Enhancements of up to 20 have been reported by using gold and silver
anoparticles on single fluorophores [24,23,77]. Spectral dependence of �exc

nd �nr has been investigated to clarify the role of surface plasmon resonance in
anoparticle antennas [71,156,157]. Biological moieties with sizes comparable

ith the size of the antenna are of particular interest in fluorescence imaging
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158], and single proteins have recently been visualized in physiological condi-
ions by using a single gold nanoparticle [159,160].

top-down alternative to using colloidal nanoparticles is to fabricate a
rounded monopole antenna by focused ion-beam milling on top of a small na-
ometric aperture [61] (see Fig. 13) This approach has the advantage of reducing
he background confocal excitation that plagues other techniques. A closely re-

Figure 12
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L from carbon nanotubes enhanced with gold tips. (a) Sample topography con-
isting of a DNA-wrapped nanotube on mica. (b) Corresponding PL image
ormed by integrating the signal from 850 to 1050 nm (laser excitation is at
33 nm). (c) Variations of the peak emission frequency due to DNA wrapping.
eprinted with permission from [150]. © 2008 American Chemical Society.

Figure 13
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(a) (b)

ingle-molecule fluorescence imaging using a � /4 monopole antenna fabricated
n the end face of an aperture-type near-field probe. (a) Electron micrographs
howing monopoles of different lengths, resonant at correspondingly different
avelengths. From [61]. (b) Spatial fluorescence map of randomly oriented

ingle molecules. The emitted polarization is color coded: red, horizontal; green,
ertical; yellow, unpolarized. Scale bar, 1 µm. Adapted from [62] by permission
rom Macmillan Publishers Ltd., Nature Photonics, © 2008.
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ated technique pioneered by Guckenberger and collaborators makes use of a
harp metal tip grown on an aperture to give a so-called tip-on-aperture probe
161]. Using a tip-on-aperture probe, these researchers demonstrated a spatial
esolution of 10 nm while imaging dye-labeled DNA strands [162].

n contrast to fluorescence, the vibrational spectra provided by Raman scattering
efine a unique chemical fingerprint for the material under study. However, Ra-
an scattering cross sections are 10–15 orders of magnitude smaller than typical
uorescence cross sections of dye molecules. Therefore, the effect is generally

oo weak to detect, and to achieve single molecule sensitivity it is necessary to
nvoke enhancement mechanisms such as resonance enhancement or field en-
ancement. Raman scattering involves the absorption and emission of photons
lmost identical in energy, and a nearby antenna can amplify both the incoming
eld and the outgoing field. The total Raman scattering enhancement is there-
ore proportional to the fourth power of the field enhancement [163]. Recent
tudies of SERS revealed that junctions in colloidal nanoparticle clusters can
ave extremely high field enhancements ��103�, leading to Raman enhance-
ents as high as 1014, sufficient even to detect a single molecule [164–166]. In

ddition to field enhancement, a chemical contribution to SERS is well known
167], and well-characterized antennas can be useful in separating chemical and
lectromagnetic contributions in the Raman enhancement mechanism [168].

lthough nanoparticle aggregates offer the highest field enhancements, getting
he molecules controllably and reproducibly into the hot spot regions is a major
hallenge. A more flexible and controlled, albeit less efficient, approach is to use
ptical antennas such as metal tips for point-by-point Raman spectroscopy, simi-
ar to the original idea of Wessel [22]. This technique is commonly referred to as
ip-enhanced Raman scattering (TERS) [129,169,170]. Raman enhancements

Figure 14
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ip-enhanced Raman spectroscopy of a single-walled carbon nanotube. (a) To-
ographic image. The scale bar denotes 200 nm. (b) Near-field Raman spectra
ecorded at the locations marked in (a). The radial breathing mode frequency
hanges from 251 to 191 cm−1, revealing a structural transition (inset) from a
emiconducting (10, 3) tube to a metallic (12, 6) tube. Reprinted with permis-
ion from [172]. © 2007 American Chemical Society.
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chieved with tips are typically in the range of 104−108, corresponding to field
nhancements of 10–100. Hartschuh, Anderson and co-workers have used TERS
o extensively study structural and electronic properties of carbon nanotubes
171,172]. As an example, Fig. 14 shows an intramolecular junction in a carbon
anotube revealed by TERS. Deckert and co-workers applied TERS to the study
f biologically relevant samples such as DNA components and bacteria
173,174]. Very recently, Steidtner and Pettinger have shown evidence for
ingle-molecule detection using a combination of TERS and scanning tunneling
icroscopy [175], furthering previous work done in the groups of Raschke [176]

nd Zenobi [177].

.2. Antennas for Photovoltaics
n RF or microwave receiver antenna typically generates an alternating current

n a transmission line. It is straightforward to rectify this current and produce a
irect current output. In fact, the basic self-powered crystal radio receiver is
ased on this idea. The name rectennas, short for “rectifying antennas,” was
oined in the 1960s when a project sponsored by the Department of Defense led
o the development of a helicopter whose rotor was powered by onboard rectifi-
ation of outside microwave radiation [178]. The first suggestion to use recten-
as for harvesting solar energy came from Bailey in 1972 [179], and Marks sub-
equently filed several patents describing possible implementations of optical
ntenna arrays coupled to metal-insulator-metal rectifying diodes [180–182].
hile conversion efficiencies greater than 50% have been achieved at 10 GHz,

ven a proof-of-principle demonstration of single-digit efficiencies in the IR or
isible regime remains a formidable task [183]. This is primarily because of
hallenges associated with reliable nanofabrication of antenna arrays coupled to
ltrafast diodes capable of optical frequency rectification, and not due to any
undamental physical limitations. It is conceivable that inexpensive and efficient
olar rectennas will become a reality in the future by using bottom-up ap-
roaches combined with greater control over materials processing, or by em-
loying novel materials such as carbon nanotubes [84,184].

he traditional approach to photovoltaics is to use light for generating charge
arriers in a semiconductor. The spatial separation of the charge carriers defines
current in an external circuit. For maximum efficiency it is important to absorb
ost of the incoming radiation, necessitating a minimum material thickness,
hich forms the primary cost determinant. There are at least three distinct ways

n which nanoparticle antennas can interact with a photoactive substrate when
laced in close proximity to it, as illustrated in Fig. 15. Plasmonic nanoparticles
ave large optical cross sections and can efficiently collect and scatter photons
nto the far field, some of which may become coupled into in-plane waveguide
odes in the photoactive material [186,187]. This leads first to an increased ef-

ective optical path length and greater photon absorption probability. Second,
he spatially localized high-momentum near-field photons created in the imme-
iate vicinity of an optical antenna can directly excite electron–hole pairs in an
ndirect gap semiconductor (like silicon) even without phonon assistance [188],
hereby increasing light absorption per unit thickness. Last, there is the possibil-
ty of direct charge-carrier injection from the nanoparticle into the semiconduc-
or.

aking use of the first two effects, Stuart and Hall were the first to show in-

reased absorption using metal nanoparticles in a 165 nm thick silicon-on-

dvances in Optics and Photonics 1, 438–483 (2009) doi:10.1364/AOP.1.000438 466



i
s
t
a
t
g
l
s
l
f
o
[
n
m
t
h
w
d

A
G
i
s
t
g
i
w
f
t
f
T
m
p
b
t

S
s
l
i

A

nsulator material [186]. More recently, Pillai et al. demonstrated 16-fold ab-
orption enhancement at �=1050 nm by depositing �100 nm silver particles on
hin film silicon-on-insulator cells [189], while Atwater and co-workers also saw
n improvement in the performance of GaAs thin film solar cells by decorating
hem with silver nanoparticles [190]. Lim et al. explored the effect of spherical
old nanoparticles on optically thick silicon and found a positive effect most
ikely due to increased waveguiding [191]. Hägglund et al. investigated thick
ilicon further by using gold nanodisks and highlighted the problem of increased
osses at the plasmon resonance wavelength, which can more than compensate
or an increase of absorption in silicon [192]. Improvements in the performance
f organic solar cells [193,194] and InP/ InGasAsP quantum-well solar cells
195] have also been reported recently. In all of these examples, the inclusion of
anoparticles in the solar cell structure leads to a reduction in the absorption-
andated thickness requirement for the photoconductive material. A reduced

hickness is favorable, especially for organic semiconductors, since it allows a
igher fraction of photogenerated carriers to reach the outer world (electrodes)
ithout being lost to undesirable recombination events. A good review of recent
evelopments is given by Catchpole and Polman [196].

nother attractive class of photovoltaic cells is the dye-sensitized solar cell or
rätzel cell [197]. These cells employ extremely fast charge injection from a dye

nto the conduction band of a large bandgap semiconductor, typically TiO2, in-
tead of the usual approach of generating electron–hole pairs in the semiconduc-
or directly. Early attempts at incorporating metal nanostructures in Grätzel cells
ave mixed results [198,199]. Hägglund et al. [200] systematically explored this
ssue by sensitizing a model dye-sensitized solar cell system of flat TiO2 film
ith nanofabricated gold ellipsoids, as shown in Fig. 16. They found evidence

or plasmonically enhanced charge generation rate from the dye, which was at-
ributed to a combination of near-field and far-field effects [200]. Adopting a dif-
erent approach and improving on initial experiments by Kozuka et al. [201],
ian and Tatsuma have replaced the dye completely by gold nanoparticles and
ade use of direct photocarrier injection from the nanoparticles into TiO2 to get

hoton-to-current conversion efficiencies as high as 20% [202]. A scenario com-
ining the two effects of direct charge injection and absorption enhancement of
he dye in a nanoparticle-enriched Grätzel cell should be easily realizable.

Figure 15

(a) (b) (c)

chematic of different types of antenna effects in photovoltaics. (a) Far-field
cattering, leading to a prolonged optical path. (b) Near-field scattering, causing
ocally increased absorption, and (c) direct injection of photoexcited carriers
nto the semiconductor. From [185].
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.3. Antennas for Light Emission
ecause of reciprocity, optical antennas increase not only the efficiency of light
bsorption but also the efficiency of light emission. They stand to improve in-
erently low-efficiency lighting schemes like organic LEDs (OLEDs), silicon-
ased lighting, and solid-state lighting in the yellow and green spectral region.

ypically, an OLED comprises an active organic semiconductor sandwiched be-
ween two electrodes. The charges injected from the electrodes recombine as
lectron–hole pairs (excitons) and then transfer their energy to light-emitting
opants. Despite the simplicity of the system, OLED technology faces several
hallenges, and optical antenna structures might provide solutions for some of
hem. Nominally one quarter of excitons are formed in a singlet (spin-zero)
tate, and three quarters are in a triplet (spin-one) state. However, in most cases
he light-emitting dopants can only convert the energy of singlet states into pho-
ons, and the energy associated with triplet states is dissipated as heat. The triplet
tates not only reduce the efficiency but are also believed to reduce the longevity
f a device. Optical antennas have the potential to quench the triplet state life-
imes, thereby increasing the long-term stability of OLEDs. Another limitation
n OLEDs is that some of the energy released in the recombination process be-
omes trapped in the conducting electrodes as surface plasmons and is eventu-
lly dissipated into heat. By patterning the electrodes with arrays of holes, this
nergy can be released from surface plasmon modes and emitted into free space
203–205]. Liu et al. show a factor-seven improvement in the electrolumines-
ence quantum efficiency of an OLED device [204]. They attribute this phenom-
non to the enhanced transmission of the electroluminescence through the per-
orated electrode. Perforations in such a metal act as antennas, allowing plasmon
odes to couple to propagating radiation.

similar effect can be achieved by using metallic particles instead of holes and
as found success in the field of silicon lighting. Philip Ball’s 2001 review of the
tate of silicon light emission lists quantum dots and texture engineering as ways
o increase the emission efficiency, but makes no mention of the use of antennas
r metallic nanoparticles [206]. Two years earlier, W. L. Barnes had suggested
sing periodically textured metal films for light extraction from a semiconduc-
or, using an angular emission argument [207]. The first experimental demon-
tration of such a solution was reported in 2005 by Pillai et al. [208], who

Figure 16

100 �m(b) (c) 500 nm(a)

TiO2

Glass

Al2O3

Au Dye

dye-sensitized solar cell decorated with gold nanodisk antennas for improved
bsorption of light. (a) Schematic of the device. Excitation of the dye molecules
dsorbed on TiO2 is amplified near an antenna, leading to enhanced carrier in-
ection from the dyes into the TiO2. (b), (c) Electron micrographs showing elec-
rical contacts and gold nanodisks fabricated on top of thin TiO2. Reprinted with
ermission from [200]. © 2008 American Institute of Physics.
howed a threefold enhancement over the full electroluminescence spectrum of a
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ilicon emitter with silver nanoparticle islands on its surface. Figure 17, which
hows a device partially covered with the islands, vividly illustrates the enhance-
ent effect. After one year, they published an improvement to sevenfold en-

ancement [189]. Their analysis focuses on surface plasmon polaritons in the
articles as a coupling mechanism between the incident and local fields. The par-
icles function as a random array of transmitting optical antennas.

ptical antennas can also be used to enhance the efficiency of solid-state devices
t wavelengths where we lack emission-efficient materials. Today’s high-
fficiency solid-state lighting devices use the remarkable properties of LEDs
omposed of InGaN and AlGaInP [209]. The former has a high emission yield in
he blue–green spectral region [210], and the latter possesses a high emission ef-
ciency in the red. For white light illumination one also requires emission in the
reen–yellow spectral region, but, unfortunately, InGaN turns out to have a low
uantum efficiency in this region [211]. Near the peak sensitivity of the human
ye (wavelength �550 nm) the external efficiency is only about 5%. Besides the
ow quantum efficiency in the green–yellow region, InGaN also possesses an ef-
ciency roll-off at high electron–hole injection densities, limiting the perfor-
ance of high-power LEDs. One avenue for increasing the emission yield in the

reen–yellow spectral region is the introduction of phosphors such as

3Al5O12:Ce3+ (YAG) that are pumped by the blue emission of InGaN [212].
owever, the introduction of phosphors brings other challenges such as satura-

ion and photochemical stability.

ptical antennas in the form of nanoparticles with suitably engineered plas-
onic modes are able to improve the efficiency of low quantum yield emitters

nd might prove beneficial in solid-state lighting applications. The improve-
ents for a simple spherical nanoparticle antenna have been discussed in Sub-

ection 3.6 (see Fig. 6), and much better efficiency enhancements can be ex-
ected for improved antenna geometries. Besides the potential for increasing
uantum efficiencies, optical antennas might also enable higher extraction effi-
iencies by providing a means to extract photons from the source region.

ll of these applications involve devices with inherently low efficiency. As
hown in Subsection 3.6, antennas can only hurt devices with inherently high ef-

Figure 17

(a) (b)

bare
device

with
islands

a) Scanning electron microscope image of a silicon-on-insulator LED with sil-
er nanoparticles on its surface. (b) Electroluminescence from an LED partially
oated with silver nanoparticles. Brighter areas correspond to stronger electrolu-
inescence intensity. Reprinted with permission from [208]. © 2008 American

nstitute of Physics.
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ciency. The limitations of metallic nanoparticles in light-emitting devices are
ointed out by Sun et al. [213]. They consider an InGaN/GaN active quantum
ell in a dielectric medium and model the luminescence with and without a sil-
er nanosphere. Their goal is to optimize the emitter–nanosphere separation and
he size of the nanosphere. Finding a result similar to Eq. (14), Sun et al. thus
onclude that nanoparticle antennas may be useful for detection and instrumen-
ation, but that they hold little promise for efficient, large-area emitters.

ptical antennas may make low-cost but inefficient devices like OLEDs and sili-
on LEDs feasible, and they offer a way to patch up missing colors in efficient
olid-state lighting. Developments in these directions are underway in various
aboratories, and it will be interesting to see in which applications the optical an-
enna concept ultimately finds use.

.4. Antennas for Coherent Control
o far we have discussed the ability of optical antennas to couple propagating far
elds to localized near fields and vice versa, but we have ignored their interest-

ng temporal dynamics. The broad spectral response associated with plasmons in
etals corresponds to dynamics in the range of hundreds of attoseconds [214],
hich makes optical antennas useful tools for ultrafast applications like nano-

cale computing, time-resolved spectroscopy, or selective chemical bonding. In
hort, the rapid response of the free-electron gas in a metal provides a means for
ontrolling the dynamics of a system on the quantum level. Quantum control has
een an active area of research recently, and many strategies have been sug-
ested [215–219]. Ultrafast plasmonics is particularly promising, but it requires
he ability to control local field distributions temporally and spatially.

Figure 18

50
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(a) (c) (e)

(b) (d) (f)

oherent control of photoelectron generation in an optical antenna structure. (a)
hotoelectron distribution for an incident p-polarized pulse with no coherent
ontrol. (b) Electron micrograph of the test structure. (c) Photoelectron distribu-
ion for excitation pulse shown in (d). (e) Photoelectron distribution for excita-
ion pulse shown in (f). Adapted from [225] by permission from Macmillan Pub-

ishers Ltd., Nature, © 2007.
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he antenna properties of metal nanostructures provide a convenient way to con-
rol plasmon dynamics. A pulse of light incident on a nanostructure imprints
emporally dependent amplitude, phase, and polarization information on the
tructure. Stockman et al. showed that ultrafast pulse shaping can achieve many
egrees of freedom to control the fields associated with the surface plasmons
220–222]. Three main strategies are used to achieve the desired control of sur-
ace plasmon oscillations. First, if the Green’s function of the plasmonic system
s known exactly, the incident field parameters can be solved for. Stockman
howed that the Green’s function has separable dependencies on geometry and
aterial properties [222] and can in principle be calculated. Second, time-

eversal techniques provide a way to concentrate fields to an arbitrary pattern in
sample without cumbersome calculations [222]. Using this method, model

mitters (i.e. fluorescent dipoles) generate plasmons in the antenna structure,
hich then radiate into the near and far field. If these fields are recorded, they

an be time reversed and played back, thus reconstructing the original excitation.
ne serious challenge associated with time-reversal approaches is that the near
eld, which contains essential reconstruction information, is difficult to mea-
ure, owing to its exponential distance dependence. But since the plasmons are
elatively long lived, the antenna serves as a reverberating structure, slowly emit-
ing energy into the far field to be recorded. Finally, if the system is configured in

feedback loop, learning algorithms can be used to find the optimal pulse
hapes and polarizations for the desired effects [223,224]. This method was used
ecently in the first experimental demonstration of dynamic localization of sur-
ace plasmon fields in an antenna-type nanostructure by Aeschlimann et al.
225]. As illustrated in Fig. 18, photoelectron maximization and minimization
eads to localization in different regions of the nanostructure. These experiments
rove that the electromagnetic modes of an optical antenna can be controlled in
ime and space by pulsed laser excitation.

pplications such as nanoscale sensing, high-resolution spectroscopy, and opti-
al logic require strongly confined and enhanced fields [222], and the possibility
o coherently control the electromagnetic response of an optical antenna opens
he door to temporally and spatially influence these fields.

. Conclusions and Outlook

he study of optical antennas is still in its infancy. While some properties di-
ectly derive from classical antenna theory, the direct downscaling of antenna
esigns into the optical regime is not possible because radiation penetrates into
etals and gives rise to plasma oscillations. In general, an optical antenna is de-

igned to increase the interaction area of a local absorber or emitter with free ra-
iation, thereby making the light–matter interaction more efficient. This is ac-
ounted for in quantities such as the LDOS, the antenna impedance, or the
ntenna aperture.

s in canonical antenna theory, there is no universal antenna design. Instead, op-
ical antennas have to be optimized separately for each application. However, to
chieve the best efficiency the internal energy dissipation of any antenna must be
inimized. For a quantum emitter such as an atom, molecule, or ion, a good an-

enna yields a low nonradiative decay rate.

o far, most of the progress in fabrication of the more complicated antenna de-

igns has been in the IR, where electron-beam lithography is relatively common-
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lace. Fabrication and testing at visible wavelengths is in its beginning states, but
hows promise.

ew ideas and developments are emerging at a rapid pace, and it is clear that the
ptical antenna concept will provide new opportunities for optoelectronic archi-
ectures and devices. Today, the building blocks for optical antennas are plas-
onic nanostructures. These can be fabricated from the bottom up by colloidal

hemistry or from the top down with established nanofabrication techniques,
uch as electron-beam lithography or focused ion-beam milling. It is also con-
eivable that future optical antenna designs will draw inspiration from biological
ystems such as light harvesting proteins in photosynthesis.
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