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1. Introduction

This special issue features contributing and invited papers
from leading groups in the field of optical antennas. Fourteen
papers address some of the most challenging aspects of these
photonic components aimed to increase at a nanometer scale
and at room temperature the light/matter interaction.

Optical antennas feature the property to strongly en-
hance light matter interaction at a nanometer scale, at
room temperature, and over spectrally broad bandwidths.
Interaction between localized light emitters and optical
antennas has been deeply investigated in order to (i)
enhance the radiative time constants and radiative efficiency
of emitters and also (ii) to redirect the electromagnetic
radiation. Reciprocally, when illuminated from the far field,
optical antennas can focus light into tiny spots which permits
to probe the local environment with a high resolution.
Consequently, optical antennas have been embraced by many
researchers for improved spectroscopy techniques but also
to enhance photovoltaic devices, or to realize single-photon
nonlinearities in quantum optics.

All these progresses have been permitted on the one hand
by an emerging dialogue between physicists and electrical
engineers that provides a new understanding of nanooptics,
and on the other hand by the recent advances of top-down
(FIB, e-beam lithography) and bottom-up nanofabrication
technologies. In this context, it is expected that chemical
functionalization and self-assembled nanoantennas will play
a key role in the near future to realize new nano-antenna
designs.

This special issue addresses some of the most exciting
challenges of this research field. It contains 14 papers

combining experimental and theoretical works from leading
groups in the field. These contributions are tentatively
classified in four sections surveying the different aspects of
the topic: (i) antenna efficiencies, (ii) antenna devices, (iii)
coupled antennas and (iv) antenna enhanced spectroscopy.

2. Coupled Antennas

Realizing the full power of plasmonic antennas for any linear
or nonlinear application in spectroscopy, light generation
or detection naturally requires that we understand coupled
plasmonic systems. Firstly, only upon combining single
plasmonic scatterers in coupled oligomers do we obtain full
control over near-field enhancements, polarization response
and far-field directivity in scattering and emission. Secondly,
controlling and understanding the coupling of plasmonics
to molecular light sources or nanoscale detectors is of the
essence to realize the promised enhanced functionalities. The
valuable contributions in this section focus on strategies
to fabricate coupled systems controllably on the smallest
scale and on how to quantify the coupling in optical mea-
surements.

A. Lereu et al. present a study of plasmonic dimer
antennas in which high field enhancements are obtained
as a consequence of the high field in a narrow gap of a
dimer coupled mode. Their study focuses on how to fully
quantify the field enhancement in nano-antennas, firstly
by linear and nonlinear spectroscopy of the luminescence
that especially Au metal antennas generate intrinsically.
Secondly they show how a very dilute random sprinkling of
single fluorescent molecules on such antennas can be used
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as ultimate vectorial nonperturbative probes. By collecting
statistics on emission polarization, spectra, and lifetime, one
can obtain statistical information on antenna performance
beyond the diffraction limit and ensemble averaging intrinsic
to traditional studies with dense fluorescent films. Finally
they show how nanolithography could be used to truly
localize single fluorophores.

Some of the most exciting proposals to reach ulti-
mately high field enhancements rely on the fabrication of
dimers, trimers and self-similar chains of metal particles
of different size and with ultrasmall gaps. At the typical
desired dimensions where gaps are just nanometers in
size and particles below 40 nm are desired, only bottom-
up fabrication strategies can be employed. S. Bidault et
al. describe the realization of exactly such a strategy, in
which gold particles are assembled in dimers and trimers
using a simple one-step water-based scheme. Via appropriate
selection of a short dithiol linker molecule, the spacing
between particles is reduced to the nanometer scale. The
controlled fabrication of dimers and trimers with spacings of
just 1.0 to 1.5 nm shows large promise for SERS applications.

S. Suck et al. present experiments and simulations that
explore the distance regime in which plasmonic coupling
reaches outside the familiar quasistatic limit. For very small
coupled antennas well below λ/2π in size, the characteristic
near-field 1/r3 coupling is often assumed, without any phase
retardation over the object. However, in actual structures this
quasistatic assumption usually does not hold. Firstly, phase
retardation modifies the coupled eigenmodes, and secondly,
quasistatics intrinsically ignores all interaction with the
far field. Thus retardation determines scattering. However,
exactly where and how the cross-over from quasistatic to
retarded behaviour occurs is a matter of debate. S. Suck
et al. present measurements of the radiation strength and
directionality for the hybridized modes of plasmon disk
dimers. Importantly, retardation in their structure with a
coupling distance below λ/4 is directly evident from the fact
that the supposedly dark mode is in practice as bright as the
nominally bright mode.

Application of plasmonic antennas to detection brings
the challenge of coupling optical field enhancements with
electrically connected detection elements. H. Chen et al.
describe the integration of plasmonic bow tie antennas for
large field enhancements with electrically connected carbon
nanotubes that act as the actual photodetectors. As the nan-
otube diameter is comparable to the antenna gap width, these
structures form a perfect match. Importantly, H. Chen et al.
report an order-of-magnitude photocurrent enhancement
as compared to bare carbon nanotube photodetectors at
wavelengths in the near infrared. Their structure could thus
be a promising candidate for future nanoscale detectors.

3. Antenna Efficiencies

Metallic optical antennas resonantly interact with incident
light through the excitation of localized surface plasmon
polaritons. This electromagnetic resonance offers moderate
quality factors due to the intrinsic metallic losses but permits

to confine light into very small volumes. The absorption
losses of a single spherical metallic particle can be analytically
derived but E. Castanié et al. highlight in their paper the
fundamental role played by the environment. They use a
rigorous scattering theory based on the Green dyadic func-
tion formalism to show that the absorption of light by lossy
metallic particles is not an intrinsic property of the metallic
particle but depends on its surrounding environment. More
precisely, they demonstrate that an increase of the local
density of photonic states around the particle permits to
decrease the absorption losses. When a particle is excited by
incident light, the electron gas oscillates and its relaxation
can take place either through the scattering of light (radiative
decay rates) or through electron-phonon collisions (non-
radiative channels). An increase of the local density of
photonic states permits to privilege the relaxation through
radiative channels. They illustrate this result by considering
a single metallic particle coupled with a perfect mirror.
They plot on the same graph the local density of states
and the absorption losses of the particle when varying the
particle/mirror distance and nicely reveal the link between
those parameters.

The efficiency of optical antennas is also questioned by J.
Wenger when dealing with fluorescent molecules. The author
shows that the fluorescent enhancement factors offered by an
optical antenna is not a trivial issue and depends on several
parameters such as the antenna geometry and the spectral
overlap of its resonance with the emission spectrum of the
molecule. Emphasise is placed in this paper on collection
efficiency and also emitter’s quantum yield. J. Wenger shows
how the fluorescence enhancement can be highly modulated
by tuning the setup of the experiment but without modifying
the design of the plasmonic antenna. He finally gives the
ingredients that will offer high fluorescence enhancements
but also draws our attention to the fact that high fluorescence
enhancement is not synonymous of bright photon sources.

It is now well known that spontaneous emission is not an
intrinsic property of quantum emitters and strongly depends
on the surrounding environment. G. Colas des Francs et
al. derive the Purcell factor of quantum emitters coupled
with a single metallic particle. In a first part, they clearly
formulate, in the case of an electric dipolar assumption, the
quality factor of the plasmon resonance, before deriving the
spontaneous emission decay rates when the electric dipolar
transition moment is normal to the surface of the particle.
Identification with the Purcell factor gives the effective
volume of the metallic particle dipolar mode. In a second
part, this work is extended and generalized to the case of
multipolar modes, and explicit formulations of the quality
factors and effective volumes are given as a function of the
multipolar order n. The last part of the paper addresses the
coupling strength between a quantum emitter and a given
mode n compared with all the other deexcitation channels.

4. Antenna Devices

Optical antennas are often considered as essential units of the
photonics toolbox for controlling light-matter interaction.
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Major research efforts are focused on the development of
functionalities at the nanoscale in order to realize optical
devices or advanced investigation tools. In their paper, M.
Abb et al. report on an all-optical mechanism enabling
control over the spectral response of an optical gap antenna.
Their approach consists in loading the optical antenna with a
nonlinear material. The authors experimentally showed that
Indium Tin Oxide (ITO), a common material traditionally
used as a thin conductive layer in electron-beam lithography,
features a Kerr nonlinearity governed by the free carrier
concentration. Optically depleting the material in a pump-
probe configuration induces a local change of the refractive
index which consequently shifts the antenna resonance.
Potential exploitation of this ultrafast antenna switch is
discussed.

Another important functionality is approached by M.
Klemm. Very much like their radiofrequency counterparts,
optical antennas are increasingly used to control the emission
diagram of nanoscale light sources. In this contribution,
the author describes a novel antenna design with a com-
puted directivity better than state-of-the-art optical Yagi-Uda
structures. The concept, based on the travelling wave notion,
could enable efficient intrachip wireless optical transmission
providing that the emitting and receiving antennas are
embedded in the same optical medium.

The role of an optical antenna is essential to interface
near-field information to a detectable far-field signal. Scan-
ning near-field optical microscopy is largely taking advantage
of antenna characteristics to increase lateral resolution,
enhance weak signals, and map optical fields. Because of
geometrical considerations, metal tip antennas are usually
sensitive to field polarization aligned with the main axis of
the tip, limiting thus the detectable information. In their
article, Y. Saito et al. demonstrate that, with proper polariza-
tion conditions and controlled tip shape, efficient scattering
of in-plane optical fields can occur. They demonstrate their
approach by mapping the focal point of azimuthal polarized
laser beam using different tips and quantified their in-plane
efficiencies.

5. Antenna-Enhanced Spectroscopy

Surface modes, in particular those sustained by noble metals,
as a result of the excitation of polaritons and plasmons in
their surface regions, have played a fundamental role in
the so-called surface-enhanced spectroscopies. A myriad of
materials and morphologies have emerged in an effort to
understand the role of surface excitations and to further
exploit the observed enhancement in the applications of
molecule-metal substrate systems. The nanoscale curvature
and roughness associated with these morphologies yield
electromagnetic scattering properties that can elegantly be
embraced by the concept of optical nanoantennas. As a
receiver, the large number of available modes at the optical
frequencies possessed by these antennas facilitates flexible
collective electronic excitation. As an emitter, the near- and
far-field patterns of the antennas offer a superb platform
for nanooptics investigations. Here in an effort to elucidate

the enhancement effect of nanoantennas in spectroscopic
studies, the authors have treated a series of morphologies
with emphasis on their plasmonic properties. Particularly,
dipole antennas (A. Ahmed et al.), semicontinuous films (K.
Seal et al.), nanocrosses (J. Ye et al.), and nanospheres (V. Le
Nader et al.) all support plasmon excitation and as such have
been implicated in a form of enhancement process. Typically,
either the molecules of interest are brought into the vicinity
or contact with the nanostructure making up the antenna, or
the antenna is brought near the molecules as in the so-called
tip enhancement effect. Consequently, the responses of both
nanoantennas and molecules couple to create new scattering
properties.

Directing the radiation to the molecules optimally
can greatly enhance the signal regardless of what may
be provided by surface enhancement due to plasmonic
processes. By designing a set of auxiliary structures to serve
as reflectors, A. Ahmed et al. fabricated nanoantennas with
improved directivity that was quantified employing Raman
spectroscopy. Apart from directivity, a desired capability is
the flexibility of the spectral placement of the plasmonic
resonances of the antenna toward targeting specific vibra-
tional transitions during surface enhanced spectroscopies. To
this end J. Ye et al. propose a four-piece gold nanostructure
in form of a cross where two of the arms are allowed
to vary in length to provide spectral tunability. In doing
so, they numerically predict useful levels of enhancement
delivered at two resonance positions, a relevant feature in the
context of Raman spectroscopy. The utility of nanoantennas
in spectroscopy can also be appreciated in structures with less
stringent a priori design parameters. The first example herein
capitalizes on the controlled deposition of metals below
a threshold (typically below 10 nm), which results in the
formation of islands. By capturing the near-field of a series of
discontinuous silver films with varying surface coverage but
random distribution, K. Seal et al. discuss localized as well as
delocalized plasmon excitation in describing the measured
field distribution, which is of importance in spectroscopic
measurements of adsorbates residing on such substrates. In
a second example, V. Le Nader et al. describe a chemical
immobilization technique for attaching gold nanoparticles
from a colloidal solution at the apex of a tapered optical fiber.
The sharp optical probe fabricated is subsequently shown
to randomly host a number of gold nanoparticles. Owing
to their plasmonic properties the particles can resonantly
deliver localized energy to a Raman active sample of carbon
nanotubes. This tip-enhanced spectroscopy then permits the
study of the various Raman bands as a function of the
nanoantenna-nanotube distance.
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Optical nanoantennas are emerging as one of the key components in the future nanophotonic and plasmonic circuits. The first
optical nanoantennas were in a form of simple spherical nanoparticles. Recently more complex Yagi-Uda nanoantenna structures
were demonstrated. These nanoantennas enhance radiation of single emitters and provide well-defined directional radiation. In
this contribution, we present the novel design of the directional nanoantenna, which is excited from the propagating mode of the
plasmonic waveguide. The nanoantenna design is based on the travelling wave principle, well known at RF/microwave frequencies.
By properly designing the propagating parts of the nanoantenna, a very efficient coupling to free space wave impedance can be
achieved. Furthermore, the control over the radiation direction and beam width is relatively easy with this nanoantenna. Compared
to the previously published Yagi-Uda designs, the new nanoantenna presented in this work has directivity three times higher.

1. Introduction

In the future we foresee the development of optical wireless
communication networks at the nanoscale [1]. In this work
we will focus on one specific problem in the development of
the physical layer of such wireless networks-design of novel
nanoantennas (often also referred to as optical antennas, or
plasmonic antennas in the open literature). Nanoantennas
are key components and enabling technology for the future
wireless connectivity at the nanoscale, coupling light from
external world to nanoscale circuits and vice versa.

Nanoantennas have their origins in the field of physics
and more precisely in near-field microscopy. Wessel in
1985 was the first to mention explicitly the analogy of
local microscopic light sources to classical antennas [2]—a
concept that has since been thoroughly explored. History of
nanoantennas can be found in [3].

As one of the main applications for novel nanoantennas
we envisage (a) on-chip and intrachip wireless nano-links
in future micro- and nanodevices and (b) single-emitter
sources coupled to the directional nanoantenna.

The coupling of the nanoantenna to single-emitter light
sources has been investigated by several groups theoretically

[4–7] as well as experimentally [8, 9]. Nanoantenna in this
application is used mainly to direct and focus light. Due to
the lack of true nanoscale light sources, the coupling of the
emitter (e.g., quantum dot) to the nanoantenna has been
achieved by proximity coupling (near-field coupling) which
is rather inefficient. Ideally, one would like to connect the
source and the nanoantennas by efficient transmission line
(waveguide), similarly as at RF and microwave frequencies.
When designing nanoantenna, it is important to consider not
only the radiating part but also the feeding arrangement.

Nanoantenna-enabled wireless nano-links could be con-
sidered as an alternative solution to the problem of an inter-
connect bottleneck in the next generation-integrated circuits
(ICs). Currently silicon photonics is being actively researched
in academia and by many electronic manufacturers, who
see it as a means for keeping up with Moor’s law by
using optical interconnects to provide faster data transfers
between and within microchips. However, size of dielectric
waveguides used in silicon photonics is fundamentally
limited by diffraction optics, posing a limit on the maximum
achievable density of such interconnect technology. To tackle
this problem, plasmonic integrated circuits have been most
recently proposed [10] to achieve true nanoscale integration
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Wireless
off-chip
optical
link ?

Figure 1: A concept of using directional nanoantennas as means of
providing wireless on-chip and intrachip communication. Photo is
modified from IBM.

in future ICs. Unfortunately, the price to pay for extremely
high density of plasmonic interconnects is relatively high
loss in such waveguides (compared to silicon photonics).
We would like to propose another approach to the optical
interconnect problem—wireless connectivity using nanoan-
tennas. We can imagine a very high data rate chip-to-chip
and intrachip links supported mainly by nanoantennas with
very few interconnects needed. Moreover, besides providing
a “simple” on-/intrachip connections, nanoantennas could
offer an advantage of having an extra wireless functionality
in future integrated circuits.

2. Differences between RF/Microwave
Antennas and Plasmonic Nanoantennas

Theory of RF/microwave antennas was being developed
for well over 100 years. Several design rules for antenna
engineers exist, and probably tens of textbooks are at their
disposal. However, if one wishes to design a nanoantenna,
not even a single book on a subject is available. Unfor-
tunately, due to different underlying physics at optical
wavelengths, based on plasmon resonance (specific electro-
magnetic solution of Maxwell’s equations at the metal-
dielectric interface at optical wavelengths [11]), most design
rules for RF/microwave antennas cannot be simply used
in nanoantennas. Even for the simplest possible antenna, a
dipole, there is a significant difference in radiation patterns
of the plasmonic nanoantenna and the RF antenna [12], as
shown in Figure 2.

3. Nanoantenna Design

The design of the new directional nanoantenna was per-
formed using commercial electromagnetic finite integration
technique (FIT) solver-CST Microwave Studio [13]. In all
studies antennas were assumed to be made of gold. We used
gold permittivity values as measured by Johnson and Christy
[14], which were fitted as the fourth-order polynomial in the
numerical solver. Comparison between values from [14] and
those used in simulations is shown in Figure 3.

For the proposed new directional nanoantenna, shown
in Figure 4, we have chosen a design based on the travelling-
wave principle [15]. This nanoantenna can be seen as
a hybrid between a well-known V-antenna and Vivaldi-
antenna. In the study we assumed free-space operation only.

The first directional nanoantennas were based on the
Uda-Yagi design. However unlike at the RF/microwave
frequencies, these nanoantennas were excited either by near-
field coupling of the dipole source (quantum dot in [8]) or
by far-field laser radiation [16]. Obviously for our targeted
application, integrated on-chip plasmonic circuits, it is
desired to excite antennas using a waveguide. As shown
in Figure 4(a), our proposed design is easy to integrate
with the traditional metal-insulator-metal (MIM) plasmonic
waveguide. We used the same MIM waveguide as presented
in [17], composed of two 50 nm by 50 nm gold stripes, with
the gap of 20 nm. The calculated impedance is 449Ω. The
complex effective index of the feeding plasmonic waveguide
is neff = 2.19 + i0.068.

The leaky nature of propagating plasmons in the pro-
posed design makes the operation of the nanoantenna
similar to the V-antenna (composed of two wires over
a ground plane). The main difference between RF and
nanoversion is that in plasmonics the ground plane is not
used (due to the very nature of the plasmonic mode), and
the concept of the termination (used in the RF V-antenna)
does not exist at the nanoscale. For these two reasons the
proposed nanoantenna can be seen being close to another
travelling wave RF design-Vivaldi antenna.

During the design of our nanoantennas we did not aim at
any particular wavelength. Results presented hereinafter are
for the wavelength of 780 nm. However, this nanoantenna is
fairly broadband in its operation and can be used at other
wavelengths. The major difference in operation will be due
to the dispersive permittivity of gold.

In Figure 5(a) we present the radiation pattern for the
designed nanoantennas at 780 nm. The calculated radiation
efficiency at this wavelength is 48%. Considering a lossy
nature of plasmonic structures this is a relatively good result
(it also includes losses in the feeding waveguide).

The most important result of the new design is a high
maximum directivity value of around 24 (linear scale).
This is a major improvement over previously designed
Yagi-Uda nanoantennas. To obtain a more quantitative
comparison we have simulated gold Yagi-Uda nanoantenna
(shown in Figure 5(b)) similar to this presented in [18].
We could therefore compare only radiation patterns and
not efficiencies between these two designs. As clearly seen
in Figure 5 the nanoantenna proposed in this work has a
maximum directivity of 24, more than three times higher
directivity achieved by Yagi-Uda (around 7).

When analysing results for traditional RF/microwave
antennas, the input matching (or return loss) is often
considered as one of the main performance measures. At
the nanoscale however, although the concept of nanoantenna
impedance has been investigated [19, 20], because of the
lack of integrated nanoscale sources the input matching is not
being considered at the moment. By “integrated nanoscale
sources” we mean the sources similar to those found at
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Figure 2: Radiation pattern of dipole antenna in third-order resonance: (a) standard RF dipole and (b) nanoantenna.
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Figure 3: Complex permittivity of gold used in EM simulations
(CST Microwave Office). Values are based on measured data from
[14] and fitted using fourth-order polynomial.
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Figure 4: Geometry of the proposed new directional nanoantenna:
top view (left) and side view (right).

RF/microwave frequencies, which can be simply “plugged”
to the antenna or transmission line. Also a concept of “stan-
dard” impedance (usually 50Ω for RF/microwave circuits
and antennas) is currently not defined for nanocircuits.

4. Nanoantenna Coupled to the
Single Emitter Source

Directional nanoantennas could also be used for extracting
light from single photon sources. This was recently demon-
strated in [8], where Yagi-Uda nanoantenna was used to
direct light from the quantum dot (QD). Because both the
QD and nanoantenna were placed on the surface of the high-
index material, main radiation was directed in the substrate.
In Figure 6 we present the example of our new directional
nanoantennas coupled to the dipolar emitter as well as the
reference result of the stand-alone dipole emitter embedded
in high-index material. Dipole is oriented along the x-axis (to
excite the plasmonic waveguide) and placed 2.15 μm below
the surface of the material with n = 1.5. This distance
was dictated solely by the size of the nanoantenna. Figures
6(c) and 6(d) present the electric field produced by the
stand-alone and nanoantenna-coupled dipole, respectively.
Due to the reflection off the interface between materials,
most radiation goes into the high index substrate for the
single dipole. The calculated far-field radiation for this case is
shown in Figure 6(e). However, unidirectional emission was
achieved when the dipole was coupled to the new directional
nanoantenna. The light generated by the dipole is propagated
along the plasmonic structure and efficiently radiated into
the low-index material (free space). The radiation pattern
of the dipole-nanoantenna-coupled system is shown in
Figure 6(f). Most importantly, in the direction of the main
radiation beam the amplitude of the electric field is more
than 30 dB higher when the dipole emitter is coupled to
the nanoantenna. Exact electric field (Ex) values taken 1 μm
above the interface between materials (see Figure 6(b) for
exact location of the E-field probe) are presented in Figure 7.

Naturally, the nanoantenna embedded in the high-index
material (Figure 6(b)) and its directional radiation into the
free space (Figures 6(d) and 6(f)) could be used to provide
wireless connectivity in the intrachip and board-to-board
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Figure 5: Comparison of simulated directivity (linear scale) far-field radiation patterns for (a) new directional nanoantennas designed in
this work, and (b) Yagi-Uda type nanoantennas from [18]. Both nanoantennas are shown in top view.

optical links (as shown in, e.g., Figure 1). Moreover, we
believe that in future 3D-integrated circuits with optical
interconnects, the presented directional nanoantenna could
be used as an “optical via”, providing vertical connection
between different chip layers. Currently proposed solutions
of 3D optical integration involve microlenses and micromir-
rors [21].

5. Nanoantennas for Wireless
Optical Nano-links

In the future we foresee the development of optical wireless
communication networks at the nanoscale. Nanoantennas
are key components and an enabling technology for future
optical wireless connectivity at the nanoscale, coupling light
from external world to nanoscale circuits and vice versa. As
one of the main applications for novel nanoantennas we
envisage a provision of on-chip and intrachip wireless nano-
links in future micro- and nanodevices.

One of the main challenges in using nanoantennas
fabricated on high-index substrates is the problem with most
of the radiated power going into the substrate [8]. This is
presented in Figure 8 for the nanolink composed of our
new nanoantennas on glass. The distance between antennas
is 4 μm. Figure 8 shows the amplitude of electric field as
radiated by the transmitting antenna on the left-hand side.
Most of the radiation goes straight into the glass, which
is obviously not desired in achieving efficient transmission
between antenna.

To overcome the problem of radiation to the substrate,
we have embedded our nanoantennas in high-index material
and placed on the edge of the substrate, as shown in
Figure 9. The distance between antennas is again 4 μm
and the medium between them is free space. Practically,
this scenario could be realized in the case of end-fire on-
chip nanoantennas for interchip interconnects (see, e.g.,
Figure 1). In this case we can observe symmetrical radiation
with the maximum in the direction of the receiving antenna
on the right-hand side, where we can clearly see the prop-
agation of the guided wave along the nanoantenna.

The last example of the nanolink is presented in Figure 10
where both nanoantennas as again embedded in the high-
index material, which is also acting as the propagation
medium. This scenario could practically be considered in
multilayered integrated circuits, where nanoantennas could
in-plane connectivity, as well as connections between layers
on multiple chip levels. As expected, because of the homo-
geneous environment the nanoantenna radiates horizontally
towards the receiving antenna. This is an efficient wireless
link.

The quantitative comparison of transmission efficiency
of all three nano-links is shown in Figure 11. We compare
the magnitude of the scattering parameter S21, indicating
the power captured by the receiving antenna. At 300 THz
we can see that the best transmission is achieved using the
link from Figure 10, with both antennas embedded in glass.
Slightly less efficient is the end-fire-like nano-link shown in
Figure 9. The worst result is achieved with nanoantennas
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Figure 6: Comparison of far-field radiation of the dipole emitter embedded in high-index material with and without the nanoantenna. (a)
Dipole emitted embedded 2.15 μm below the surface of n = 1.5 material, (b) dipole coupled to the nanoantenna, (c) E-field of the dipole
emitter, (d) E-field of the coupled dipole-nanoantenna system, (e) far-field radiation pattern of the dipole in high-index material, and (f)
far-field of the dipole coupled to the directional nanoantenna. All results are presented at the wavelength 1 μm.
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Figure 7: Comparison of the amplitude of the radiated Ex electric
field taken 1 mm above the material interface (see Figure 6(b)).

placed on glass (Figure 8), with the |S21| smaller by more
than 20 dB, compared with the other two cases. These
results clearly show that for most efficient transmission
nanoantennas should be placed in homogeneous dielectric
on top (superstrate) and below.

Figure 8: Optical wireless link between nanoantennas on glass
substrate and corresponding radiated E-field. Distance between
nanoantennas is 4 μm; frequency is 300 THz.

6. Fabrication of Nanoantennas

After very encouraging design results of the new nanoan-
tennas, we made the first attempts at fabricating them. In
Figure 12 we can see two examples of different nanoantenna
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Figure 9: Optical wireless link between nanoantennas embedded
in glass substrate and corresponding radiated E-field. Distance
between nanoantennas is 4 μm, frequency is 300 THz, and propa-
gation medium is free space.

Figure 10: Optical wireless link between nanoantennas embedded
in glass substrate and corresponding radiated E-field. Distance
between nanoantennas is 4 μm, frequency is 300 THz, and propa-
gation medium is glass.

samples. They were fabricated in 50 nm gold deposited on
thick glass slides using focused ion beam milling.

We are currently in a phase of improving our fabrication
process and building a measurement setup. All final nanoan-
tenna designs will need to be optimized for operation on a
glass substrate.

7. Conclusions

In this contribution we presented the novel design of the
directional nanoantenna, which is excited from the MIM
plasmonic waveguide. The nanoantenna design is based
on the travelling wave principle and can be considered as
a hybrid between a well-known V-antenna and Vivaldi-
antenna. The most important result of the new design is
a high maximum directivity value of around 24 (linear
scale), more than three times higher than that achieved
by previously published Yagi-Uda (directivity of 7). First
samples of designed nanoantennas were fabricated and
measurements are currently being set up. This novel nanoan-
tenna could be used in the end-fire configuration in the
intrachip and board-to-board free space optical links or in
efficient directional extraction of light emitted by single-
photon sourced.

Acknowledgment

The authors acknowledge the support of the UK’s Engi-
neering and Physical Sciences Research Council (EPSRC),

300 350 400 450 500 550 600
−120

−100

−80

−60

−40

−20

0

f(THz)

|S 2
1
|(

dB
)

On glass
In glass + free space
In glass + glass

Figure 11: Transmission coefficient |S21| for three different
scenarios of the optical wireless links from Figures 8–10. Distance
between nanoantennas is 4 μm.

(a)

(b)

Figure 12: Example of gold nanoantennas fabricated using dual
beam focused ion beam (FIB) milling. Nanoantennas were fabri-
cated in 50 nm gold on thick glass slides.



International Journal of Optics 7

Cross-Disciplinary Interfaces Programme (C-DIP) Fellow-
ship Fund, Grant EP/I017852/1.

References

[1] PhotonicsRoadmapSME (EU FP7 project), “Photonics in ICT:
A Technology Roadmap for SMEs on new photonic devices,
materials and fabrication technologies,” technology roadmap,
http://www.photonicroad.eu/upload/PhotonicRoadSME
Technology%20Roadmap%20on%20Photonics%20in%20
ICT.pdf.

[2] J. Wessel, “Surface-enhanced optical microscopy,” Journal of
the Optical Society of America B, vol. 2, pp. 1538–1540, 1985.

[3] P. Bharadwaj, B. Deutsch, and L. Novotny, “Optical antennas,”
Advances in Optics and Photonics, vol. 1, pp. 438–483, 2009.

[4] T. H. Taminiau, F. D. Stefani, and N. F. Van Hulst, “Optical
nanorod antennas modeled as cavities for dipolar emitters:
evolution of sub- and super-radiant modes,” Nano Letters, vol.
11, no. 3, pp. 1020–1024, 2011.

[5] B. Stout, A. Devilez, B. Rolly, and N. Bonod, “Multipole
methods for nanoantennas design: applications to Yagi-Uda
configurations,” Journal of the Optical Society of America B, vol.
28, no. 5, pp. 1213–1223, 2011.

[6] K. C. Y. Huang, Y. C. Jun, M.-K. Seo, and M. L. Brongersma,
“Power flow from a dipole emitter near an optical antenna,”
Optics Express, vol. 19, no. 20, pp. 19084–19092, 2011.

[7] V. Giannini, J. A. Sánchez-Gil, O. L. Muskens, and J. G.
Rivas, “Electrodynamic calculations of spontaneous emission
coupled to metal nanostructures of arbitrary shape: nanoan-
tenna-enhanced fluorescence,” Journal of the Optical Society of
America B, vol. 26, no. 8, pp. 1569–1577, 2009.

[8] A. G. Curto, G. Volpe, T. H. Taminiau, M. P. Kreuzer, R.
Quidant, and N. F. Van Hulst, “Unidirectional emission of a
quantum dot coupled to a nanoantenna,” Science, vol. 329, no.
5994, pp. 930–933, 2010.

[9] Y. Alaverdyan, N. Vamivakas, J. Barnes, C. Lebouteiller, J. Hare,
and M. Atatüre, “Spectral tunability of a plasmonic antenna
with a dielectric nanocrystal,” Optics Express, vol. 19, no. 19,
pp. 18175–18181, 2011.

[10] S. A. Maier, M. L. Brongersma, P. G. Kik, S. Meltzer, A. A.
G. Requicha, and H. A. Atwater, “Plasmonics—a route to
nanoscale optical devices,” Advanced Materials, vol. 13, no. 19,
pp. 1501–1505, 2001.

[11] S. Maier, Plasmonics: Fundamentals and Applications, Springer,
Berlin, Germany, 2007.

[12] J. Dorfmüller, R. Vogelgesang, W. Khunsin, C. Rockstuhl, C.
Etrich, and K. Kern, “Plasmonic nanowire antennas: experi-
ment, simulation, and theory,” Nano Letters, vol. 10, no. 9, pp.
3596–3603, 2010.

[13] http://www.cst.com/.
[14] P. B. Johnson and R. W. Christy, “Optical constants of the

noble metals,” Physical Review B, vol. 6, no. 12, pp. 4370–4379,
1972.

[15] C. Balanis, Antenna Theory: Analysis and Design, John Wiley &
Sons, New York, NY, USA, 2005.

[16] T. Kosako, Y. Kadoya, and H. F. Hofmann, “Directional
control of light by a nano-optical Yagi-Uda antenna,” Nature
Photonics, vol. 4, no. 5, pp. 312–315, 2010.
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Semicontinuous metal-dielectric films are composed of a wide range of metal clusters of various geometries—sizes as well as
structures. This ensures that at any given wavelength of incident radiation, clusters exist in the film that will respond resonantly,
akin to resonating nanoantennas, resulting in the broad optical response (absorption) that is a characteristic of semicontinuous
films. The physics of the surface plasmon states that are supported by such systems is complex and can involve both localized
and propagating plasmons. This chapter describes near-field experimental and numerical studies of the surface plasmon states in
semicontinuous films at critical and subcritical metal concentrations and evaluates the local field intensity statistics to discuss the
interplay between various eigenmodes.

1. Introduction

Random metal-dielectric composites, such as nanoscaled
semicontinuous metallic structures, exhibit unique optical
and electrical transport properties [1–26]. One of the most
remarkable properties of such composites is the enhance-
ment of electric and magnetic fields in the visible and infra-
red spectral ranges [1, 8–22]. These materials show promise
in wide ranging photonics technologies including applica-
tions in negative index materials [27–29], biosensing [30,
31], and nonlinear optics [10] spectroscopy [32, 33] broad-
band optical amplifiers and optical absorbers [10, 34, 35].

The synthesis of metal-dielectric composites typically
involves the deposition of metal particles onto a dielectric
substrate [14, 21–23]. At low metal concentrations, mutually
separated nanometer-sized grains are formed at random
locations. Self-similar clusters form as the metal surface
concentration increases [1, 3, 10]. At a certain metal concen-
tration (pc), that is, the percolation threshold, the metal
clusters interconnect to form an infinite “backbone cluster”,
setting off an insulator-to-metal phase transition. This is
marked by a sharp drop in dc resistivity [14, 23] and

anomalous absorption at visible and near-infrared wave-
lengths [1, 10, 11, 14–19, 21–23]. At even higher metal con-
centrations, the sample becomes mostly metallic with dielec-
tric voids, ultimately resulting in a uniform metal film.

From both theoretical predictions and experimental
corroboration, it has been observed that under illumination
with light at optical and near infrared frequencies, strong
local field enhancement of up to 104 can be achieved on the
surface of two-dimensional metal-dielectric composites [1,
10–22, 36]. This light trapping effect is facilitated by the
excitation of collective electron oscillations, that is, surface
plasmons (SP). Surface plasmon modes are morphological
resonances governed by the structural inhomogeneities in-
herent in the fractal clusters formed within the random
metal-dielectric films. The observed local fields appear to
be strongly localized [1, 10, 11, 17–19] with relatively high
Q-factors dependent on the intrinsic dissipation in the
metal. This phenomenon has been observed in rough and
semicontinuous metal films [8, 9, 15, 16, 23]. Notably, due
to the geometry of the clusters, the spatial distribution of the
field maxima is sensitive to the polarization, wavelength and
angle of incidence of the applied field [1, 2, 10]. Thus the
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metal clusters in a semicontinuous film that support SP
modes may be thought of as resonating nanoantennas with
a range of resonant frequencies and Q-factors. The accumu-
lation and subsequent dissipation of electromagnetic energy
in these localized SP modes result in the anomalous absorp-
tion characteristic of semicontinuous metal films [1, 2, 5–
10, 14–22].

The near-field intensity distribution across a semicontin-
uous metal film near the “percolation threshold” has been
observed to be extremely inhomogeneous with giant local
field maxima [15, 16, 20–22], that vary not only in size by
orders of magnitude from subwavelength to multiple wave-
lengths, but also vary strongly in intensity. In the early the-
oretical studies on percolating metal-dielectric composites,
an observed similarity between the Kirchhoff Hamiltonian
used to model random metal dielectric systems and the
Anderson Hamiltonian [37] led to the expectation that all
surface plasmon eigenmodes are localized [10]. Follow-up
numerical simulations subsequently suggested that a planar
disordered nanosystem can simultaneously have localized
and delocalized states [18]. This concept of “inhomogeneous
localization” was originally introduced for metal fractal ag-
gregates, where self-similarity in the structural geometry can
result in a mode consisting of multiple hot spots spread
over the entire system [10]. Later calculations have shown
that in an infinitely large semicontinuous metal film, delo-
calized SP modes exist only at one point in the eigenvalue
spectrum and their measure is zero [19]. The conceptual
origin for these delocalized states lies in the short-range
correlations in the governing Kirchhoff Hamiltonian, which
are absent in the Anderson Hamiltonian [37]. Remarkably,
even though they have a zero measure, delocalized modes can
affect the local field statistics by modifying the critical indices
for the high-order field moments [19, 22] and thus influence
the optical properties. The interplay between localized and
delocalized states in semicontinuous films and their role in
the transport properties therein remain a topic of interest
and speculation.

For disordered systems with a range of possible eigen-
modes and transport paths, studies of field and intensity sta-
tistics are a valuable avenue to uncover the system’s dominant
response and the nature of wave transport. In disordered
metallic nanostructures in particular, the intensity statistics
are more complex because of the excitation of surface plas-
mons and resulting inhomogeneous localization [18]. In the
study of random metal-dielectric composites, both numer-
ically [2, 14, 17–19] and experimentally [5–7, 15, 16, 19–
23] obtained near-field intensity statistics are often used
to characterize the local field fluctuations in various metal
aggregates, fractal structures, and rough and semicontinuous
metal films.

This chapter provides a comprehensive view of the inter-
play between localized and delocalized plasmon excitations
in metal semicontinuous films through the analysis of ex-
perimentally and numerically obtained near-field intensity
statistics.

2. Synthesis of Semicontinuous Films
and Near-Field Statistics

Semicontinuous silver films on glass substrates are typically
synthesized by thermal evaporation [5–9] or by pulsed laser
deposition [16]. Transmission electron microscope (TEM)
images from a silver-glass semicontinuous film grown by
pulsed laser deposition are shown in Figure 1(a). From the
images, it is evident that these samples are composed of
individual silver grains of average size about 20–30 nm. An
increase in deposition time (surface concentration of silver)
induces a structural transition from isolated metal grains
(p < 0.4) to interconnected metal clusters (p = 0.6) and
finally to a nearly continuous metal film with dielectric voids
(p > 0.8) [16]. For these samples, the percolation threshold
was found to be at pc = 0.65 from previous work [16]. The
2D structural correlation functions were found to be isotrop-
ic. The correlation radius, defined as the half width at half
maximum (HWHM) of the structural correlation function,
is close to the grain size ∼20 nm.

Near-field optical microscopy (NSOM) is a powerful tool
to image the near-field intensity distribution over the surface
of a sample [15, 16]. Figure 1(b) shows NSOM images for
silver on glass semicontinuous films with metal concentra-
tion p = 0.36, 0.45, 0.65, 0.75, and 0.83 at a probe wavelength
of 543 nm. The samples were illuminated by the evanescent
field (in the total internal reflection geometry) of “p”
polarized laser light. The projection of the incident beam’s k-
vector on the film plane (x-y plane), k‖, is along the vertical
y axis. The local optical signal was collected by a tapered,
uncoated optical fiber of tip radius of about 50 nm. The tip-
to-sample distance, controlled by shear-force feedback, was
approximately 10 nm. The tip resolution is estimated to be of
the order of 150 nm from the smallest features in the near-
field images [16, 22]. The images exhibit inhomogeneous
intensity distributions with intensity maxima (or optical
“hot spots”) of various sizes. At p = 0.36, there is an indi-
cation of interference fringes parallel to the horizontal x axis,
which are weakened at p = 0.45, completely lost at p = 0.65,
and reappear at p = 0.83.

To understand the role of the eigenmodes supported by
various clusters in the semicontinuous film, it is instructive
to study the near-field intensity statistics for different
metal concentrations p. Specifically, the variance var(I) =
〈I(x, y)2〉/〈I(x, y)〉2 − 1 and higher-order moments M2n =
〈I(x, y)n〉/I0

n can be obtained from the NSOM images,
where I(x, y) is the intensity over the sample surface as
a function of x and y coordinates. Figure 2 shows the
experimentally obtained values of var(I) as a function of
Δp = p− pc at a probe wavelength of 633 nm calculated from
the NSOM images similar to the ones in Figure 1(b).
Each data point was obtained from approximately 300,000
near-field intensity values. The error bar was evaluated as
the standard error of data collected from several NSOM
images of different parts of the samples. Counterintuitively,
the intensity fluctuations do not maximize at pc (Δp = 0),
where scattering is the strongest. Instead, a local minimum
appears at pc. Away from pc, var(I) has two maxima at
Δp = −0.2 and Δp = +0.1. A similar dependence of var(I)
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Figure 1: TEM micrographs of silver semicontinuous films on glass substrates showing the metal nanostructure geometry for various metal
concentrations in the first row. The second row shows the inhomogeneous distribution of the near-field intensity for corresponding samples.
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Figure 2: Near-field intensity variance var(I) as a function of silver concentration Δp = p − pc, obtained experimentally (solid line with
triangles) and numerically with (dotted line) and without (dashed line) spatial averaging [22, Figure 1].

on p is also observed at lower probe wavelengths (543 nm).
However, the absolute value of var(I) at λ = 543 nm is
lower than that at λ = 633 nm, indicating that the intensity
fluctuations are stronger at longer wavelengths.

The variance of intensity fluctuations is proportional to
the inverse participation ratio (IPR) of the local field, often
used to describe the spatial extent of eigenstates [2]. In
the experimental set up described, where the incident field
excites a number of SP modes, IPR gives a qualitative meas-
ure of the surface area occupied by hot spots. Similar to
var(I), IPR has a minimum at pc. Larger values of IPR at
|p−pc| = 0.1 and 0.2 indicate that a smaller percentage of the
film surface is occupied by hot spots. This is consistent with
the direct observation that away from pc, there are fewer hot
spots but each is brighter.

The experimentally observed dip in IPR suggests a weak-
ening of the SP localization strength at pc. For the calculation
of the high-order moments of intensity enhancement M2n,
the incident light intensity I0 obtained from the near-field
measurement of a clean glass substrate can be used as a
standard normalizing factor. Figure 3(a) is a plot of M2n

versus Δp for n = 2, 3, 4, and 5 obtained from the same
NSOM images (at a probe wavelength of 633 nm) as were

used in Figure 2. The error bars were obtained by the same
method as for var(I) in Figure 2. The M2n exhibit a prom-
inent dip near pc, which becomes more pronounced for
higher n. This observation once more confirms that the local
field fluctuations are weakened at the percolation threshold.

3. Numerical Model of a Semicontinuous Film

In order to understand the experimental findings, it is useful
to perform numerical simulations to simulate the semicon-
tinuous film. In the visible frequency regime, metal-dielectric
composites can be viewed as a system of lumped RLC circuits
[2, 10], and the bond percolation model can be employed
to describe their electromagnetic response. The bond model
has a percolation threshold pc = 0.5, which differs slightly
from the experimental observation. This deviation, however,
should not preclude a direct mapping between experiment
and theory because the scaling properties of random metal
films do not depend on the absolute value of pc [3].

The inhomogeneous metal dielectric composite is a
random system of metal nanoparticles incorporated within
a dielectric host and can be modeled as a strongly coupled
lumped R-L-C network. Provided the feature sizes along
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Figure 3: High-order moments of near-field intensity enhancement M2n as a function of silver concentration Δp = p − pc, obtained
experimentally (a) and numerically with (b) and without (c) spatial averaging [22, Figure 2].

the direction of illumination are small compared to the
incident wavelength λ = 2πc/ω, the impinging electric field
�E0 couples with the metal dielectric composite quasistatically,
with a local electric potential ϕ(ω) given as

�∇ ·
[
σ
(
ω,�r

)�∇ϕ(�r)] = �E0 · �∇σ
(
ω,�r

)
, (1)

where the local conductivity σ(ω,�r) is a discontinuous ran-
dom function across the composite taking discrete values
σm = −iωεm for the metal particles and σd = −iωεd for the
dielectric voids with probabilities p and 1 − p, respectively
[14]. Equation (1) describes a generalized Kirchhoff problem
and can be solved numerically by discretization of the elec-
tric potential on a cubic lattice, with the metal and di-
electric constituents represented by randomly distributed
metal/dielectric bonds connecting each lattice site. The
resulting linear system of equations is written in short form

Ĥ · �ϕ = Ŵ · Ê0, where Ĥ is a complex value Kirchhoff
Hamiltonian (KH), �ϕ = {ϕi, j} is a vector containing the

values of the potential at each lattice side (i, j), and Ŵ is
the incident field projection operator. The Kirchhoff Hamil-
tonian is a random matrix with diagonal elements Hnn =∑
σ{i, j}n , where the summation is over all bond conductivities

connecting the nth site with its nearest neighbors, and cor-
related off-diagonal elements proportional to the respective
bond conductivities σ{i, j}n . Traditional numerical methods
such as Gaussian eliminations require O(L6) floating point
operations and O(L4) operational memory to achieve solu-
tion (here L is the lateral size of the composite). For the
system sizes of interest (a few μm2 or up to a million metal
particles), these algorithms are not feasible even with high
performance computing. To overcome this computational
problem, a block elimination method has been developed
that splits the Kirchhoff Hamiltonian on L×L block matrixes
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and performs triangulation on these separated block of ma-
trixes [2]. This effectively allows the reduction of this two-
dimensional problem to an equivalent 4/3-dimensional
problem, resulting in dramatic improvement in performance
with solution obtained in only O(L4) floating point opera-
tions and operational memory requirement of the order of
O(L3).

The numerical results based on the Block Elimination
procedure are shown in Figures 2, 3(b), and 3(c), where
the local field distribution is calculated for 2μm × 2μm-
sized semicontinuous films of different silver concentrations,
followed by calculations of var(I) and M2n. Detailed infor-
mation on the method of calculation used is provided in
[2, 10]. At the percolation threshold a highly inhomogeneous
local field distribution is observed, with peak intensities
surpassing the incident laser light intensity by factors of 103–
104.

The experimentally obtained local field enhancements
are considerably lower in comparison because of the finite
spatial resolution of NSOM. For optimal comparison with
the experimental data, the local fields at a distance equal
to the tip-sample separation (∼10 nm for the NSOM con-
figuration used) from the sample surface can be estimated
numerically and then averaged using the NSOM aperture
function (in this case, corresponding to a tip resolution of
∼150 nm). Numerical data for var(I) and M2n before and
after the spatial averaging are provided in Figures 2, 3(b),
and 3(c). These curves were obtained from 100 realizations
of the semicontinuous film surface for each p. As shown
in Figure 2, the var(I) calculated without spatial averaging
exhibits a wider and deeper dip near pc. The spatial averaging
not only reduces the value of var(I) but also partially smooths
out the dip at pc. After the resolution limit of the NSOM
is taken into account, the numerical data closely mimic the
experimental var(I). However, some of the numerical values
fall outside the experimental error bars because of inevitable
approximations used in the calculations such as uncertainty
in the value of dielectric constant of silver, the tip-sample
distance, and the spatial averaging parameter. In Figure 3, the
calculated local field moments M2n exhibit a p-dependence
similar to the measured one, that is, M2n reaches a local
minimum at pc and has two distinct maxima at |Δp| ≤ 0.3.
The above numerical uncertainties also contribute to the
discrepancies between experimental and numerical (spatially
averaged) data shown in Figure 2.

4. A Qualitative Understanding of the Variations
in Localization Strength

The observed decrease of var(I) and M2n at |Δp| ≥ 0.3 can
be qualitatively explained by considering the resonant nature
of SP excitation. According to percolation theory [3], the
largest metal cluster in the random composite has a size
lm(p) = apν

c /|p − pc|ν, where a is the average metal particle
size and ν is a critical exponent. Resonant SP modes can
be excited by incident light of a wavelength λ if lm(p) ≥
lr = a(|ε′m|/εd)ν/(s+t), where ε′m + iε′′m and εd are the die-
lectric constants of the metal particles and dielectric host,

respectively [10]. The critical exponents s and t correspond
to the scaling of the composite’s static conductivity and
dielectric constant, respectively, with the sample size. For the
planar systems under consideration, s = ν = t = 4/3 [3].
Thus the SP resonance wavelength in a cluster of size l ≥ lr
scales as λr ≈ λp(l/a)ν/(s+t) ≈ λp

√
l/a, where λp is the plasma

wavelength [10]. This unique property of localized SPs is
distinct from resonances in the retarded (nonquasistatic)
regime where λr ≈ l.

When the metal concentration p differs considerably
from pc, there is a decrease in the maximum cluster size lm.
If lm(p) < lr , SP modes in the semicontinuous metal film
can no longer be excited by the external field, leading to a
dramatic decrease in the local electromagnetic response. The
cutoff metal concentrations are estimated from the condition
lr = lm(p±) as p± = pc[1 ± (εd/|ε′m|)1/(s+t)]. At λ = 633 nm,
Δp± = |p± − pc| ≈ 0.3. For concentrations in the range
|Δp| > Δp±, both var(I) and M2n are expected to decrease
sharply. Estimates for the cutoff concentrations Δp agree
well with the experimental and numerical results shown in
Figures 2 and 3. The presence of cutoff metal concentrations
also manifests itself as an anomalous absorption band in
semicontinuous metal films [23]. Specifically, when κ =
|ε′′m/ε′m| � 1, the buildup of giant local fields and storage
of electromagnetic energy in the films leads to strong light
absorption, which occurs for metal concentrations inside the
band pc − Δp− < p < pc + Δp+ [26]. The quantity Δp±, cal-

culated as
√
|ε′m|/εd/(|ε′m|+εd) from effective medium theory,

gives values close to the cutoff concentration estimates based
on the resonant cluster size.

5. Density of States and Localization Length
from the SP Eigenproblem

To further understand the behavior of var(I) and M2n at
pc, it is instructive to solve the SP eigenproblem. In order
to model the local electric response of a random system
comprised of a large number of metal particles, one can work
in the quasistatic limit. The general solution of the current
conservation (1) can be described completely by examining
the underlying eigenproblem [10, 19]

⇀∇ ·
[
σ
(
�r
) ⇀∇ ΨΛ

(
�r
)] = ΛΨΛ

(
�r
)
. (2)

Reduction of (2) on a square lattice leads to a system of
linear equations ĤKH|n〉 = Λn|n〉, where again the Kirchhoff

Hamiltonian ĤKH =
∑

n hnn|n〉〈n|+
∑

n /= k hnk|n〉〈k| is a ran-
dom matrix with correlated diagonal and off-diagonal
elements and |n〉 are the SP eigenstates [5–7, 19, 16]. The
existence of short range correlations in the SP eigenproblem
makes it substantially different than the corresponding quan-
tum mechanical case where the random Hamiltonians are
noncorrelated [19]. The correlations in the KH are due to
the local current conservation and exist for all spatial dimen-
sions.

The statistical properties of the solution to the SP ei-
genproblem can be investigated in terms of the density of
states ρ(λ) and SP localization lengths ξ(λ). These are plotted
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Figure 4: The surface plasmons density of states (DOS) (a) and localization length (b) are calculated for an ensemble of 100 metal-dielectric
films each with size 1μm. Four different metal filling fractions are investigated: p = 0.1 (yellow color), p = 0.2 (green color), p = 0.3 (blue
color), and p = 0.5 (red color). The singularity at the band center and its dependence on the metal concentration is closely inspected in the
insets [24, Figure 2].

for different metal concentrations in Figures 4(a) and 4(b),
respectively. At the band center, and concentrations close
to percolation, the density of states exhibits a singularity as
shown in Figure 4(a). In the first approximation the density
of states seems to diverge as a power law ρ(Λ) ∼ |Λ|−γ at
p = pc (red curve), where γ = 0.14 ± 0.01 [17] is a critical
exponent. The localization length for each eigenmode (pre-
sented in Figure 4(b)) is also calculated using the gyra-

tion radius ξ2(p,Λ) = ∫
(�r− < �r>Λ)

2|ΨΛ(�r, p)|2d�r, where

< �r >Λ = ∫
�r|ΨΛ(�r, p)|2d�r is the “mass center” of the nth

mode and the integration is performed over the film surface.
Similar to the density of states, there is a singularity at the
band center. At pc, the localization length diverges logarith-
mically for Λ → 0, but also can be fitted with a power law
ξ(Λ) ∼ |Λ|−α, where α = 0.15± 0.02.

Relying on the SP eigenproblem (2), it is possible to
estimate the optical response of the random metal films for
an incident frequency ωr corresponding to the single particle
resonance Re εm(ωr) = −εd. Specifically, the local potential
is expanded over the SP eigenspace [10] to obtain an integral
relationship for the local field moments

M2n = 1

S|E0|2n
〈∫ ∣∣E(�r, p

)∣∣2n
d�r
�

∼=
∫∞
−∞

ρ
(
p,Λ

)[
a/ξ

(
p,Λ

)]2(2n−1)

(Λ2 + κ2)n
dΛ,

(3)

where κ = |ε′′m/ε′m| � 1 is the intrinsic loss factor, S is
the sample area, and the brackets correspond to ensemble
averaging over large numbers of system realizations.

The integral in (3) can be analyzed as follows. Close to
the band center (|Λ| � 1), the properties of the generalized
SP eigenstates can be modeled (see inserts in Figure 4) by
simplified expressions for the SP DOS fp(ρ, λ) = ρ(p, λ)/
ρ(pc, λ) ≈ 1 and the SP localization length fξ(p,Λ) = ξ(p,
Λ)/ξ(pc,Λ) ≈ g(p) + θ(Λ)(1 − g(p)), where θ(Λ) is a step
function and g(p) < 1. Since only the SP eigenmodes in the

vicinity of the band center have a dominant contribution to
the moments, the p dependence from the integral (3) can
then be taken out to give M2n(p) ≈ M2n(pc)[1 +
g4(1+n)(p)], where M2n(pc) are the local field moments at
percolation [19]. Using g(p) < 1, the limiting condition
M2n(p) > M2n(pc)g4(1−n)(p) > M2n(pc) is obtained, which
implies that at pc and for n > 1, the local field moments
have a minimum. This simple reasoning based on the
general properties of the SP eigenstates provides a qualitative
explanation of the observed dip in the field moments as per
Figure 3.

From Figure 4(a), it is also clear that for p < pc the local-
ization lengths of the excited SP eigenstates, predominantly
those with Λ < 0, is lower as compared to the critical case
(p = pc). This suggests that at noncritical metal concentra-
tions the role of the localized states in the local field statistics
becomes stronger. Moreover, since current conservation
holds in all cases, one may expect maxima in ρ(λ) and ξ(λ) at
noncritical metal concentrations as well, as shown in Figures
4(a) and 4(b). With the decrease of p, a shift in the DOS
is observed with an increase of the number of eigenstates
with positive eigenvalues. This phenomenon corresponds
to the fact that the eigenproblem maps the underlying
film geometry with positive eigenvalues corresponding to
eigenstates situated mostly in the dielectric host. It should be
pointed out that although Figure 4 presents only the results
for p < pc, the properties of the SP eigenstates at high and
low metal concentrations are equivalent due to symmetry.
Thus, the relationships ρ(Λ, pc + Δp) = ρ(Λ, pc − Δp) and
ξ(Λ, pc + Δp) = ξ(Λ, pc + Δp) hold for any given Δp ≤ pc.

6. Behavior of the Slope of
the Higher-Order Moments (M2n)

The increased contribution of the localized states at p /= pc,
or alternatively the increase of SP delocalization at pc, is
revealed through the dependence of In[M2n(p)] on the order
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Figure 5: (a) Log-linear plot of measured high-order moments of near-field intensity enhancement M2n versus n. (b) Slope of log(M2n) over
n at the percolation threshold obtained numerically after spatial averaging versus averaging parameter d. The measured slopes are marked
by horizontal lines with the standard error given in the legend [22, Figure 3].
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Figure 6: Slope versus metal concentration for numerical (dashed
line) and experimental (solid line and square symbols) data. The
wavelengths of the incident light are λ = 543 nm (green color) and
λ = 633 nm (red color) [24, Figure 3].

n. According to the scaling theory described above, a linear
dependence of the form In[M2n(p)] ∼ 2ns(p)] is to be
expected, with the slope s(p) = s(pc) + 4 In[1/g(p)] ≥ s(pc)
increasing for metal concentrations away from the per-
colation threshold. Figure 5(a) is a log-linear plot of the
measured M2n versus order n at pc for two probe wavelengths
543 nm and 633 nm. Clearly, a linear dependence on the field
moment n is observed. However, due to the limited NSOM

resolution, the slopes obtained experimentally were found
to be considerably lower than those obtained numerically.
To account for the effect of the finite spatial resolution in
the experiment, the calculated local field distribution was
first averaged over an area of dimension d, and then M2n

was computed to extract the slope of In[M2n(p)] versus n.
Figure 5(b) shows that the slope decreases as d increases.
When the slope is reduced to the experimental values
(marked by horizontal lines), the averaging parameter d is
found to be very close to the NSOM resolution limit estimat-
ed from the smallest features in the near-field images. The
same value of d also leads to good agreement between the
calculated var(I) and the experimental data.

To extend this result for metal concentrations away from
pc, Figure 6 plots the slope as described above for various
metal concentrations. In the calculations, the local field is
again spatially averaged to account for the finite NSOM
resolution. Figure 6 shows a similar trend with respect to
p for both experiment and numerical calculations, with a
clear minimum at pc. Although the exact numerical values
of the slope at p /= pc cannot be easily interpreted based
only on the SP eigenproblem, the observed increase in slope
away from pc clearly indicates a transition at pc. The analysis
following (3) suggests that stronger SP localization is favored
at these metal concentrations, which leads to stronger local
field fluctuations. The higher-order moments are more
sensitive to those fluctuations, a fact that is manifested by
the increase in the slope. It must be pointed out that for
p > pc, apart from the quasistatic SP modes caused by the
sub-wavelength features in the system, the medium could
support propagating surface waves and surface plasmon
polaritons [20]. However, the local fields modulations that
are associated with those propagating modes are weaker
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compared to the quasistatic resonances and should have a
relatively small effect on the local field distributions. This
conclusion is indirectly supported by the good correlation
between the numerical calculations and experiment.

7. Conclusion

The implications of the above statistical analysis in practical
applications are wide-ranging. The high-order local field
moments M2n correspond to the enhancement of multipho-
ton optical processes due to the excitation of SP resonances in
the substrate. For instance, M4 relates to the electromagnetic
enhancement of Raman-scattering provided that Raman
active molecules are deposited on the metal surface. Since
M2n(p) ≥ M2n(pc), one may conclude that contrary to com-
mon practice, a highly effective surface enhanced Raman
substrate can be achieved at low and high metal concen-
tration. A similar conclusion can be made for the higher-
order optical processes such as hyper-Raman scattering, Kerr
optical nonlinearity, and nth harmonic generation.

To conclude, the near-field intensity statistics in semi-
continuous silver films over a range of metal concentra-
tions is effective in providing an overview of the various
eigenstates supported by the film and the interplay between
localized and delocalized SP eigenmodes. The variance of
intensity fluctuations and the high-order moments of inten-
sity enhancement exhibit local minima at the percolation
threshold. Experimental observations, through theoretical
corroboration, indicate a decrease of the SP localization in
metal composites at critical concentrations with maxima in
localization at concentrations away from the critical metal
concentration. This effect runs opposite to the intuitive
notion that stronger interactions lead to increase in localiza-
tion. A possible explanation for this behavior is the existence
of delocalized SP states, due to the local current conservation.
Those states are present in the spectra for all metal concen-
trations and for metal-dielectric systems of any dimension.
The possibility for this coexistence of both localized and
delocalized SP modes has important ramifications in the
understanding and applications of random metal films. Fine
tuning the geometrical structure of the metal composites
may allow for tuning of the localization properties of the
excited SP modes, which may improve the enhancement of
various linear and nonlinear optical processes.
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Recently we have demonstrated that single fluorescent molecules can be used as non-perturbative vectorial probes of the local
field. Here, we expand on such experiments exploiting fluorescence lifetime of single molecules to probe various types of gap
nanoantennas. First, studies of the nanoantennas are carried out to evaluate the electric field. We then investigate hybrid systems
composed by nanoantennas and randomly positioned fluorescent molecules. Finally, we present a fabrication scheme for the
controlled placement of fluorescent molecules at welldefined positions with respect to the dimer nanoantenna, which is a more
direct route to probe the local field in an a priori determined way.

1. Introduction to Gap Nanoantennas:
Dimers and Nanorods

Metallic nanoantennas (also called optical antennas) have
been, over the past ten years, at the heart of numerous inves-
tigations ([1–7] and references therein) due to their optical
properties, like strong enhancement and subwavelength con-
finement of the electrical field [8–17]. The coupling between
photons and electrons in these nano-objects is the origin of
their extraordinary optical properties. In such 3D structures,
the electrons oscillate with (spatial) periods smaller than the
wavelength of the incident photons, raising plasmon reso-
nances. Such resonances can then give rise to a strongly local-
ized field enhancement. In addition, nanoantennas permit
to couple propagative optical waves into evanescent waves
and vice versa. They are therefore promising as intermediary
between nanoscale optical and electronic devices and optical
fields. Their applications include different fields such as
nanoscale imaging and spectroscopy [18–25], light-emitting
devices [26–31], photovoltaics [32–41], microfluidics [42,
43], and metamaterials in the infrared [44, 45].

Here, we concentrate on gap nanoantennas that can
be defined as two symmetric metallic particles (of specific

shape and size) separated by a fabricated gap ranging
from no gap up to a few tenths of nanometers. In the
particular case of gap nanoantennas, the field enhancement
and resonance modes have been theoretically predicted [46–
57] and experimentally studied [8–17, 58–64]. Numerous
works have been reported on luminescence spectroscopy of
gold nanoparticles such as nanorods [9, 10, 58] and dimers
[12, 57, 60, 61] (see Section 3). Two-photon luminescence
(TPL) has also been employed and proven particularly
sensitive to local fields near metallic nano-objects [12,
58]. Moreover, TPL spectroscopy permits to measure the
plasmon resonances of such nanostructures by evaluating
the TPL as a function of excitation wavelengths [61, 62].
Near-field scanning optical microscopy (NSOM) is also
extensively used to explore such nano-objects either by
locally mapping the field enhancements [9, 10, 25, 63, 64]
or by grafting an individual nanoantenna at the apex of an
NSOM probe [65–70]. However, in these studies, the influ-
ence of the near-field probe onto the nanostructures can
induce a complex coupling response which has to be taken
into account. In particular, plasmonics mode detailed map-
ping of nanoantennas has been achieved with “apertureless”
NSOM using Si-tips [71–74]. Other studies have also looked
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at the fundamental understanding of resonant processes in
such nanostructures by means of Raman imaging [75–77] or
nonlinear effects [78]. In parallel, analytical and numerical
models have been developed in an approach to unify the
experimental observations [46–54].

Finally, one alternative approach to study nanoantennas,
is to probe their near fields using single molecules (SM) [79–
81]. By doing so, one can access the local mapping of the
nanoantenna fields in a nonperturbative way. Furthermore,
integrating SM together with metallic nanoantennas is an
ultimate step in terms of applications for the technological
miniaturization drive. In most cases, the functionality of
SM is inherently defined by the electronic or optical prop-
erties of the molecules. However, the construction of
active molecular-scale devices often requires embedding the
molecule in a nanostructured environment that provides a
means to address, tailor, or control the molecular functional-
ity. Gap nanoantennas are particularly promising interfaces,
because of their strongly localized electromagnetic field
modes, both in the spatial and the frequency domain.
Consequently, the emerging field of molecular plasmonics
[82] holds great promise for applications in areas like sens-
ing, light harvesting and energy conversion, single-photon
sources, all-optical components, and electronic-optical inter-
facing. However, a major task remains in the mutually
well-defined positioning of both functional molecules and
metallic nanostructures with nanometer-scale precision. Dif-
ferent approaches have been developed relying on random
deposition of functional molecules, for example, by spin-
coating [83], bulk overcoating of a metallic structure [84],
or plasmonic micropositioning [42, 43]. In highly symmetric
nanoparticle systems, one degree of positional control has
been achieved by employing a spacer layer that can be
functionalized [85–87]. The full exploitation of molecular
functionality requires localized and designed molecular posi-
tioning at arbitrary locations with respect to a tailored plas-
monic nanostructure. Recently, encouraging progress in this
direction has been made by double e-beam lithography,
positioning a single quantum dot on the feed element of an
array antenna [88].

Here, we will describe the full characterization of
antennas needed to realize resonant nanoantenna structures
overcoated with low (“single molecule”) concentrations of
fluorescent molecules. This characterization serves to extract
the individual optical response of the nanoantennas in an
effort to match the fluorescence spectra of molecules. Parts of
this work have been described previously [63, 64, 79].
After these introductory results, we will present fluorescence
measurements on nanoantennas overcoated with ultralow
concentrations of molecules. We will address measurement
of the fluorescence lifetime, to map the local density of states
around the nanoantennas [80], in direct competition with
the intrinsic luminescence of the antennas. Finally, a fabrica-
tion procedure that allows for the controlled positioning of
molecules with respect to the antenna, together with initial
related results, will be presented.

The subject matter is divided over the various sections
in the following way: in Section 2, we introduce the nanoan-
tenna samples (dimer and nanorod arrays), explaining the

fabrication process and characterizing their spectroscopic
response. In Section 3, we describe one photon luminescence
of dimer antennas. These first two sections lay the basis to
first evaluate the optical response of the nanoantennas,
without (dye) molecules but under excitation conditions
typical for single-molecule spectroscopy. In Section 4, we
discuss the response of randomly scattered single molecules
over dimers. Finally, molecular probing will be refined using
a well-controlled molecular probing in Section 5. Section 6
gathers our conclusions.

2. Nanofabrication and Spectroscopic Insights
of Gold Dimers and Nanorods Arrays

The nanoantenna electromagnetic response is known to de-
pend highly on size, geometry, and even chemical treatment.
A large panel of sizes, shapes, and compositions has therefore
been fabricated at the nanoscale either by bottom-up
colloidal chemistry [89–94] or by top-down nanofabrication
techniques [11, 61–64, 95, 96] with the use of electron beam
lithography or ion beam milling. A multitude of shapes is
emerging offering a wide range of field pattern and strength.
Here, we will report on dimer and nanorod-like structures.

The parameters specifying the geometry of the dimer
and nanorod-like structures are the aspect ratio (AR),
defined as the ratio of length to width, the gap separation
distance between the two nanoparticles constituting the gap
nanoantenna, and the thickness. The single nanoantennas
in these studies have an AR in the range from 1.0 (dimers)
to 4.5 (nanorods), as illustrated in insets of Figure 1. We
mainly kept the width around 100 nm and varied the length
of the structures. The different fabrication steps are depicted
in Figure 1. We used conventional e-beam lithography (FEI-
QUANTA 200 electron microscope associated with a Raith
ELPHY) and metal depositions followed by a lift-off process
to realize periodic arrays (100 × 100 μm) of nanoantennas.
Prior to any investigation, we calculated the spectroscopic
response (in the excitation wavelength range of 400 nm to
700 nm) for the given geometry and performed far-field
spectroscopic measurements on the arrays of fabricated
nanostructures. This is illustrated in Figure 2 for the dimers
and Figure 3 for the nanorods.

In this section, we focus on and quantify the different
resonant modes in the visible, a spectral range spanned by
our excitation sources. Therefore, we carried out local
spectroscopic measurements on distinct arrays of nanoan-
tennas, under white light illumination and two orthogonal
linear polarization states. Throughout this paper, the p-
polarization state will be referred to as the polarization
excitation along the long axis of the structures, whereas the
s-polarization state will be associated with the perpen-
dicular one. In parallel, we have calculated the specific
spectral response at the gap region of an individual pair of
nanoantennas for each involved AR. While the presented 2D
simulations (insets of Figures 2 and 3) seek to illustrate the
overall field distribution under defined excitation conditions
(polarization state and excitation wavelength), it is not to be
directly confronted to the measurements.
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Figure 1: Fabrication steps of nanoantenna arrays using e-beam lithography and metal depositions. SEM images of selected nanoantenna
arrays, used in the reported studies, are presented in (a) for dimers, and in (b) and (c) for nanorods with different lengths and therefore
different ARs. The arrows in (c) define the used excitation polarizations, with p-polarization along the long axis of the nanostructures and s
perpendicular to the long axis.

In Figure 2, the measured scattering spectra of dimers,
for both excitation s and p-polarization states, and the calcu-
lated spectral response of an individual dimer are displayed.
Under p-polarization excitation, the measured peak is close
to 635 nm, while the calculation presents a peak at around
655 nm. This experimental blue shift may be explained both
by geometrical variations occurring during the fabrication
process and by substrate effects. The numerical work was
carried out for a single dimer in free standing space. Under
s-polarization excitation (electric field perpendicular to the
dimer axis), a very weak peak centered on 599 nm is ob-
served. For this wavelength, the simulation does not present
any peak as the field distribution is mainly located at the
edges of the dimers and not in the gap from where the
calculated spectrum is extracted. Finally, secondary peaks are
predicted at around 500 nm for both polarization states but
were not experimentally observed. Neglecting the effect of
the substrate as well as retardation effects (more pronounced
for shorter wavelengths) in the simulation may explain the
discrepancy over these auxiliary peaks.

In Figure 3, theoretical spectra are presented for nano-
rods for each excitation polarization state, both in the
nonretarded (continuous lines of Figures 3(a) and 3(b))
and the retarded regime (Figures 3(c) and 3(d)). In the
retarded regime, the results are the solutions of the wave
equation, whereas in the nonretarded regime, the time de-
pendence has been neglected. The experimental spectra are
included in Figures 3(a) and 3(b) (dashed lines). Note
that the different nanorods’ lengths are highlighted in the
colors of the curves, red for the 150 nm long, blue for the
350 nm, and green for the 450 nm. For the p-polarization
state, a 2- to 4-fold enhancement, defined as the ratio of
the electric field in the presence and in the absence of the
nanoantennas, is reached, both theoretically (in the retarded

regime) and experimentally. The theoretical values obtained
in the quasistatic regime are much higher, apart for the
case of a nanoantenna with an AR of 1.5. This is to be
expected as the time dependence becomes more important
for structures with increasing sizes where the distances can
be larger than the excitation wavelength. This is actually
illustrated in Figure 3 where the two models can be directly
compared. One can see that for the 150 nm long rods the
quasistatic and retarded responses are similar, whereas for the
450 nm long rods, this does not hold anymore. Furthermore,
if we now compare simulations in the retarded regime with
the experiment, we see that the experimentally observed
intensities are mainly higher than the simulated ones. This
observation can also be rationalized by the contribution of
the additional field imaged on the edges of the structures
during the measurements or in the field distributions.
However, the theoretical spectra concentrate only on the
electric field in the gap.

Under s-polarized excitation, the gap region, for each
considered AR, shows no predicted field enhancement,
except in the retarded regime for the 450 nm long rods
in the 465 to 510 nm spectral range. Indeed, an up to
2-fold enhancement is then expected. Experimentally, we
obtain a resonance peak around 465 nm for the 450 nm
long rods. For the 350 nm and 150 nm long rods, the
peaks are centered at 462 nm and 460 nm, respectively, with
corresponding enhancement factors between 2 and 4. The
differences (in terms of peak wavelength and enhancement
factor) with the simulation may result from fabrication
inhomogeneities and/or from the fact that the experimental
values are retrieved after integration of the field in a region
encompassing the whole structure instead of the gap alone.
This is also predicted as seen in the insets representing the
total field distribution at the point B of Figure 3, where
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display the field distribution under these excitation conditions. The insets (a) to (c) depict the total field fingerprint for each spectral peak
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the strongest fields are mainly located at the edges of the
structures and not in the gap.

By linking the geometrical parameters of the nanoanten-
nas with their optical responses, the presented spectroscopic
studies served as a guide for subsequent experiments. In the
following, we will present experiments aimed at mapping the
luminescence distribution in the vicinity of the nanoanten-
nas as a function of incident polarization. These experiments
will allow acquiring a complementary insight into the optical
response of the nanoantennas. The knowledge of predicted
electric fields, presented in the insets of Figures 2 and 3, will
assist the analysis of the experimental results.

3. Luminescence of Dimers under
Pulsed Excitation

In this section, we present one-photon excitation photolu-
minescence measurements on nanoantennas. The influence
of the polarization state is explored by illuminating the
nanoantennas with both p and s-polarized light. As already
mentioned, p-polarized incident light is polarized along the

long axis of the dimmers, whereas s-polarized incident light
is polarized perpendicular to the dimer axis. A comparison
between an optimal dimer gap of 30 nm (also referred to as
resonant case) and no gap (nonresonant case) is also given.

As mentioned in Section 2, samples were made by
e-beam lithography and metal deposition. The sample
design consists here of several 100 μm × 100 μm arrays
of gold nano-objects forming either a dimer or a single
particle (monomer) as illustrated in Figure 4(a). In order
to make an unambiguous distinction between dimers and
monomers in the optical experiments, the global array was
fashioned by alternating three lines of dimers and two
of monomers. The diameter was chosen as 100 nm and
the height as 40 nm, for an optimum gap of 30 nm [23].
Finally, in order to observe any gap effect, similar arrays of
dimers with no gap, shown in Figure 4(b), were studied
in parallel. The geometric parameters of the gold particles
were chosen so that the dimers would be resonant at around
635 nm (see scattering spectrum in Figure 2). The choice
of the 635 nm resonant wavelength was aimed at match-
ing the absorption spectrum of the molecular species used
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as a probe, here DiD (1,1′-dioctadecyl-3,3,3′,3′-tetram-
ethylindodicarbocyanine), a photostable molecule com-
monly used in single-molecule studies.

Luminescence measurements on individual dimers (and
monomers) were carried out using a confocal microscope,
as shown in Figure 5. A confocal scanning fluorescence
microscope with a high numerical aperture (1.3 NA) objec-
tive was equipped with two avalanche photodiodes (APDs)
detecting the respective (p & s) cross-polarizations using

a polarizing beam splitter [63, 64]. The excitation source
was chosen to be a picosecond (ps) laser (90 ps pulses at
20 MHz repetition rate, average power density ∼34 kW/cm2

at λexc = 635 nm). The emitted luminescence from the nano-
structures (see examples in inset (c) of Figure 5) was
collected by the same objective and then directed to the two
APDs after discrimination from the excitation light by an
appropriate dichroic mirror and a long pass filter. Thereafter,
the two luminescence images obtained via the two different
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Figure 4: SEM images of the specifically designed samples. Alternations between three lines of the investigated dimers and two lines of
reference monomers are made. All nanoparticles are 100 nm in diameter. In (a), the dimer’s separation gap is 30 nm, and in (b) the dimers
have no gap (i.e., contact). The mutual distance between two dimers (center to center) is fixed at 600 nm in both directions.

APDs are recombined to result in a polarization-dependent
luminescence image (as insets (d) and (e) of Figure 5).
Finally, to simultaneously detect the transmitted excitation
light through the sample, a photodiode was mounted on the
opposite side of the high NA objective, above the sample
plane. An example of such a transmitted image (10 × 10 μm)
is given in the inset (a) of Figure 5, where the series of two
lines of black dots are associated with the gold monomers,
and the series of three black lines are associated with the
dimers. The center to center dimer separation of only
600 nm is only slightly larger than the diffraction limit of
the confocal microscope, which prevents from fully resolving
two neighboring dimers. As a result, the dimers appear as
a semicontinuous black strip with dots in the transmission
image. Note that the same experimental setup was utilized as
a basis for all the results reported further.

The luminescence (Figure 6 and insets (d) and (e)
of Figure 5) is always recorded simultaneously with the
transmission signal (inset (a) of Figure 5) to ensure the
monomers’ positioning with respect to the dimers on the
luminescence images. Figure 6 outlines the luminescence
images as a function of the excitation polarization and the
gap size. The color scale gives the polarization state of the
detected luminescence going from green pixels for “pure”
p-polarization (i.e., along the dimers axis) to red pixels for
“pure” s-polarization. The yellow color represents an equal
contribution of both p- and s-polarization components.
From these images, one can extract different aspects. First,
the (expected) isotropic emission in polarization of the
monomers is clearly highlighted from its yellow appearance
(i.e., p = s) on each image. Next, compared to this isotropic
emission, the luminescence from the dimers is predom-
inantly p-polarized (green appearance). However, a large
variation in luminescence intensity from one nanoantenna
to another is observed. This can be mainly explained by the
variation in shape and size of each gold particle as introduced
by the fabrication process. To take into account the variability
between antennas, we made a statistical analysis over the
nanoparticles designed to be identical. This statistical anal-
ysis serves to study the optical response of metallic structures
as a function of fabrication uncertainties.

According to the first qualitative observations on the
resonance behavior of such nanoantennas, we oriented the
first statistical analysis to extract the peak intensity for each
luminescent spot on each image. An intensity distribution
is therefore excerpted for the case of a 30 nm gap, and no
gap (see columns in Figure 6), and for p- and s-excitation
polarizations (see rows in Figure 6). Similar studies on the
monomers served as a reference for polarization effects and
allowed the suppression of possible substrate effects. The
resulting histograms are depicted in insets (a2–d2) of Figure 6
for the dimers and insets (a3–d3) for the monomers. We thus
confirmed the isotropic behavior of the monomers, where
the polarization ratio (i.e., the ratio of the p-detected over
the s-detected polarization) is extracted to be around unity
for both p- and s-polarized excitation.

For the dimers with the two considered gap sizes, the
luminescence distribution is shifted toward the higher inten-
sity values for the p-polarized luminescence (with respect
to the s-polarized luminescence). This is valid for both
excitation polarizations, but the effect is more pronounced
for the resonant case (i.e., dimers with a 30 nm gap) with
p-polarized illumination and p-polarized detection. This is
expected as the localized plasmon excitation is involved in
the process as illustrated, in the insets of Figure 2, by the
electric field amplitude in the near field of the dimers.
Indeed, for the 30 nm gap, the p-polarized excitation leads
to a strong coupling between the local charges of each gold
particle constituting the nanoantenna. By opposition, the
local charges of the individual particles are independently
excited under s-polarized excitation. For the no gap dimers,
we made similar observations. However, the strong coupling
for p-polarized excitation is far less pronounced. This is
foreseen as the particles do not couple with each other but
act as a unique elongated particle.

In a second statistical analysis, we concentrated on the
polarization ratio distribution extrapolated from the lumi-
nescence peaks in Figure 6. The polarization ratio is
defined as the ratio of the p-polarized over the s-polarized
luminescence intensity. We seek here to quantify the polar-
ization effect using the polarization ratio. This is illustrated
in Figure 7(a) for the 30 nm gap dimers and (b) for the
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Figure 5: Confocal microscope with single-molecule detection capability. A pulsed laser serves as the excitation light incident on the sample
via a dichroic mirror and an oil immersed objective (numerical aperture 1.3). The luminescence EPI-generated by the sample is collected
through the objective, and then directed through the dichroic mirror and long-pass (LP) filters toward the detectors. The detectors are
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placed above the sample, to collect simultaneously the transmitted field as in (a). The piezo scanner, associated with the feedback controller,
allows acquiring point-by-point images in the xy-plane of the sample, as illustrated by the two images in (c). A composed image from the
images in (c) is then generated for p- (inset d) and for s-polarized (inset e) excitation. The inset (b) is a selected AFM image of one of the
explored samples.

no-gap ones. In Figure 7(a), the polarization ratio ranges
between 1.2 and 5.7 for p-polarized excitation and between
1.2 and 2.4 for s-polarized excitation, whereas in Figure 7(b),
the polarization ratio ranges between 1.3 and 2.9 for p and
between 1.1 and 2.5 for s-polarized excitation. This leads to
an average ratio for the 30 nm gap of 3.1 for p-polarized
excitation against 1.6 for s-polarized excitation, whereas in
the no-gap case, the average is 1.8 for p against 1.4 for s.

An averaged 3-fold enhancement is hence shown with
respect to the monomers (close to unity, independently
of the excitation polarizations), exhibiting a maximum 6-
fold enhancement, for some of the dimers. This is in
agreement with the reported 100-fold enhancement using
two-photon luminescence on bowties [11] and the 10-fold
enhancement measured in TPL [61]. The weaker increase
also observed for the nonresonant case with p-polarized
excitation may be attributed to the elongated shape of the

dimers. For s-polarized excitation, no noticeable difference
is seen with respect to the gap size. This can be explained
by the excitation of two independent dipoles that do not
interact. Furthermore, this statement is reinforced by the
actual measurement of values close to 1 in the s-polarized
detected luminescence, approaching the monomer behavior.

To conclude, luminescence of dimer-like nanoantennas
was measured under picosecond pulsed excitation at rela-
tively high excitation power compared to typical fluorescence
measurements, highlighting (i) the low intrinsic lumines-
cence of the nanoantennas and (ii) the wide distribution
from one antenna to another. The effect of excitation
polarization and gap size was also investigated. This prelim-
inary study provided insights into understanding the local
response of such metallic nanoantennas and may help to
understand the nanoantenna-single molecule coupling, as
reported below.
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Figure 6: Luminescence measurements of single gold dimers with a gap of 30 nm (a and b) and with no gap (c and d). The figures (a and
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case), respectively.
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4. Fluorescence of Molecules
at Metallic Nanoantennas

After imaging the luminescence of individual nanoantennas,
we exploit single fluorescent molecules as nonperturbative
vectorial point detectors to map the local photonic density of
states, with nanometric precision [97]. We have previously
demonstrated this procedure for a metal Fabry-Pérot-like
cavity [80]. In that study, the measured spatial fluorescence
lifetime variations were shown to map the local density of
states inside the cavity, provided intrinsic molecular life-
time variations were taken into account. Hereto, individual
fluorophores are randomly spread over the sample and are
studied in terms of molecular position, orientation, and
fluorescence brightness.

As already mentioned in Section 2, the plasmon res-
onances in metallic nanoantennas are associated with an
absorption peak and a localized field enhancement. The
proximity of a metallic nanoantenna or nanostructured film
is likely to affect the excitation and emission processes
of a fluorophore, especially under the plasmon resonance
conditions.

In this section, we use the fluorophore properties to
probe the local field of the metallic gap nanoantennas.
The optical characterization was carried out using the same
home-built inverted confocal microscopy setup with single-
molecule sensitivity described in Section 3. The samples were
excited using a pulsed laser (90 ps, 20 MHz repetition rate,
1 kW/cm2) at a wavelength of 635 nm, optimum to the
excitation spectrum of the fluorophore and at a power con-
siderably lower than in Section 3. The collected fluorescence
light was separated from the excitation beam using a dichroic
mirror and a long-pass filter assembly and subsequently split
into two orthogonal polarization directions, each of which
was focused onto the detection area of an APD. Transmitted
light was simultaneously detected using a photodiode to
identify the dimer series from the monomers as in Section 3

and Figure 8(b). On the previously studied nanoanten-
nas arrays, a solution of DiD (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine) molecules in a PMMA
(polymethyl methacrylate) matrix was then spin-coated over
the nanoantennas, as seen in Figure 8(a). In the intermediate
regions with no antenna in Figure 8(c), the fluorophore
emission was evaluated to be at the single-molecule detec-
tion level as expected. In the regions where nanoantennas
are present, one can observe higher emission intensity.
Furthermore, in the dimer regions, the average emission
intensity is even higher than in the monomer regions (see
Figure 8(c)). This may be due to an enhancement of single-
molecule excitation and emission by the antenna. However,
the gold luminescence signal, despite the weak excitation
power (compared to the excitation power used in Section 3),
may be detectable, or the random deposition of the single
molecules is not homogeneous because of the topographic
presence of nanoantennas.

In order to investigate the separate contributions of dim-
er nanoantenna intrinsic luminescence and molecular flu-
orescence in more detail, we turned to a perylene dye
that we used in previous studies because of its excellent
photostability [98, 99]. This dye allows for observation
times up to minutes and in addition shows an on-off
switching (blinking) on timescales of seconds [99] which
facilitates measuring the separate responses. In order to
match the nanoantenna response to the greener (compared
to DiD) wavelength spectrum of the perylene dye (excitation
around 565 nm), the thickness of the nanoantenna dimers
was increased to 60 nm. This shifts the dimer resonance
spectrum to the same wavelength range as the perylene
fluorescence. We spin-coated a 50 nm layer of perylene in
PMMA over the substrate containing the antennas. Samples
were then excited using pulsed (280 fs, 80 MHz repetition
rate) laser illumination (Coherent Mira 900-F pumped by
a Coherent Verdi V-18, with an APE optical parametric
oscillator and an APE pulse picker set at a 1 in 20 picking
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Figure 9: Femtosecond pulsed excitation over gold dimers. The excitation wavelength is fixed at 565 nm, and its power density is varied from
0.9 (a) to 6.3 kW/cm2 (i). The dedicated sample here is a 100 × 100 μm array of dimers with a 100 nm diameter, a 30 nm gap, and a 60 nm
thickness, that matches the excitation wavelength. A 50 nm layer of perylene in PMMA is spin-coated over the gold dimers as in Figure 4(a).
The graph displays the individual response of selected dimers (circled on the image series) as a function of the excitation power. From one
dimer to another, one can see various power dependences of the signal, going from close to linear behavior (for D1) to overquadratic one
(in D3 and D4).

ratio) and with circular polarization. As described above, the
collected fluorescence light was separated from the excitation
beam using a dichroic mirror and a 575 nm long-pass
filter before being routed toward two cross-polarized APDs.
Varying power densities from 0.9 kW/cm2 (Figure 9(a)) up
to 6.3 kW/cm2 (Figure 9(i)) were used. In Figure 9, we
display a series of images of the same region of the sample
illuminated with increasing powers. Note that the molecular
concentration used here is slightly higher than what is
typically used for single-molecule fluorescence experiments
so that several fluorophores may be excited at each position.
From these images, we extracted the individual response
of four dimer-molecule assemblies D1 to D4 and plotted
as a function of incident power density (Figure 9). We
clearly highlighted the linear behavior at low power (density
< 2 kW/cm2) mainly due to the molecular fluorescence. As
the power increases, the dimer contribution is evolving going
from linear to quadratic. In addition, at higher powers, the
nanoantennas response becomes predominant with behavior
from quadratic to supraquadratic varying from antennas to
antennas. The broad distribution between dimers induced
again a large distribution in the nonlinearity level m (with
a main contribution for m ≈ 2 over all dimers imaged
here). This is to be expected, as the local field enhancement
is particularly conducive to the enhancement of nonlinear
processes such as two-photons absorption. Furthermore,
enhancements are expected to be stronger under two photon
excitation since its rate varies as the square of the local
field intensity. Non-linear absorption processes also need a
high-power density explaining our observation of a non-
linear response for high-power density. Thus, an excitation

power sweep may serve to unravel molecular response from
the nanoantennas in order to map the latter positions in
densely coated samples. We now turn to measurement of
the fluorescence lifetime in the low (∼2 kW/cm2) excitation
regime.

Figure 10 shows a fluorescence image of a sample with
a concentration of perylene molecules slightly higher than
concentration typically used for resolving fluorescence from
single molecules. Many spots in the sample appear single-
colored indicating polarized fluorescence emission and thus
the presence of only one or few molecules. Upon close
inspection, a regular pattern of spots, reminiscent of the
array of nanoantennas, appears, some of which are clearly
brighter than the average spots. This brighter appearance
may result from antenna-enhanced emission, locally higher
concentrations of perylene (induced by the topography
presented by the dimers during spin-coating), or a joint
signal of molecular fluorescence and nanoantenna lumines-
cence. In Figure 10, we present intensity time trajectories
recorded at two positions that correlate with positions of
dimer nanoantennas. These positions are indicated with
numbered circles in the image. Both trajectories show
blinking between different intensity levels in the first 10 to 20
seconds, together with discrete, permanent steps to a lower
intensity, reminiscent of stepwise photobleaching of each
of the perylenes. This blinking and stepwise bleaching is a
clear indication of the presence of our perylene molecules
[99]. From the number of discrete intensity levels, we
can determine the number of molecules excited by the
diffraction-limited laser focus. For instance, four separate
intensity levels are identified in the first 20 seconds of
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Figure 10: (a) Fluorescence image of perylene fluorescent molecules spin-coated on a substrate with dimer and monomer nanoantennas.
(b) Fluorescence intensity trajectory measured at the position is indicated with circle numbered 1 in (a). Red and green trajectories indicate
signals with orthogonal in-plane polarizations, while the black line indicates the total intensity. The intensity trajectory at position (1) shows
a clear multilevel intensity blinking and bleaching reminiscent of molecular fluorescence. (c) Zoom in to the first 20 s where the four intensity
levels are indicated with dashed blue lines. (d) The intensity trajectory measured at position number 2 in (a) displays similar blinking. (e)
The fluorescence spectrum is recorded in the initial 7.5 s of the trajectory at position 2, with the spectra measured between t = 30 and
t = 60 s subtracted. The resulting spectrum is a typical emission spectrum of our perylene molecule. (f) Fluorescence lifetime is measured
at position 2. Dashed lines in the lifetime graph indicate exponential fits with lifetimes of τ1 = 0.4 ns and τ2 = 5 ns, respectively.

trajectory (1), as indicated in the figure. Of these, the three
highest intensity levels show the discrete switching, while the
fourth level remains continuous with broad variations on a
5–10 seconds timescale. We attribute the discrete switching
behavior to the presence of three perylene molecules, while
the fourth level constitutes a background signal that was
present without blinking over observations as long as several
minutes. Note also that the polarization anisotropy of the
emitted fluorescence is different for the different intensity
levels. Due to the fixed molecular orientation, and thus fixed
transition dipole orientation, in the polymer matrix, this

again indicates that the discrete intensity steps result from
individual molecules switching on and off.

The trajectory recorded at position (2) displays a similar
blinking before the signal falls to a continuous background.
The small stepwise variations that are present in the back-
ground signal at t ∼ 20 s and t ∼ 50 s may result from mol-
ecules that are at the rim of the laser focus and are thus only
weakly excited. In general, we observed similar trajectories
with an initial discrete switching between typically one to
three intensity levels and a remaining persistent continuous
background signal for many different positions. All these
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positions coincided with the regular pattern of the nanoan-
tennas array. Measurements at positions outside the antenna
array yielded similar molecular fluorescence blinking but
without this strong background signal. Thus, we attribute
the persistent background signal to the presence of the dimer
nanoantenna.

For all positions, fluorescence intensity spectrum and
fluorescence lifetime were measured simultaneously with
the intensity trajectory. For position (2) in Figure 10, we
present the fluorescence spectrum recorded over the first
7.5 seconds of the trajectory. Here, the spectrum recorded
for the background signal was subtracted, which yields a
typical perylene emission spectrum. This again constitutes a
strong indication that the initial intensity switching results
from the presence of a perylene molecule. In the lower
right panel of Figure 10, also the fluorescence decay curve
(recorded from the photon arrival times after the laser
trigger pulse) constructed from the 60-second trajectory is
indicated. Here, we observe a clear biexponential decay with
a fast component (measured lifetime τ1 = 0.4 ns, close to our
instrument response and a slower component with τ2 =
5.0 ns). The 5.0 ns lifetime is typical for our perylene dye
in PMMA [98], while the fast component is attributed to
the nanoantenna background signal. Similar decay curves
with a fast component limited by our detector response
and a slower component with typical perylene fluorescence
lifetime were measured for all intensity trajectories that
displayed the initial discrete fluorescence switching. From the
fact that the measured fluorescence lifetimes are comparable
to the regular (i.e., without nanoantennas) perylene lifetime,
we conclude that these molecules are not coupled to the
nanoantenna. The fast component of course may result
from either antenna-coupled molecular emission or from
the intrinsic luminescence of the nanoantennas. To resolve
this latter issue, we reduced the molecular concentration
to ∼10−8 M, a typical concentration for single-molecule
fluorescence experiments. In this case, the dye dissolved in
toluene was first spin-coated (i.e., without PMMA), while
a PMMA solution in toluene was spin-coated afterwards
to coat with a protective ∼50 nm thick layer of polymer.
With this procedure, we expect topographic effects, that is,
capillary interactions, during spin-coating of the perylene
solution to draw the molecules to the nanoantennas. Given
the overall low concentration of perylene molecules, even in
this case we expect only a few nanoantennas to be coupled
with a molecule. In Figure 11, a typical fluorescence image
from an area with nanoantennas is shown.

Fluorescence spectra were recorded at different nanoan-
tenna positions as indicated in Figure 11. All spectra show
a resonance below 620 nm (overlapping with the molecular
excitation and emission wavelength as anticipated) and
extend into the red part of the wavelength spectrum. All
nanoantenna spectra show a dip at 630 nm. We grouped our
measured dimer antenna spectra in two groups based on the
appearance of the fluorescence spectra beyond this 630 nm
dip. The group indicated with red curves extends deep
into the 700 nm range with three broad peaks at equivalent
positions between 630 nm and 700 nm. Compared to the
molecular fluorescence spectra also indicated in Figure 11,
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Figure 11: (a) Fluorescence image of a nanoantenna array with
low concentration of perylene molecules. Bright spots indicate the
positions of nanoantennas. First two rows and the lowest row
are monomer antennas, while the middle three rows are dimer
antennas. (b) Fluorescence spectra for eight dimer positions and
one monomer position from the image in (a). The spectra with red
lines correspond to red-encircled spots in the image, blue curves
to the blue-encircled spots, and the green curve to the monomer
position. The black curve indicates a typical perylene fluorescence
spectrum recorded for a single molecule outside the nanoantenna
array.

we can see that the nanoantenna response shows a good
overlap with the molecular resonance. The curves indi-
cated in blue show a faster decay below 700 nm and are
reminiscent of the monomer spectra indicated with the
green curve. Thus, we attribute these latter to geometrical
artifacts (such as fused dimers) and assume the red curves
to result from proper gap dimers. For all these positions,
fluorescence lifetime was measured simultaneously, and this
always resulted in a fast, τ ∼ 0.5 ns decay without any sign
of slower component resulting from uncoupled molecules.
In addition, the intensity trajectories were similar to the
background signal presented in the respective panels in
Figure 10. Similar behavior was observed for several tens
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of nanoantenna positions, where statistically a majority
of these are expected not to be coupled to molecules.
While few of the recorded fluorescence spectra could result
from a strongly coupled antenna-molecule system, such
fluorescence measurements fail to discriminate between the
signal of a coupled system and the intrinsic luminescence
of the dimer nanoantennas. Note that the comparatively
higher luminescence signal for this system compared to the
previous DiD system, may result from the shorter pulse
length, and thus higher instantaneous power density, in
the perylene experiments (280 fs as compared to 90 ps).
Finally, we want to note that in this strong coupling regime,
molecules coupled to an antenna would predominantly
radiate via the antenna modes. Thus, molecular positions can
only be retrieved in a weaker coupling regime. In this case,
however, the fact that both molecular lifetime distribution
and nanoantenna field strength distribution (see Section 3)
have to be statistically accounted for makes that hundreds
of positions need to be measured which is a laborious task.
Thus, we can conclude that only an a priori positioning of
fluorescent molecules at well-defined positions with respect
to the nanoantenna can solve these issues. In the next section,

we will present a fabrication scheme with which this could be
achieved.

5. Dedicated Positioning of Molecules
in the Nanoantenna Gap

To tackle the issues presented above, we devised a fabrication
procedure for molecular plasmonic nanostructures where
functional molecules can be placed at a predefined position
which is the gap of the nanoantennas. Luminescence mea-
surements were thereafter carried out as a proof of principle.

Our methodology relies on the use of two distinct con-
ductive layers which allows the consecutive, high-resolution
application of different charged particle lithography tech-
niques, in our case electron-beam lithography and focused
ion beam milling. The top conductive layer furthermore
serves both as a deposition and adhesion layer for the
plasmonic structure and as a mask for a final chemical
surface modification step, which functionalizes the exposed
parts of the underlying conductive material. An outline of
the fabrication procedure is given in Figure 12. First, we
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Figure 13: (a–c) Gold nanoantenna not exposed to FIB milling after surface functionalization: (a) SEM image, (b) optical transmission
microscopy image, and (c) fluorescence microscopy image. (d–f) Same respective images for a gold nanoantenna where the gap size had
been increased by FIB milling but without exposing the lower ITO layer.

evaporate a 80 nm thick layer of indium tin oxide (ITO)
onto a glass cover slide. The ITO layer is overcoated with an
approximately 10 nm layer of chromium by evaporation. The
use of optically transparent ITO allows for light microscopy
in both reflection and transmission mode and thus makes the
fabrication scheme compatible for applications relying on
enhanced detection of, for example, fluorescence or Raman
scattering signals. Gold nanoantennas were created on the Cr
layer with the process described in Section 2 (Figure 1), the
Cr layer replacing the Ti adhesion layer. The nanoantennas
consist here of two equally sized gold rods (l × w × h =
300× 80× 40 nm) with the short ends facing at a separation
of 30 nm. Examples of such gold nanoantennas are given in
the bottom row of Figure 12(b) or closely in Figure 13(a).

Next, we use focused ion beam (FIB) lithography to mill
a rectangular, 200 nm long, 50 nm wide hole into the Cr
layer, cutting the nanoantennas halfway, that is, at the gap.
This increases the gap size of exposed nanoantennas to
approximately 50 nm (see Figure 12(c)). The FIB milling
finally uncovers the underlying ITO substrate (step 5 in
Figure 12). These exposed ITO areas on the substrate can be
selectively functionalized using a surface grafting procedure
that exploits the chemical contrast between metal (Cr) and
oxide (ITO) areas. If necessary the Cr surface can be passi-
vated by applying a coating reaction prior to FIB milling. We
functionalized the exposed ITO area in the gap between both
gold bars with a Rhodamine dye derivative. Rhodamine dyes
are often used both as fluorescent markers because of their
high quantum yield and photostability and as model probes
for surface-enhanced Raman scattering studies. First, isoth-
iocyanate Rhodamine B (RhB) was linked to the silane cou-
pling agent 3-aminopropyltriethoxysilane (APS). The ITO
areas are then reacted to the APS-RhB construct (see
Figure 12(a)) under ammonia-catalyzed conditions [100].
Samples were thoroughly rinsed with ethanol to prevent
absorption of APS-RhB onto the Cr surface upon drying.

The resulting nanostructure is indicated in Figure 12 after
step 6.

After APS-RhB reaction, gold nanoantennas were ana-
lyzed using the previously described high-resolution (single-
molecule sensitivity) confocal microscopy setup in both
transmission (excitation light) and reflection (fluorescence
light) modes. Nanoantennas not exposed to FIB milling
are visible due to decreased transmission, but do not show
fluorescence (Figures 13(b) and 13(c)). Milling a gap in the
nanoantenna and a small indentation in the Cr-layer without
exposing the ITO substrate (Figures 13(d), 13(e), and 13(f))
leads to a corresponding small increase in transmission, at
the location of the indentation in between the gold rods.
However, no change in fluorescence signal from background
level is observed, indicating negligible absorption of APS-
RhB onto the Cr surface. We have used a range of FIB milling
times and beam doses, which leads to various indentation
depths in the Cr layer, but a fluorescence signal was only
observed when the transmission signal indicated removal of
the Cr layer. At this point, transmission increased about 6-
fold compared to transmission through the non-FIB-milled
Cr areas.

Figure 14 shows results for nanoantennas where FIB
milling completely removed the Cr layer, leading to local
exposure of ITO. Removal of the Cr layer is evidenced
by the increase in the transmission signal, and RhB-
functionalization of the ITO in the gap gives rise to a
strong fluorescence signal. The width of the Gaussian
fluorescence profiles is 310 nm, that is, diffraction limited.
This is in correspondence with the projected gap size of
200 × 50 nm. Note that the alignment of the FIB area with
nanoantenna gap is not optimal so that antennas are partly
cut. The differences in fluorescence intensity between the
functionalized nanoantennas can be caused by variations in
the number of RhB molecules. In principle, this could also
be caused by the field enhancement variations but given
the relatively large gap sizes and the fact that antennas are
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Figure 14: (a) SEM image of gold nanoantennas after FIB milling through the Cr layer and the respective images in (b) transmission and
(c) fluorescence microscopy. Color scaling in (b, c) is identical to that in Figure 2 to highlight the intensity increase. The fluorescence image
has been built from a red and a green channel-denoting orthogonal polarization directions. (d) Intensity profile along the white line drawn
in (c) indicating that fluorescence spots are diffraction limited.

partly cut by the FIB procedure, we do not expect significant
enhancement. This is also indicated by the unpolarized and
thus not-antenna-coupled emission. By adjusting reagent
concentrations, surface coating could be tuned to a few
or single molecules per nanostructure, which would allow
for a detailed and localized mapping of field enhancement
properties around plasmonic nanostructures.

In summary, we have presented a fabrication procedure
for the localized, sub-diffraction-limit positioning of fluores-
cent molecules at a designed position with respect to a plas-
monic nanoantenna. Initial results indicate the feasibility
of the approach, which relies on the combined use of
electron-beam and focused ion beam lithography, together
with chemical surface modification. The use of two distinct
conductive layers, of which the upper one serves as a mask
for the chemical functionalization, allows both lithography
techniques to be applied at high resolution, opening the way
to sub-20 nm patterning. Further work should aim at dem-
onstrating the technique at this resolution and at improv-
ing alignment with the nanoantennas. This would give the

possibility to unambiguously map the local field around plas-
monic nanostructures, but also provide the way for creating
active molecular plasmonic nanodevices for, for example,
high-resolution chemical and biological sensing, light har-
vesting, and nanophotonic components.

6. Conclusions and Perspective

Gap nanoantennas composed of double identical rods sep-
arated by a nanometric gap were first fabricated by electron
beam lithography before being theoretically investigated and
experimentally characterized by far-field spectroscopy. In a
preliminary study, arrays of gap nanoantennas with various
aspect ratios and gap sizes were considered and their optical
response recorded. The local field in the close vicinity of
the nanoantennas was then evaluated by luminescent mea-
surements using a confocal microscope with single-molecule
detection capability. Polarization effects were then explored.
We observed luminescence predominantly polarized along
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the dimer axis with an average enhancement up to 3-fold.
This is in agreement with previous work reporting 10-fold
enhancement on similar arrays using two-photon lumines-
cence measurements. These prior studies give insights into
the local response distribution of such metallic nanoanten-
nas and constituted a strong guiding line when tackling the
issue of nanoantenna-single molecule coupling.

It is crucial to understand antenna-molecule coupling as
these hybrid systems receive increasing attention in fields as
diverse as biosensing, imaging, or photovoltaics. As a gen-
eral strategy, we used single fluorescent molecules as vecto-
rial nonperturbative probes to map the local field of indi-
vidual nanoantennas. For this task, two types of flu-
orophores were used. First, common DiD fluorophores
were randomly deposited over the nanoantenna arrays. We
observed enhancement of the fluorescence intensity caused
by the presence of nanoantennas. However, and despite the
low excitation power used in the experiment, it was dif-
ficult to dissociate the molecular fluorescence from the
intrinsic gold luminescence signal. In addition, the presence
of the nanoantennas could disturb the homogeneity of
the fluorophores on the samples, precluding quantitative
analysis. To discriminate between the fluorophore and the
nanoantenna contributions to the fluorescence signal, we
subsequently utilized perylene molecules as photostable
fluorophores. They permitted longer observations (up to
minutes). In addition, they exhibit an on-off switching on
a timescale of seconds. These combined features eased the
discrimination between the molecular and nanoantenna
contribution to the fluorescence signal. We then carried
out fluorescence measurements at different excitation power.
Due to the different power laws followed by linear molecular
fluorescence and two-photon excited luminescence from
the nanoantennas, we were able to discriminate these two
contributions. Fluorescence spectroscopy and lifetime mea-
surements were then carried out on the nanoantenna-
molecule system. The lifetime measurements revealed a
biexponential decay with a fast component τ1 = 0.4 ns (close
to the system temporal resolution) attributed to the nano-
antennas background and a typical τ2 = 5.0 ns typical
of perylene in PMMA. From the insensitivity of the latter
decay to the presence of the nanoantennas, we conclude
that the molecules under investigation were not coupled
to nanoantennas. By cons, the fast component is linked to
the nanoantennas whether via antenna-coupled molecular
emission or as a result of the intrinsic antenna luminescence.
Even working at low concentration, and therefore being less
influenced by the topographic artifacts, we expected to have
only rare antenna-molecule coupling events. Furthermore,
we note that any molecule coupled to an antenna should
reemit via the antenna modes, and therefore a large number
of positions have to be evaluated to take into account the
broad distributions in the molecules’ lifetime and in the
dimers’ luminescence. To overcome this issue, we proposed
a hybrid system composed of a nanoantenna and a molecule
with well-controlled position. Its feasibility was demon-
strated using a process involving electron beam and focused
ion beam lithography, followed by chemical surface mod-
ification. This opens up new routes toward the local 3D

mapping of local field in the vicinity of metallic nanoan-
tennas as well as active plasmonic nanodevices, where the
relative positioning remains a burden. This has tremendous
applications in the numerous currently hot topics such as
the development of nanophotonic components, bio- and
chemical sensing, imaging, light-harvesting mimicking sys-
tems, or hybrid photovoltaic cells design.
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Antenna performance can be described by two fundamental parameters: directivity and radiation efficiency. Here, we demonstrate
nanoantenna designs in terms of improved directivity. Performance of the antennas is demonstrated in Raman scattering
experiments. The radiated beam is directed out of the plane by using a ground plane reflector for easy integration with commercial
microscopes. Parasitic elements and parabolic and waveguide nanoantennas with a ground plane are explored. The nanoantennas
were fabricated by a series of electron beam evaporation steps and focused ion beam milling. As we have shown previously, the
circular waveguide nanoantenna boosts the measured Raman signal by 5.5x with respect to a dipole antenna over a ground plane;
here, we present the design process that led to the development of that circular waveguide nanoantenna. This work also shows
that the parabolic nanoantenna produces a further fourfold improvement in the measured Raman signal with respect to a circular
waveguide nanoantenna. The present designs are nearly optimal in the sense that almost all the beam power is coupled into the
numerical aperture of the microscope. These designs can find applications in microscopy, spectroscopy, light-emitting devices,
photovoltaics, single-photon sources, and sensing.

1. Introduction

Antennas have been widely used in radio communications
for more than a century for efficient transmission of infor-
mation over long distances. Since its discovery in 1895, enor-
mous progress has been made with better control of antenna
parameters (for a brief history see [1] and references therein).
For example, directional emission was demonstrated by Yagi-
Uda in the microwave regime [2] where the radiation from
the feed element is directed with the assistance of reflector
and director parasitic elements. The directivity of antennas
has played a vital role in microwave communication systems,
specifically in satellite communication for the realization of
high-gain antennas.

Radio antennas provide solutions to communication
problems, whereas recent developments for realization of
optical antennas were mainly dictated by microscopy and
spectroscopy applications [3, 4]. Typically antennas have
dimensions of the order of the operating wavelength, requir-
ing antenna dimensions in nanometers for operation in the
visible regime. In the visible-IR regime, the metal cannot be
taken as a perfect conductor and the nanoantenna design
must be modified due to plasmonic properties [5–8]. Recent

developments in the nanotechnology have made the fabrica-
tion of such small structures possible, leading to the devel-
opment of optical single element and Yagi-Uda equivalent
nanoantennas [9–20]. Directing the emission from optical
emitters is highly desired for efficient detection and, by
reciprocity, efficient excitation as well. Typical applications
include light-emitting devices [21, 22], photovoltaics [23–
27], sensing [28, 29], spectroscopy [30–32], single-photon
sources [33, 34], and microscopy [3, 35, 36].

In a recent work, our group has shown that the scattered
radiation from nanoparticles can be directed out of the plane
of substrate and into the collection microscope using a
ground plane reflector [37]. Enhancement of over 50x was
observed in the measured Raman signal as compared to
nanoprisms over a glass substrate. We also demonstrated
recently an experimental work on waveguide nanoantenna
to boost the Raman signal by beam forming in the lateral
plane [38]. A further 5.5x enhancement was observed with
a circular waveguide nanoantenna as compared to a dipole
nanoantenna over a ground plane.

The main objective of this work is to present the design of
planar nanoantennas for optimal performance in directivity-
enhanced Raman scattering (DERS). Here, we present the
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details of the design process that led to the development of
circular waveguide nanoantenna, the different designs con-
sidered for beam forming in the lateral plane, and the possi-
bility of higher local fields for further Raman enhancement.
We also show experimentally that the parabolic reflector can
enhance the Raman signal by 4x as compared to the circular
waveguide nanoantenna owing to its improved directivity
and enhanced local fields; however, it is challenging to
fabricate.

2. Antenna Design Parameters

The total power radiated by an antenna can be given as

Prad =
∫ 2π

0

∫ π

0
p
(
θ,φ

)
sin(θ)dθdφ, (1)

where p(θ,φ) is the normalized angular power density also
known as radiation pattern of an antenna. Directivity is
defined as the antennas ability to radiate in a specific direc-
tion more efficiently as compared to a hypothetical isotropic
radiator [39]:

D = 4π
Prad

p
(
θ,φ

)
. (2)

Considering the numerical aperture (NA) of the micro-
scope objective, a more suitable parameter for describing the
beam forming ability of an antenna is the beam efficiency
(BE):

BE =
∫ 2π

0

∫ θ0

0 p
(
θ,φ

)
sin(θ)dθdφ

Prad
, (3)

where θ0 is the cone half angle. Cone angle of 30 degrees was
calculated from the measured spot size “d” of approximately
1.5 μm, using θ0 = sin−1(λ/2d). This corresponds to an NA
of 0.28.

Radiation patterns of single element nanoantennas are
typically dipolar in nature resulting in poor directivity
(Dmax = 1.5). Directive emission at optical wavelengths has
been achieved using multielement nanoantennas [11, 13, 40].
Radiation patterns of those antennas reveal that the main
beam is directed in the plane of the substrate, thus cannot
be readily used in an ordinary microscope setup. Further,
vertical Yagi-Uda nanoantenna has been realized using
top-down approach [15]. Improved directivity at optical
wavelengths can have tremendous impact in areas such as
optical microscopy, spectroscopy, sensing, and applications
involving single-photon sources, where efficient collection
and emission is critical.

Another important factor in the context of Raman
measurements is the local field strength. It has been recently
shown that maximum field enhancement results when power
radiated by the antenna is equal to the power loss in the
antenna [41–43]. This is commonly referred to as impedance
matching in microwave antenna theory [39]. Even higher
local field can be achieved by reducing the mode volume
of the antenna by reducing the feed gap between the two
elements of the dipole antenna [43].

TiO2

Ground

Glass substrate

Dipole
antenna 130 nm

40 nm

150 nm
(Au)

Figure 1: Multilayer substrate to control the radiation pattern of
a dipole antenna. Thicknesses of ground plane, dielectric (TiO2)
spacer, and top gold layer are 150 nm, 40 nm, and 50 nm, respec-
tively. Dipole antenna length of 130 nm with a 20 nm feed gap was
used to operate at wavelength of 840 nm.

3. Design and Fabrication

In this paper we investigate different nanoantenna designs
for DERS with the desired features of out-of-plane radiation
and enhanced local fields. The introduction of ground plane
prevents loss of scattered radiation into the substrate and
proper adjustment of antenna distance from the ground
plane can result in radiation enhancement out of the plane.
Further improvement of directivity is demonstrated by beam
shaping in the lateral plane using different designs includ-
ing parasitic elements, waveguide antennas, and parabolic
reflectors. The multilayer substrate is fabricated by electron
beam evaporation, and the different designs are milled using
focused ion beam (FIB).

Figure 1 illustrates the multilayer substrate used for the
fabrication of nanoantennas studied in this work. The anten-
nas were designed to be tested under Raman microscope.
The dimensions of different layers and the dipole antenna
were calculated to achieve best performance at wavelength
of 840 nm (mean of excitation and Raman scattered wave-
lengths). The antenna consists of a 130 nm long and 50 nm
wide dipole. Traditionally, dipole antenna characteristic
lengths were of the order of wavelength of operation (λ/2),
but the real metal response requires that shorter effective
wavelengths are introduced for the determination of dipole
length in infrared and optical regions [7]. A 150 nm thick
gold layer was used as ground plane to ensure that it was
optically thick.

The optimal thickness of dielectric spacer (TiO2) was
calculated numerically to be 40 nm using finite-difference
time-domain (FDTD) simulations. It should be noted that
this is smaller than the typical quarter wavelength value due
to penetration into the metal, as well as impedance matching
effects [43].

The multilayer substrate was fabricated by evaporation
of gold and TiO2 onto glass substrate by means of electron
beam evaporation under a pressure of 2 × 10−6 Torr. The
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Figure 2: (a) Dipole antenna over ground with two parasitic reflectors 150 nm long and 100 nm from the feed element. (b) Dipole antenna
over ground plane with a square reflector of length 500 nm (square waveguide antenna). (c) Dipole antenna over ground plane with a circular
reflector of radius 250 nm (circular waveguide antenna).

PMMA

Si

Ag nanoprism

500 nm

420 nm

100 nm

2000 nm

Au

Figure 3: The schematic drawing of the proposed parabolic reflec-
tor nanoantenna.

proposed nanoantenna structures were milled on the top
50 nm thick gold layer using FIB. Figure 2 shows the different
nanoantennas investigated in this work for normal emission.
Relative efficiencies of these structures are discussed in the
simulation section below, where it is shown that the circular
waveguide nanoantenna shown in Figure 2(c) results in best
performance in terms of directivity.

Another promising design translated from the microwave
antenna theory is that of the parabolic reflector antenna.
We demonstrate DERS from the beam forming abilities
of a parabolic reflector nanoantenna. Figure 3 shows the
schematic of the parabolic nanoantenna. A paraboloid-
shaped trench was milled into a silicon wafer using FIB. As
shown in the figure, the focal length of this paraboloid was
designed to be 500 nm and the diameter of the top circle
is 2 μm. A layer of 100 nm thick gold (optically thick) was
evaporated onto the silicon wafer by means of electron beam
evaporation under a pressure of 2 × 10−6 Torr.

The conformity of the evaporated layer to the hole in
silicon creates a parabolic reflector antenna on Au layer.
PMMA was then spin-coated on top of the Au layer as
a spacing dielectric layer. We chose PMMA and the spin-
coating technique to make the spacer layer for reasons
of simplicity and repeatable thickness control. Finally, Ag
nanoprisms, synthesized in water by white-light assisted
conversion of spherical nanoparticles [44], were mixed with

3 μMol rhodamine 6 G dye and drop-coated onto the PMMA
surface. The nanoprisms serve as the feed of the parabolic
reflector nanoantenna.

The experiments of [37] are first repeated using PMMA
for the determination of optimal thickness of the PMMA
layer. As a result (not shown), the first- and second-order
coherent SERS enhancement peaks are found at 120 nm
and 420 nm PMMA thickness. We choose to spin-coat
420 nm PMMA (corresponding to the second-order SERS
enhancement) onto our parabolic reflector since this thick-
ness is more compatible with the focal length of our
parabolic reflector, bringing the feed Ag nanoprism near the
paraboloid focal point.

4. Simulation Results

The proposed structures were simulated using the FDTD
method. The simulation domain was terminated by perfectly
matched layers (PMLs) for minimal reflections. The antenna
structure was enclosed by a set of 2D field monitors
forming a box to perform far-field projections and for the
determination of field patterns. For the antenna structures
shown in Figure 2, an electric dipole source located at the
feed gap of the dipole antenna was used to excite the
nanoantenna.

FDTD simulations indicate the following parameters for
best performance for each type of antenna. Two 150 nm
long parasitic reflectors, 100 nm away from the feed element,
resulted in a half power beam width (HPBW) of 110 degrees
in the xz plane. Radiation patterns of this structure show a
very broad HPBW in the yz plane. To further improve the
directivity in both planes we introduced reflectors parallel
to the x-axis as well. It was demonstrated numerically that
a square reflector with length of 500 nm resulted in best
performance. The corresponding HPBWs are 85 degrees
and 90 degrees in the xz and yz planes, respectively. Even
better performance is observed by using a circular waveguide
antenna as shown in Figure 2(c), producing a symmetrical
beam out of the plane of substrate with HPBW of 85 degrees
in both planes. Figures 4(a) and 4(b) shows the radiation
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Figure 4: Radiation patterns of a dipole antenna on a glass substrate, dipole over ground plane, square waveguide nanoantenna (side length =
500 nm), circular waveguide nanoantenna (radius = 250 nm), and parabolic reflector nanoantenna. Calculated using far-field projections of
3D FDTD simulations, (a) xz plane, (b) yz plane.

pattern in the xz and yz planes, respectively, at the wavelength
of 840 nm. It can be seen that in the absence of ground
reflector, most of the scattered power is directed into the
substrate and away from the microscope objective.

The circular waveguide nanoantenna gives a nearly
optimal radiation pattern resulting in the collection of almost
all of the scattered light by a numerical aperture of 0.75. The
radiation patterns of the parabolic reflector are also plotted
in Figure 4 for comparison. It can be seen that the parabolic
reflector nanoantenna results in an even better directivity as
compared to the circular waveguide nanoantenna.

The ring reflector acts to create a lateral standing wave
that reflects light back towards the central dipole antenna
structure. This is most similar to the waveguide antenna,
which has a lateral resonance when the wavelength is 3.4x
the radius of the circular waveguide (i.e., at the lowest order
mode cut-off) [39, 45]. Larger and smaller radii do not
provide this resonance at the desired wavelength of 840 nm
and thus give smaller directivities. The radiation patterns of
circular waveguide nanoantenna with slightly smaller and
larger radii (not shown) show splitting of the main beam
into two lobes, thus lowering the directivity in the normal
direction.

Since the present design is optimized to work at around
840 nm, this corresponds to a radius of 250 nm, which
is precisely the radius value that was found to give the

greatest DERS in the experiment. The beam forming for this
antenna design allows for directive emission into a numerical
aperture of approximately 0.75; therefore, it is well suited for
microscope setups.

Another parameter dictating the intensity of Raman
signal is the local field enhancement that arises from plas-
monic resonances, tapers, gaps, and high curvature in the
antenna design [46, 47]. Impedance matching and reduction
of mode volume of the antenna provide maximum local field
enhancement [43]. Figures 5(a) and 5(b) show the local field
intensity in the antenna gap for gap sizes of 20 and 5 nm,
respectively, at the design wavelength of 840 nm (log scale).

By reducing the gap size from 20 nm to 5 nm, the normal-
ized E field intensity (|E|/|E0|)2 increases by approximately
1000x. Intensity of Raman signal is proportional to the
square of E field intensity, thus we expect an enhancement
of 106. The feed gap of the fabricated circular waveguide
nanoantenna was 20 nm. Thus, it is clear that the Raman
signal can be considerably enhanced by reducing the feed
gap, which is a challenging task.

Now we present the simulation results of the parabolic
reflector nanoantenna. Figure 6 shows the electric field
intensity profile at a vertical segment of the structures at the
design wavelength of 840 nm. It can be seen that the local
field intensity at the Ag prism over a parabolic reflector
is much larger than that over a planar reflector. From the
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Figure 5: E field intensity (|E|/|E0|)2 at the design wavelength of 840 nm for (a) gap size of 20 nm and (b) gap size of 5 nm (log scale).

−40

−30

−20

−10

0

10

20

30

40

(a)

(b)

Ag nanoprism

Ag nanoprism

Figure 6: FDTD simulation results comparing the vertical segment
electric field intensity profiles of an Ag nanoprism above (a) a
parabolic reflector and (b) a planar reflector. The white dotted lines
show the Au ground plane and the PMMA layer surfaces. The color
map is in dB scale.

field intensity profiles in the PMMA layer, it can be seen
that the Ag nanoprism is placed at the second antinode of
the parabolic reflector at 840 nm wavelength, the same as
in the planar reflector case; it is also at the focal point of
the paraboloid. Therefore, the two effects, constructive inter-
ference and focusing, combine to give the enhanced Raman
signal. Our parabolic reflector is able to collect more power
from the incoming Gaussian wave to the Ag nanoprism feed
element, indicating a better coupling between the far and the
near field or, in a conventional antenna concept, a higher
directivity.

In terms of Raman enhancement at the Ag nanoprism
feed element, the relative Raman signal enhancement is
proportional to the product of the excitation field intensity
|Eexc|2 and the emitted Raman field intensity |Eraman|2. The
Raman enhancement factor was computed at the near field
of the Ag prism (within a rectangular box 10 nm away from
the Ag prism). It was found from the local field enhancement

that the Raman enhancement near an Ag prism in a parabolic
reflector arrangement is 40x larger than in a planar reflector
arrangement. It is due to this high local field effect that the
parabolic reflector nanoantenna results in a stronger Raman
signal as compared to the circular waveguide nanoantenna
(of Figure 2(c)), which produces only 1.2x enhancement of
the local field by the introduction of the circular ring around
the dipole over a ground plane.

5. Raman Scattering Experiments

Raman scattering experiments were carried out for the fabri-
cated circular waveguide and parabolic antennas using Rho-
damine 6 G as the Raman dye excited by a 785 nm laser. For
this CW excitation, there is negligible two-photon fluores-
cence, which would show up as background in the Raman
spectrum. The emitted wavelength at 1509 cm−1 Stokes line
(λ =890 nm) was measured using a Renishaw inVia Raman
microscope with a 100x objective and a spot size “d” of
approximately 1.5 μm (as determined by mapping experi-
ments). Raman dye, Rhodamine 6 G (400 μM in ethanol),
was drop-coated, and the sample was allowed to dry for 6
hours.

Figure 7(a) shows the measured Raman signal intensity
as a function of Raman shift using the circular waveguide
nanoantenna. The circular reflector with radius of 250 nm
resulted in the strongest DERS signal as is predicted by the
numerical results of Figure 4.

For comparison, detected intensities from dipole over
ground and from the unmilled regions of the top gold surface
(without any dipole antenna) are also shown. A dipole
antenna of the same dimensions and on the same substrate
was fabricated by removing a ring of diameter 10 μm, to
approximate the absence of the ring structure. This dipole
over ground is used as the reference for the calculation of
EF. The measured spot size of 1.5 μm results in illumination
of an area of 1.76 (μm)2, which is much larger than the
area of the antenna gap. From the results of Figure 7(a),
it can be seen that the contribution from the gold surface
alone (i.e., without the antenna) is small when compared to
that from the antenna. It should be noted that the Raman
scattering intensity is boosted about 5.5x as compared to
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Figure 7: (a) Raman spectra from the nanoantenna structure for various radii of circular reflector, dipole over a ground plane, and the top
unmilled Au surface. (b) Scanning electron microscopy image of the fabricated circular waveguide nanoantenna.
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Figure 8: (a) Scanning electron microscopy image of Ag nanoprism. (b) A scanning ion microscope image of the paraboloid drilled on
silicon taken directly from the FIB. (c) A 6 × 6 μm2 map of the Raman signal around a parabolic reflector nanoantenna.

dipole over ground and about 13x with respect to the top
Au surface. Note that this 5.5x increase is in addition to the
50x signal increase by use of the ground plane [37], and
this additional enhancement is attributed to the improved
directivity of the ring structure. Thus, the total enhancement
from the circular waveguide nanoantenna can be estimated
to be 275x as compared to nanoparticles on a glass substrate.
Figure 7(b) shows an SEM image of the fabricated circular
waveguide nanoantenna.

To demonstrate that the observed increase in Raman
intensity is mainly from antenna directivity and with only
a small contribution from local field enhancement, we
calculated the enhancement factor arising from local electric

field (EFloc) in the antenna feed gap. EFloc = |Eexc|2 |Escat|2,
where |Eexc |2 and |Escat|2 are the electric field intensities
at the excitation wavelength of 785 nm and Stokes shifted
scattered radiation at wavelength of 890 nm, respectively.
We observe maximum EFloc = 1.2. The measured 5.5x
increase in Raman intensity is thus predominantly from
improved directivity of the antenna. Numerically calculated
EF using beam efficiency and radiation patterns of Figure 4
with cone angle of 30 degrees is in excellent agreement with
the experimental results.

Figure 8(a) shows an SEM of an Ag nanoprism, the scan-
ning ion microscopy image of the fabricated structure
(Figure 8(b)), and a 6 × 6 μm2 map of the Raman signal
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using the 1509 cm−1 Stokes line around a parabolic reflector
nanoantenna (Figure 8(c)). A clear enhancement to the
Raman signal is obtained from the parabolic reflector
nanoantenna as compared to the surrounding area, where
it is equivalent to a planar reflector nanoantenna. By com-
paring the maximum Raman signal from a parabolic re-
flector nanoantenna to the average surrounding signal, a
22x enhancement is obtained.

Our previous experiments on Ag nanoprism over planar
reflector experiments have already shown a 50x Raman en-
hancement as compared to Ag nanoprisms on glass (without
any reflector) [37]. Combining the result of this work and
[37], we estimate that our designed parabolic reflector struc-
ture can enhance the SERS signal from metallic nanoprisms
by 1100x. In other words, by directivity engineering, we have
boosted the SERS signal from isolated metallic nanoprisms
by 3 orders of magnitude.

We confirm that this high signal is not from an aggrega-
tion of nanoprisms by taking an SEM image of the antenna.
We explain the Raman enhancement with respect to only
nanoprisms on glass substrate by the high directivity from
the parabolic antenna and enhanced local fields. In an SERS
experiment where the nanoprisms are deposited directly
onto glass, the light emission is in favor of the direction
into the glass substrate due to higher refractive index of the
glass. In comparison, the parabolic antenna gives an emission
pattern with a tightly focused lobe into the air, with nearly
all emitted light directed into the collecting microscope
objective. In other words, we have improved the near- and
far-field coupling from a poor efficiency to a nearly perfect
efficiency by the parabolic antenna. Therefore, the 1100x
enhancement between the two cases is not surprising.

The 22x SERS enhancement over the planar reflector
from our experiment is very encouraging but is still an
underestimate of the parabolic reflector nanoantenna DERS
enhancement potential—still lower than our theoretical pre-
diction of 40x enhancement. This may be due to the mis-
alignment between the Ag nanoprism feed element and the
Au parabolic reflector in the nanoantenna. The drop-coating
technique is convenient to deposit the Ag nanoprisms; how-
ever, exactly controlling the nanoprism position is difficult.
In future steps, we plan to build the metal feed element using
lithographical methods such as FIB lithography. In that way,
the position of the feed element can be precisely controlled,
and an even higher SERS enhancement is hypothesized.

6. Conclusions

We have demonstrated directivity-enhanced Raman scatter-
ing (DERS) using directive nanoantennas including parasitic
elements and parabolic and waveguide designs. The circular
waveguide nanoantenna with a feed gap of 20 nm produces
an enhancement factor of 275x as compared to nanopar-
ticees over a glass substrate. This enhancement factor can
be further increased by reducing the feed gap. Parabolic
reflector results in an overall enhancement factor of 1100x as
compared to nanoprisms over a glass substrate; however, as
demonstrated in this work, the fabrication of the parabolic

structure is more challenging. The enhancement in these
waveguide designs is specifically attributed to directivity
effects, that is, beam-shaping the antenna cone to fall within
the numerical aperture of the imaging optics. Therefore,
DERS is separate from other near-field enhancements that
arise, for example, from plasmonic effects. Considering the
numerical aperture of our microscope Raman system, the
nanoantenna presented has near-perfect excitation and col-
lection of the electromagnetic energy. This work is also
exciting for related applications, for example, photovoltaics,
light-emitting applications, microscopy, sensing, and single-
molecule detection [29, 31, 36].
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We compute generalized absorption and extinction cross-sections of an optical dipole nanoantenna in a structured environment.
The expressions explicitly show the influence of radiation reaction and the local density of states on the intrinsic absorption
properties of the antenna. Engineering the environment could allow to modify the overall absorption as well as the frequency and
the linewidth of a resonant antenna. Conversely, a dipole antenna can be used to probe the photonic environment, in a similar way
as a quantum emitter.

1. Introduction

It is well known that the emission frequency and linewidth
of a dipole quantum emitter is modified by its local
environment [1–4]. The linewidth directly depends on the
photonic local density of states (LDOS) which accounts for
the number of radiative and nonradiative channels available
for the emitter to relax in the ground state. The change
in the emission frequency and linewidth induced by the
environment can be described by considering the transition
dipole as a classical dipole oscillator [2, 4]. Therefore,
similar behaviors are expected for a dipole antenna (or a
nanoparticle) interacting with its environment, the involved
dipole being in this case the induced dipole that is responsible
for scattering and absorption. Indeed, changes in the induced
dipole dynamics in optical antennas have already been
observed [5, 6], and the parallel with spontaneous emission
dynamics has been mentioned on a qualitative phenomeno-
logical ground. Energy shifts and linewidths of plasmonic
nanoparticles have also been discussed recently, based on
general properties of damped harmonic oscillators [7]. A
connection between LDOS maps and the scattering pattern
of plasmonic structures has been established in a specific
imaging configuration [8]. In this context, it seems that a
general discussion of the influence of the environment on
the absorption of an optical dipole antenna or nanoparticle
would be useful. The purpose of this paper is to address

this question, using a rigorous framework based on scat-
tering theory, and to illustrate the conclusions on a simple
example.

In this paper, we investigate the role of the environment
on the absorption cross-section of an optical dipole antenna
using a rigorous theoretical framework. We show that it is
possible to modify the overall absorption and its spectral
properties by engineering the environment, and in particular
the photonic LDOS. Conversely, it is possible to probe the
environment using a resonant nanoantenna, specific mea-
surements being able to produce LDOS maps. In Sections
2 and 3, we derive the exact expressions of the dressed
electric polarizability of a dipole antenna in an arbitrary
environment and deduce the expression of the generalized
absorption and extinction cross-sections. In Section 4, we
discuss qualitatively the physical mechanisms affecting both
the resonance frequency and the linewidth of a resonant
antenna, using a simplified model. In Section 5 we study
numerically a simple but realistic example, based on the
rigorous expression derived in Section 2. This allows us to
illustrate the general trends and to give orders of magnitude.
In Section 6, we summarize the main conclusions.

2. Dressed Polarizability

This section is devoted to the computation of the dressed
polarizability of an optical dipole antenna or nanoparticle
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Figure 1: Optical dipole antenna of arbitrary shape in a structured
environment. A point r0 inside the antenna is used to define its
position.

(i.e., the polarizability that accounts for the interaction with
the environment). To proceed, we follow the same procedure
that has been used previously to compute the polarizability
in vacuum [9–11]. We consider an electrically small particle
(the generic term particle will be used to denote either a
subwavelength optical antenna or a nanoparticle) of volume
V and of permittivity ε(ω) embedded in an arbitrary
environment, the particle lying at position r0 (see Figure 1).
We assume that position r0 lies in vacuum (the local
refractive index at r0 is assumed to be unity). To describe light
propagation in the environment, we use the electric dyadic
Green function G which connects the electric field at position
r to an electric dipole source at point r′ through the relation
E(r,ω) = μ0ω2G(r, r′,ω)p(r′). We denote by Eext the field
in the environment in the absence of the particle (exciting
field). The total electric field E at point r and at frequency ω
reads

E(r,ω) = Eext(r,ω) + k2
0

∫
V

G(r, r′,ω)[ε(ω)− 1]

× E(r′,ω)d3r′,
(1)

where k0 = ω/c, c being the speed of light in vacuum.
The approximation of electrically small particle amounts
to considering that the electric field is uniform inside the
particle. Under this condition, the expression of the total
electric field inside the particle (at point r0) becomes

E(r0,ω) = Eext(r0,ω) + k2
0[ε(ω)− 1]E(r0,ω)

×
∫
V

G(r0, r′,ω)d3r′.
(2)

We now split the integral of the Green dyadic into its singular
part −L/k2

0 and its nonsingular part VGreg(r0, r0,ω) where
we have assumed that Greg(r0, r′,ω) is constant over the
volume of the nanoparticle. Note that L is real since it
corresponds to the singularity of the Green tensor at a point

that lies in vacuum (the Green tensor is computed in the
absence of the particle) [12–14]. Equation (2) becomes

E(r0,ω) =
{

I + [ε(ω)− 1]L

−k2
0V[ε(ω)− 1]Greg(r0, r0,ω)

}−1
Eext(r0,ω).

(3)

The expression of the polarizability follows be writing the
induced electric dipole moment of the particle in the form

p(r0,ω) =
∫
V

P(r′,ω)d3r′ = Vε0[ε(ω)− 1]E(r0,ω)

= ε0α(ω)Eext(r0,ω).

(4)

The last line defines the dressed polarizability α(ω), that in
the most general situation is a tensor. Inserting (3) into (4),
one obtains

α(ω)= V[ε(ω)− 1]

×
{

I + [ε(ω)−1]L− k2
0V[ε(ω)−1]Greg(r0, r0,ω)

}−1
.

(5)

A more useful expression of the dressed polarizability is
obtained by defining a reference polarizablity α0(ω). A usual
choice for this reference is the quasi-static polarizability of
the particle in vacuum [11], that reads

α0(ω) = V[ε(ω)− 1]{I + [ε(ω)− 1]L}−1. (6)

Note that in the case of a spherical particle, the singularity
(or depolarization) dyadic is L = I/3 so that α0(ω) would
simplify into the well-known (scalar) quasi-static expression
α0 = 3V(ε − 1)/(ε + 2). Using (5) and (6), the dressed
polarizability has the final form:

α(ω) = α0(ω)
{

I− k2
0Greg(r0, r0,ω)α0(ω)

}−1
. (7)

This expression is the main result of this section. It shows
that the dressed polarizability of a particle depends on
the environment, the influence of the environment being
fully described by the non-singular part of the dyadic
Green function VGreg(r0, r0,ω). Note that (7) is the explicit
expression of the effective polarizability discussed in [4].

For a resonant antenna or nanoparticle (e.g., supporting
a plasmon resonance), it is instructive to rewrite (7) in the
form:

α(ω)−1 = α0(ω)−1 − k2
0Greg(r0, r0,ω). (8)

The resonance frequency of the dressed polarizability is
solution of the equation Re[α−1

0 (ω) − k2
0Greg(r0, r0,ω)] = 0,

while the linewidth is given by Im[α−1
0 (ω)−k2

0Greg(r0, r0,ω)].
The influence of the environment on the resonance lineshape
is made explicit by this simple analysis.
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3. Generalized Absorption and
Extinction Cross-Sections

The expression of the dressed polarizability is the starting
point to compute generalized absorption and extinction
cross-sections in an arbitrary environment. To carry out this
derivation, we start with the expression of the time-averaged
power absorbed inside the particle, given by

Pa = 1
2

∫
V

Re
[

j(r′,ω) · E∗(r′,ω)
]
d3r′, (9)

where j(r′,ω) = −iωε0[ε(ω) − 1]E(r′,ω) is the current
density induced in the particle. As the electric field is
assumed to be uniform inside the particle, the absorbed
power becomes

Pa = ωVε0 Im ε(ω)
2

|E(r0,ω)|2. (10)

Using (4), it can be rewritten as

Pa = ωε0 Im ε(ω)

2V |ε(ω)− 1|2 |α(ω)Eext(r0,ω)|2. (11)

To define a generalized absorption cross-section, we have to
introduce an incident local energy flux φext. Since the exciting
field at the position of the particle is Eext(r0,ω), we define the
incident local energy flux using the expression for a plane
wave φext = |Eext(r0,ω)|2/(2μ0c). This definition is arbitrary,
but has the advantage to coincide with the standard one when
the particle lies in a homogeneous medium. The generalized
absorption cross-section is then given by the ratio Pa/φext.
Using the relation Im [α0][α0α

∗
0 ]−1 = Im ε(ω)/[V |ε(ω) −

1|2]I (see Appendix A for a proof), we obtain the final
expression of the generalized absorption cross-section:

σa(ω)I = k0 Im
[
α0(ω)][α0(ω)α∗0 (ω)

]−1 |α(ω)Eext(r0,ω)|2
|Eext(r0,ω)|2 .

(12)

Equation (12) is a central result of this paper. It deserves
some remarks before we analyze its consequences. Although
(12) involves tensor notations, the absorption cross-section
σa(ω) is a scalar quantity. Expression (12) is exact and
has been obtained under the only assumption that the
electric field is uniform inside the particle (approximation
of electrically small particle). It can be used, together with
(7), to discuss the influence of the environment on the
optical properties of any particle (or antenna) satisfying
this condition. For a nonabsorbing material, the imaginary
part of the permittivity ε(ω) vanishes, and the quasi-static
polarizability α0 is real. The term Im[α0(ω)] in (12) implies
σa(ω) = 0, as it should be. Finally, let us emphasize that
the generalized absorption cross-section that we have defined
really describes the change of the intrinsic absorption of the
particle induced by the environment (or in other word of
the absorption probability given a local incident power). Its
proper normalization by the local incident energy flux clearly
distinguishes this effect on the absorbed power from that

due to a mere change of the local incident power. It is also
important to stress that although the generalized absorption
cross-section that we have defined is a scalar, it depends on
the orientation of the local exciting electric field, that encodes
the anisotropy of the environment.

Following the same procedure, it is also possible to
compute the extinction cross-section, starting from the
expression of the power extracted from the external field by
the nanoparticle. The latter can be written in the form [11]:

Pe = 1
2

∫
V

Re
[

j(r′,ω) · E∗ext(r′,ω)
]
d3r′. (13)

One obtains

σe = k0
Im
[
α(ω)Eext(r0,ω) · E∗ext(r0,ω)

]
|Eext(r0,ω)|2 . (14)

As for the generalized absorption cross-section, this expres-
sion is exact under the assumption of an electrically small
particle. In the following, we will focus our attention on the
absorption cross-section, but the analyses and the general
trends can be translated to the extinction situation, that can
be relevant to specific experimental configurations and type
of measurements.

4. Qualitative Discussion

Equation (12) can be used to compute the absorption cross-
sections in a given environment. For realistic geometries,
the computation can only be performed numerically (we
will study a simple example in Section 5). For example, it
is possible to use an iteration scheme to solve numerically
the Dyson equation which is the closed form of the
equation governing the Green function similar to (1) [15].
Nevertheless, in order to get some insight based on simple
analytical formulas, we will study an oversimplified situation.
First, we consider a spherical nanoparticle of volume V ,
small enough to be consistent with the electric dipole
approximation that we use throughout this paper. For such
a shape, the singular part of the Green tensor is simply
given by L = I/3 [12, 13]. Second, we assume that the
nanosphere is embedded in an environment that preserves
for Greg(r0, r0,ω) the same symmetry as that of free space
(i.e., Greg(r0, r0,ω) = Greg(r0, r0,ω)I). This is an unrealistic
hypothesis (it would be strictly valid only for a homogeneous
medium or a medium with cubic symmetry), but we shall
use it only to discuss qualitatively general trends. Under these
hypotheses, the quasi-static polarizability reduces to α0(ω) =
3V[ε(ω)− 1]/[ε(ω) + 2], and the dressed polarizability takes
the form:

α(ω) = α0(ω)
1− k2

0Greg(r0, r0,ω)α0(ω)
. (15)

The absorption cross-section becomes

σa(ω) = k0 Im[α0(ω)]
|α(ω)|2
|α0(ω)|2 . (16)

It is clear in this expression that in absence of polarization
anisotropy induced by the environment, the absorption
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cross-section does not depend on the exciting field (this is
not the case in (12)).

In order to get a simple model of a resonant optical dipole
antenna, we consider a metallic nanoparticle described by
Drude permittivity ε(ω) = 1 − ω2

p/(ω
2 + iωγ), where ωp is

the plasma frequency, and γ is the intrinsic collision rate that
describes absorption losses in the bulk material. The real and
imaginary parts of the Green tensor, that both influence the
absorption cross-section, have a well-defined meaning. In
order to make this more explicit, we introduce the photonic
LDOS ρ(r0,ω), connected to the imaginary part of the Green
tensor by

ρ(r0,ω) = 6ω
πc2

Im
[
Greg(r0, r0,ω)

]
. (17)

We also introduce φ(r0,ω) that describes the influence of the
real part of the non-singular Green tensor in a similar way:

φ(r0,ω) = 6ω
πc2

Re
[
Greg(r0, r0,ω)

]
. (18)

Using these definitions, the dressed polarizability of the
metallic nanoparticle reads

α(ω) = 3Vω2
0

[
ω2

0

{
1− π

2
Vωφ(r0,ω)

}

−ω2 − iω

{
γ +

π

2
Vω2

0ρ(r0,ω)
}]−1

,

(19)

whereω0 = ωp/
√

3 is the plasmon resonance frequency of the
bare nanoparticle in the quasi-static limit. This expression
naturally leads to the introduction of an effective frequency
Ω2

eff(ω) = ω2
0{1 − πVωφ(r0,ω)/2} such that the resonant

frequency of the particle in the environment is solution of the
equation Ω2

eff(ω) − ω2 = 0. Similarly, an effective linewidth
γeff(ω) = γ + πVω2

0ρ(r0,ω)/2 can be introduced.
From (12) and (19), we can obtain the expression of the

absorption cross-section in the simplified scalar model:

σa(ω) = 3Vω2
0

c

ω2γ[
Ω2

eff(ω)− ω2
]2

+ ω2γ2
eff(ω)

. (20)

Equation (20), together with the expressions of Ωeff(ω)
and γeff(ω), shows that the real part of the Green function
contributes to a change of the resonance frequency, while the
imaginary part (the LDOS) changes the linewidth. This is
the same behavior as that known for a dipole emitter (either
quantum or classical), although in the present situation
we deal with the dipole induced inside the particle by the
external field. It is interesting to note that the effective line
width γeff(ω) can only be larger than the intrinsic linewidth
γ because of its dependance on the LDOS which is a positive
quantity.

The resonant behavior of σa(ω) and the influence of
the LDOS (through γeff(ω)) deserve to be analyzed more
precisely. Due to the frequency dependence of both Ωeff(ω)

and γeff(ω), the resonance lineshape is in general not
a Lorentzian profile. Moreover, Ωeff(ω) and γeff(ω) are not
independent, since the real and imaginary parts of the Green
function are connected by Kramers-Kronig relations. It is
nevertheless possible to derive the expression of the gener-
alized absorption cross-section at resonance. The resonance
frequency ωa satisfies dσa(ωa)/dω = 0. As described in
Appendix B, using this implicit equation, it is possible to
express σa(ωa) in the form:

σa(ωa) = 3γVω2
0

c

×
⎡⎣γ2

eff(ωa)

⎧⎨⎩1

+
ω4
a[

Ω2
eff(ωa)− 2ωaΩ

′
eff(ωa)Ωeff(ωa) + ω2

a

]2

×γ′2eff(ωa)

⎫⎬⎭
⎤⎦−1

,

(21)

where the superscript
′

denotes a first-order derivative.
This expression shows that both the LDOS and its first-
order derivative influence the amplitude of the generalized
absorption cross-section, through γ2

eff(ωa) and γ
′2
eff(ωa),

respectively. An increase of both quantities tends to decrease
the absorption cross-section. In the particular case of an
environment for which the spectral dependence of the LDOS
can be neglected [γ

′2
eff(ω) = 0], we end up with σa(ωa) ∝

1/γ2
eff(ωa). This result can be qualitatively explained in simple

terms. The first step in the absorption process by a metallic
nanoparticle is the excitation of the conduction electron gas.
Then, relaxation can occur either by radiative (emission of
scattered light) or nonradiative channels (absorption due to
electron-phonon collisions). Increasing the photonic LDOS
increases the weight of radiative channels and therefore
reduces absorption. The role of the LDOS in this process is
essentially the same as that in the spontaneous decay rate of
a quantum emitter by coupling to radiation.

5. Metallic Nanoparticle Interacting with
a Perfect Mirror

In order to illustrate the effects discussed above on a real
example and to get orders of magnitudes (i.e., to establish
the possibility of experiments), we study quantitatively in
this section the generalized absorption cross-section of a
silver nanosphere, with radius R = 15 nm, interacting with
a flat perfectly conducting surface (perfect mirror). The
geometry of the system is shown in Figure 2. To describe the
silver nanoparticle, we use the tabulated values of the bulk
permittivity ε(ω) taken from [16].

To compute the generalized absorption cross-section of
the nanosphere, we use the exact expression equation (12). In
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Figure 2: Geometry of the system: A spherical dipole nanoparticle
interacts with a perfect mirror. The dashed sphere corresponds to
the image dipole.

order to compute relative changes, we define the normalized
cross-section σna (ω) = σa(ω)/σvac

a (ω), where σvac
a (ω) is the

absorption cross-section of the bare nanosphere in vacuum:

σvac
a (ω) = k0 Im[α0(ω)]

∣∣∣∣αvac(ω)
α0(ω)

∣∣∣∣2

. (22)

The vacuum polarizability αvac(ω) is given by

αvac = α0(ω)

{
1− i

k3
0

6π
α0(ω)

}−1

, (23)

with α0(ω) = 3V[ε(ω) − 1]/[ε(ω) + 2] [10, 11]. The
calculation of σna (ω) requires the calculation of the exciting
field Eext and of the Green function Greg(r0, r0,ω) in the
geometry in Figure 2. This is a straightforward application
of the image method, given in Appendix C for completeness.

We show in Figure 3(a) the variations of normalized
LDOS (ratio between the full LDOS and the LDOS in
vacuum) versus both the wavelength and the distance d
between the mirror and the center of the nanoparticle.
Figure 3(b) (red solid line) displays a section corresponding
to λ = 400 nm in Figure 3(a). We observe the well-
known oscillations due to interferences between incident and
reflected waves on the mirror [2]. In the near-field regime
corresponding to d � λ, the relative variations of the LDOS
are on the order of 10%. These plots of the LDOS will be
helpful in the qualitative analysis of the variations of the
generalized absorption cross-section.

To study the influence of the mirror on σa(ω), we first
consider an s-polarized illumination (the incident plane
wave has an electric field linearly polarized along the di-
rection y). In this case, the induced electric dipole in the
nanosphere is oriented along y. As a consequence, σa(ω)
is independent of the direction of incidence (angle θ in
Figure 2). In Figure 4(a), we represent the variations of
the normalized absorption cross-section σna (ω) (generalized
absorption cross-section divided by free-space cross-section)
versus both the wavelength λ and the distance d between
the mirror and the center of the nanoparticle. The plasmon
resonance, corresponding to λ � 360 nm, is visible for d <
100 nm. Figure 4(b) displays a section view of Figure 4(a)
at λ = 361 nm. We observe oscillations of the absorption

cross-section, as a clear signature of the influence of the
mirror. The relative variations are on the order of 5% for
distances d between 50 and 250 nm. The behavior of σna (ω)
can be compared to that of the partial LDOS ρyy(r0,ω) in
Figure 3(b). The oscillations are in opposition, in agreement
with the qualitative analysis presented in Section 4: An
increase of the LDOS tends to decrease the absorption cross-
section.

The case of an illumination with a p-polarized plane
wave (i.e., with an electric field in the x-z plane) can be
analyzed in a similar manner. In this case, the electric dipole
induced in the nanosphere depends on the direction of
incidence θ. We have chosen θ = 45◦ for the sake of
illustration (note that θ = 0 would lead to the same behavior
as that observed with s-polarized illumination). Figures 5(a)
and 5(b) are the same as Figures 4(a) and 4(b), but for p-
polarized illumination. We observe a similar behavior of σna ,
with oscillations corresponding to relative variations of a
few percent. Close to resonance, and for d = 30 nm (which
corresponds to strong nanoparticle mirror interaction in
this simple system), the relative variation of the absorption
cross-section is of the order of 20%. Finally, let us note
that significant changes are observed in the near-field regime
only. For d > λ/2, the influence of interactions with the
environment remains weak.

6. Conclusion

We have described the influence of the environment on the
absorption cross-section of an optical dipole antenna or
a nanoparticle, based on a rigorous framework. We have
derived a generalized form of the absorption cross-section,
based on the only assumption that the electric field is
uniform inside the antenna (electric dipole approximation).
In the case of a resonant nanoparticle (plasmon resonance),
we have analyzed qualitatively the role of the environment on
the resonance frequency and on the linewidth. In particular,
we have identified the role of the photonic LDOS and
shown that an increase of the LDOS results in a reduction
of the generalized absorption cross-section. These effects
have been illustrated on the simple example of a metallic
nanoparticle interacting with a perfect mirror. In the field
of optical nanoantennas, these results could be exploited
along two directions. First, engineering the LDOS around
an optical nanoantenna could allow some control of both
the resonance frequency, and more interestingly on the
level of absorption. Since high absorption remains a serious
drawback of metallic nanoantenna, it might be possible to
reduce absorption by an appropriate structuration of the
environment. Second, measuring changes in the resonance
lineshape of a metallic nanoparticle, as performed, for
example, in [18], should allow a direct mapping of the
LDOS, without using fluorescent emitters. Finally, let us
comment on the possibility of measuring σa in situ. A
potential method could be based on photothermal detection,
in which a probe beam probes the temperature increase of
the nanoparticle due to absorption. Such methods already
offer the possibility of sensitive detection of nanoparticles in
complex environments [19–22].
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Figure 3: (a) map of the normalized LDOS ρ(r0,ω)/ρvac(ω), with ρ(r0,ω) = 2ω/(πc2) Im[Tr Greg(r0, r0,ω)] and ρvac(ω) the LDOS in vacuum,
versus both the wavelength λ and the distance d between the mirror and the center of the nanoparticle. The vertical dashed line is a guide to
precise the wavelength at which panel (b) has been plotted. (b) distance dependence of the LDOS (red solid line) and of the partial LDOS
(blue and black dashed lines) defined by ρii(r0,ω) = 2ω/(πc2) Im[Greg,ii(r0, r0,ω)] with i = x, y, z for λ = 400 nm. The partial LDOS ρii(r0,ω)
drives the dynamics of a dipole oriented along direction i, while the LDOS sums up the contributions of the three orientations. Due to
symmetry in the geometry in Figure 2, the partial LDOS along x and y is equal. In all calculations, the minimum distance d � 2R has been
chosen at the limit of validity of the dipole approximation [17].

Appendix

A. Proof of the Relation Im [α0][α0α
∗
0 ]−1 =

Im ε(ω)/[V |ε(ω)− 1|2]I

In this appendix, we give a proof of the relation Im[α0]·
[α0α

∗
0 ]−1 = Im ε(ω)/[V |ε(ω)−1|2]I. The quasi-static polar-

izability is given by (6):

α0(ω) = V[ε(ω)− 1]{I + [ε(ω)− 1]L}−1. (A.1)

Multiplying the previous expression on the left by {I +
[ε∗(ω)− 1]L}{I + [ε∗(ω)− 1]L}−1, we end up with:

Imα0(ω) = V Im ε(ω)

×
{

I + 2 Re[ε(ω)− 1]L + |ε(ω)− 1|2L2
}−1

.

(A.2)

However, we also have

α0α
∗
0 = V 2|ε(ω)− 1|2

×
{

I + 2 Re[ε(ω)− 1]L + |ε(ω)− 1|2L2
}−1

.
(A.3)

Using (A.2) and (A.3), we obtain the following relationship:

Im [α0]
[
α0α

∗
0

]−1 = Im ε(ω)

V |ε(ω)− 1|2 I, (A.4)

which concludes the proof.

B. Derivation of the Scalar Form of
the Absorption Cross-Section at Resonance

To derive (21), we first compute the derivative of (20) with
respect to ω:

dσa
dω

(ω) = 6Vγωω2
0

c

[{
Ω2

eff(ω)− ω2}2

−2ω
{
Ω′

eff(ω)Ωeff(ω) − ω
}

×{Ω2
eff(ω)− ω2}− ω3γeff(ω)′γeff(ω)

]
/
{[
Ω2

eff(ω)− ω2]2
+ ω2γ2

eff(ω)
}2
.

(B.1)

The resonance frequency ωa is defined by dσa(ωa)/dω = 0.
This gives us a relation satisfied by ωa. By factorizing by
Ω2

eff(ωa) − ω2
a, and by putting this relation into (20), we end

up with:

σa(ωa) = 3γVω2
0

c

×
⎡⎣γ2

eff(ωa)

⎧⎨⎩1

+
ω4
a[

Ω2
eff(ωa)− 2ωaΩ

′
eff(ωa)Ωeff(ωa) + ω2

a

]2

×γ′2eff(ωa)

⎫⎬⎭
⎤⎦−1

,

(B.2)

which concludes the derivation of (21).
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Figure 4: (a) map of the normalized absorption cross-section σn
a versus both the wavelength λ and the distance d between the mirror and

the nanosphere. The vertical dashed line is a guide to precise the wavelength at which panel (b) has been plotted. Inset: plot of the absorption
cross-section as a function of the wavelength for d = 30 nm. (b) plot of σn

a and of the partial LDOS ρyy(r0,ω) versus the distance d for
λ = 361 nm. s-polarized illumination.
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Figure 5: (a) same as Figure 4 for an illumination with a p-polarized plane wave, at an angle of incidence θ = 45o. Both the partial LDOS
ρxx(r0,ω) and ρzz(r0,ω) are displayed in (b) since both influence the generalized cross-section in this situation.

C. Computation of the Exciting Field and of the
Green Function of the Perfect Mirror System

The computation of the modified absorption cross-section
for a metallic nanosphere close to a perfect mirror requires
the computation of the exciting field and of the Green tensor
of the system composed by the mirror only. In the case of a
s-polarised incident field given by

Es
inc(r,ω) = E0 exp [ikxx + ikzz]ey , (C.1)

where the incident wave vector is k = k0(− sin θ, 0,− cos θ),
the exciting field at the position r0 of the nanosphere
is simply given by the superposition of the incident and
reflected fields:

Es
ext(r0,ω) = −2iE0 sin [k0 cos θd]ey. (C.2)

In the same way, in the case of a p-polarised incident field
given by

E
p
inc(r,ω) = E0 exp [ikxx + ikzz]{cos θex + sin θez}, (C.3)
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the exciting field reads

E
p
ext(r0,ω) =− 2iE0 cos θ sin [k0 cos θd]ex

+ 2E0 sin θ cos [k0 cos θd]ez.
(C.4)

In order to express the Green function, we use the
dipole image method. If the system consisting of the perfect
mirror at z = 0 is illuminated by a source dipole p =
(px, py , pz) at position r0 = (0, 0, z0), the effect of the mirror
can be replaced by the radiation of an image dipole p′ =
(−px,−py , pz) placed at position r′0 = (0, 0,−z0). This allows
us to compute the Green function of the system in a simple
manner:

G(r, r0,ω)p = G0(r, r0,ω)p + G0
(

r, r′0,ω
)

p′. (C.5)

In this expression, G0 is the Green tensor in vacuum given by

G0(r, r0,ω) = PV

{[
I− u⊗ u +

ik0R− 1
k2

0R2
(I− 3u⊗ u)

]

×exp[ik0R]
4πR

}
− δ(R)

3k2
0

I,

(C.6)

with R = r−r0 and u = R/R, PV denoting the principal value
operator. At the position of the nanosphere (i.e., r = r0), the
singularity part of the Green tensor (needed to compute the
quasi-static polarisability α0 given by (6)) is simply L = I/3.
The regular part (needed to compute the polarisability α
given by (7)) is given by

Greg(r0, r0,ω)p = G0,reg(r0, r0,ω)p + G0
(

r0, r′0,ω
)

p′. (C.7)
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13397 Marseille, France

4 Laboratoire de Photonique et de Nanostructures (LPN-CNRS UPR 20), route de Nozay, 91460 Marcoussis, France

Correspondence should be addressed to Gilles Tessier, gilles.tessier@espci.fr

Received 27 October 2011; Accepted 9 December 2011

Academic Editor: Alexandre Bouhelier

Copyright © 2012 Sarah Y. Suck et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We reconstruct the full three-dimensional scattering pattern of longitudinal and transverse modes in pairs of coupled gold
nanodisks using digital heterodyne holography. Near-field simulations prove that, in our experimental conditions, the induced
dipoles in the longitudinal mode are in phase while they are nearly in opposite phase for the transverse mode. The scattering
efficiency of the two modes is of the same order of magnitude, which goes against the common belief that antisymmetric
transverse modes are “dark.” The analysis of the reconstructed hologram in the Fourier plane allows us to estimate the angular
scattering pattern for both excited modes. In particular, the antisymmetric transverse mode scatters light mostly into one half-
plane, demonstrating that the quasi-static approximation breaks down in nanodisk pairs even for an interparticle distance lower
than λ/4.

1. Introduction

The coupling of two nanoparticles plays an important role
in the context of plasmonics because of the increased near-
field enhancement and confinement that occurs in the gap
between particles. Pairs of coupled nanoparticles represent
the simplest and most fundamental structure for studying
the plasmon coupling phenomena which give rise to numer-
ous applications like surface-enhanced Raman spectroscopy
(SERS) [1, 2], nanosensing [3–5], and optical trapping [6, 7].

The resonances and optical properties of a two-particle
antenna are often described in terms of the hybridization
model which states that the coupling of individual particle
dipole modes induces an energy splitting into bonding
and antibonding modes [8]. This quasi-static model entails
that the red-shifted bonding longitudinal mode and the
blue-shifted antibonding transverse mode are the only ones
that couple efficiently to far-field radiation. These modes
are generally called “bright” modes while the antibonding

longitudinal and bonding transverse modes are described as
nonscattering “dark” modes and are, thus, not observed in
the far field.

With the increasing development in nanofabrication
technology during the last decade, control over the design
of two-particle antennas has been steadily improving. Since
then, the coupling phenomena involved in the optical
properties of a two-disk nanostructure have been studied
extensively using experimental and numerical approaches
[9–12]. In all these cases, the phase of the excitation is
homogeneous on the particle dimers; thus, the spectral
responses are consistent with the quasi-static hybridization
model.

However, the study of chains of nanoparticles that span
distances much greater than the vacuum wavelength has con-
sistently shown that quasi-static approximations break down
rapidly in nanofabricated samples [13, 14]. The retardation
effects, which cannot be neglected at these length scales, have
promising applications in the design of directional antennas
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(in particular in Yagi-Uda geometries) for the control of
single quantum emitters [15–19]. Recently, the directivity
of Yagi-Uda nanoantennas has been studied by eigenmode
imaging of amplitude and phase using apertureless scanning
near-field optical microscopy [20].

In order to reveal the near-field phase effects that
drive the performance of optical antennas, we investigate
experimentally the optical properties of one of the simplest
plasmon coupled systems: a gold nanodisk pair with an
interparticle distance much smaller than the vacuum wave-
length. Theoretical and experimental reports have shown
that at large interparticle distances, retardation effects induce
a periodic modulation of the scattering cross-section for
both longitudinally and transversely coupled particles [21].
Furthermore, experimental results obtained recently on
particle pairs using an excitation in total internal reflection
geometry showed that two efficiently scattering transverse
modes can be observed [22] which is inconsistent with the
hybridization model. In 2011, Rolly et al. studied analytically
the optical properties of silver nanogap antennas [23] and
have shown that, even at short interparticle distances, phase
effects in the induced dipoles have to be taken into account
when illuminating the dimer in a direction parallel to its axis.
This is not only due to retardation but also to an interparticle
scattering term that arises from distance-dependent dipole
coupling. In particular, they showed that the maximum
scattering efficiency for nearly touching spheres occurs when
exciting the antisymmetric (bonding) transverse mode. This
mode which is “dark” in the quasi-static approximation is
rendered “bright” by the interparticle scattering term. As
demonstrated in bimetallic particle pairs, near-field phase
effects strongly modify the angular pattern of the scattered
light [24]. Three-dimensional (3D) analysis of the scattering
pattern of gold dimers should directly discriminate cases
where the hybridization model holds.

Digital heterodyne holography, a sensitive technique that
relies on interferometry, has the ability to measure the
optical amplitude and phase of light scattered by nanoobjects
[25, 26]. Therefore, one hologram which can be recorded
in less than 1 second contains the whole 3D information
of the recorded scattered light. Furthermore, holography
also allows the access to the angular scattering pattern of a
nanostructure since the angular spectrum of the hologram
can be obtained by computing the scattered field in the
Fourier plane. To correlate measured optical data to the
relative phases of the induced dipoles in the particle pair,
we performed finite element method (FEM) simulations
(based on the commercial software package “Comsol Multi-
physics”). This allows us to compute the near-field intensity
and phase maps of gold nanodisk pairs in the presence of a
glass-air interface.

2. Simulated Near-Field Maps

We have developed a three-dimensional simulation model
taking into account the presence of the glass-air interface,
which is in many cases neglected or simplified in simulations
due to its additional complexity when regarding scattering.
In our model, we chose to describe the incident wave field

in the whole volume, using the analytical expressions of the
Fresnel equations describing the diffraction at an interface.
The incident light comes from the glass substrate under an
incident angle of 45◦, which corresponds to the total internal
reflection (TIR) configuration used in the experiment.

We were interested in examining the scattered near
field of a pair of gold nanodisks in the presence of a
glass-air interface under two different excitations using s-
polarized light: (a) incident k-vector perpendicular to the
principal axis (i.e., along the x-axis) of the nanostructure
with an electric field Ex along its axis and (b) incident
k-vector parallel to its principal axis where the field Ey

is perpendicular to the structure. Both configurations are
schematically depicted on the left of Figure 1. In case (a), the
two disks interact by means of near-field coupling, and the
in-phase longitudinal mode is excited, giving rise to a strong
field enhancement in the gap. In case (b), in contrast, the
near-field coupling of the two particles is weak, as the regions
of high near fields are away from the gap between the disks.
A transverse mode is excited.

Figure 1 plots the near-field intensity maps in the x-y
plane, |Esc

x |2 + |Esc
y |2 (left images) and the phase maps of

the corresponding dominant near-field component, that is,
Φ(Esc

x ) for case (a) and Φ(Esc
y ) for case (b) (right images).

The near-field is calculated 10 nm above the disks surface to
avoid field discontinuities on the gold interfaces and to better
correspond to scanning near-field measurements.

The near-field intensity image corresponding to case (a)
confirms the excitation of a longitudinal mode. There is
a strong field confinement in the gap, which corresponds
to an intensity near-field enhancement of 140. The phase
image clearly shows that both disks are in phase. In case
(b), we observe no field confinement in the gap, which
confirms the excitation of a transverse mode. The near-
field intensity image reveals a slight asymmetry close to
the surface of the disks’ sides: the near field close to the
right disk is higher than that close to the left disk. This
feature is due to the incoming field impinging on the right
particle from the positive x direction. A possible mode is
sketched in the left-handed scheme in Figure 1(b). Regarding
the corresponding phase image, both disks are nearly at
opposite phase (ΔΦ = 1.28π) which proves that the disk
pair exhibits an antisymmetric transverse mode. Using an
illumination in total internal reflection, it will therefore
be possible to excite an in-phase longitudinal mode and
an opposite-phase transverse mode in the pair of coupled
disks and compare their scattering behaviours using digital
heterodyne holography. Isotropic gold particles should allow
the investigation of the opposite-phase transverse mode
as shown in the literature [22]. However, for p-polarized
incident light, the strong component of the evanescent field
normal to the sample plane forbids the excitation of the
symmetric transverse and antisymmetric longitudinal modes
in gold disk pairs.

3. Experimental Setup

The experimental holographic setup is based on a Mach-
Zehnder interferometer. It is schematically depicted in



International Journal of Optics 3

.

140
z

y
k

E

x

+ − 100 nm
−

0

y

x

y

+ −

Φ(Esc
x )|Esc

x |2 + |Esc
y |2 (a.u.)

(a)

120

.

z

k

E

x

+

− 100 nm
−

0
y

x

y

x

+

−

Φ(Esc
y )|Esc

x |2 + |Esc
y |2 (a.u.)

(b)

Figure 1: Simulation of the near-field of two coupled disks (d = 150 nm, gap = 40 nm) for 2 different illumination configurations using
s-polarized light: (a) wave vector ⊥ to dimer axis, (b) wave vector ‖ to dimer axis. Note that only the in-plane components are plotted, that
is, the x- and y-components. Left: near-field intensity |Esc|2 = |Esc

x |2 + |Esc
y |2 in the x-y plane plotted 10 nm above the surface of the disks.

Right: corresponding phase images. The position of the disks is indicated by dotted circles.

Figure 2. A single mode laser diode (λ = 785 nm, Power
= 80 mW, Sanyo DL7140-201S) beam is separated with a
polarizing beam splitter (PBS) in reference (ER) and object
arms (EO) which are frequency shifted by two acousto-
optical modulators (AOM1, AOM2) at frequencies fAOM1

and fAOM2 creating an accurate phase shift. Half wave plates
(λ/2) and neutral density filters (ND1, ND2) allow the
control of the optical power in each arm. Two lens systems
are introduced in the setup (L1, L2). An expanded reference
beam fully illuminates the CCD camera (Roper Cascade
512F EMCCD, frame transfer 512 × 512, 16 × 16μm
pixel matrix, triggered at a frame rate fCCD = 16 Hz,
integration time tint = 50 ms). The glass substrate of the
sample is coupled to a prism using an index matching
liquid and illuminated in TIR configuration to achieve
dark field illumination. The scattered field is collected by a
microscope objective (MO, 100x magnification, NA = 0.95
in air) and reaches the CCD camera where it interferes with
the reference beam in an off-axis manner. The resulting
interference pattern is modulated at a beat frequency Δ f =
fAOM1 − fAOM2, and the hologram is recorded by the camera

at a rate fCCD = 4Δ f . The holograms presented here are
obtained with an acquisition time of 2 seconds. The recon-
struction of the hologram is achieved numerically after k-
space filtering using a method inspired by Cuche et al.
[27]. The off-axis configuration, combined with heterodyne
modulation, allows spatial and temporal filtering, yielding
excellent signal-to-noise ratios and sensitivities [25, 28].

The gold nanostructures under study have been fabri-
cated by electron beam lithography onto a glass substrate.
The two gold nanodisks have a thickness of 30 nm with
an additional 2 nm thick chromium (Cr) wetting layer, a
diameter d of 150 nm and are separated by an interdisk
spacing of 40 nm. Since we use 785 nm excitation, the
nanodisk pairs feature strongly subwavelength dimensions
with a λ/4 center-to-center spacing.

We investigated the far-field spectral response of the
nanostructures using a white light source in dark field
illumination and an imaging spectrometer, as described in
Suck et al. [26]. Figure 3 plots the normalized scattering
intensity spectrum of the longitudinal mode of a pair of
coupled disks in comparison with the spectrum of a single
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Figure 2: Experimental setup based on heterodyne off-axis holography. See text for details and abbreviations.

disk. The longitudinal mode is excited using an incoming
polarization parallel to the dimer axis. The resonance
wavelength at 760 nm is close to the excitation wavelength
used in the holographic setup. The symmetric transverse
mode resonance is expected to be close to the single disk
resonance [9, 10].

4. Far-Field Scattering Maps of
Two Coupled Disks

In order to excite two different modes in the coupled disks
system, we used the two different illumination configurations
as described above. Figure 4 presents cross sections along the
three main reconstruction planes (x-y, y-z, and x-z planes)
of far-field scattering images obtained by digital heterodyne
holography on two coupled disks. The position of the nanos-
tructure with respect to two different planes of incidence (y-z
for case (a) and x-z for case (b)) is schematically shown on
top of each image. Note that the planes containing the z-
axis are plotted using a logarithmic scale. When analysing the
holographic images, cross sections along the z-axis should be
interpreted with care for negative z-values: the holographic
signal only collects forward scattered light, and the intensity
shown in the glass substrate (z < 0) only corresponds
to backpropagation of this light without a direct physical
meaning.

Analysing the scattering characteristics in the three
reconstruction planes, it is seen that in both cases the
scattering maps in the x-y plane show a bright dot with a
size of around 500 nm. Cross-sections containing the z-axis
indicate that most of the scattered light is distributed along
the z-axis in the half space of air. The measured scattered
intensities in both excitation geometries are of the same order
of magnitude, indicating that both induced modes couple
to the far-field with comparable efficiencies. The in-phase
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Figure 3: Normalized scattered intensity Iscat,norm spectra of a single
disk, d = 150 nm (dotted spectrum), and a pair of coupled disks,
d = 150 nm, gap = 40 nm (continuous spectrum). The straight
dashed line denotes the position of the exciting wavelength, λexc =
785 nm.

longitudinal mode has only a scattering efficiency between
2 and 3 times larger than the antisymmetric transverse
mode, even though the excitation wavelength is close to the
resonance of the longitudinal mode. According to analytical
calculations, it should be possible to render the transverse
mode brighter than the longitudinal mode by reducing the
interparticle spacing and tuning the excitation wavelength
[23].

Furthermore, we observe that the far-field scattering
pattern of the transverse mode differs slightly from the
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Figure 4: Intensity (arb. unit) of the scattered field reconstructed from a single hologram at λexc = 785 nm for two disks, illuminated under
2 configurations (see schemes on the left): s-polarized excitation with the dimer axis (a) perpendicular to the plane of incidence and (b) in
the plane of incidence. The color scale of the x-y cross section (1st column) is linear while that of the y-z and x-z sections is logarithmic.
The length of the scale bar is 1 μm.

pattern observed with the longitudinal mode. While the
scattering pattern of the longitudinal mode (case (a)) extends
directionally along the z-axis in the incident plane (y-z
plane), the scattering pattern of the transverse mode (case
(b)) is slightly inclined towards positive y-values. In order
to reveal finer differences between the two modes, we
analyse the Fourier space of the hologram which contains
information about the angular scattered intensity.

5. Angular Scattering Pattern of
Two Coupled Disks

The emission pattern of an object can be recorded by
collecting the emitted photons with an objective lens and
imaging the intensity distribution in the back focal plane of
the objective. These images, that display the Fourier plane,
contain the angular distribution of the emitted light [29].
The intensity and the coordinates of the Fourier space are

related to the angular radiation pattern as demonstrated in
the literature [17]. In contrast, in digital holography, which
records the amplitude and the phase of the scattered light,
the Fourier plane can be obtained via Fourier transforma-
tion of the reconstructed hologram. The angular intensity
distribution of the scattered light can thus be accessed in the
hologram. Since the setup collects forward scattered light,
the Fourier space only contains information on the angular
scattering pattern in air.

Figures 5(a) and 5(b) display the Fourier planes, calcu-
lated from measurements of Figure 4, that is, the angular
scattering pattern of the recorded holograms. A circular
scattering pattern is observed with coordinates directly
linked to the two angles θ and ϕ. Its radius corresponds to
the maximum collection angle of θNA = 72◦, limited by the
NA = 0.95 objective.

Whereas cross-sections of the scattering pattern revealed
minor differences, it is evident that the two induced modes
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Figure 5: (a, b) Fourier planes of the recorded holograms of two coupled disks, corresponding to Figure 4. The two axes kx and ky are
indicated by dotted lines in image (a). (c) Angular normalized intensity distribution Iangular as a function of the polar angle θ (corresponding
to the kx-axis, resp.) for the two different illumination configurations for ϕ = 0◦, averaged over 3 lines of pixels.

differ strongly in their angular distribution. In configuration
(a), the intensity is distributed homogeneously in the k-
space, whereas in configuration (b), most of the intensity
is distributed along the +kx-axis. The graph in Figure 5(c)
plots the normalized angular scattering intensity Iangular as a
function of the polar angle θ, which is in fact a line plot along
the kx-axis. Due to the pixelation in the k-space, we obtain an
angle resolution of around 8◦. This plot confirms the images
of Figures 5(a) and 5(b) with preferential light scattering in
configuration (b) towards positive θ values.

We have seen that the two holograms, although very
similar in the real space, reveal a profound difference in the
Fourier space. This indicates different phase behaviour of the
two excited modes in the nanodisk pair as expected from
the near-field simulations. The symmetry of the scattering
behaviour of the longitudinal mode is consistent with in-
phase induced dipoles. On the other hand, strong direction-
ality in the angular scattering pattern of the transverse mode
reveals the influence of phase differences between induced
dipoles separated by λ/4.



International Journal of Optics 7

6. Conclusion

We have presented a study of the spatial scattering behaviour
of sub-wavelength coupled nanodisks, excited in an in-phase
longitudinal or an antisymmetric transverse mode. The
nature of the induced modes was estimated using near-field
three-dimensional calculations which account for the total
internal reflection excitation geometry used in our exper-
imental setup. Three-dimensional far-field measurements
revealed that both modes scatter light with comparable
efficiencies which contradicts quasi-static approximations
such as the hybridization model. The analysis of the recon-
structed hologram in the Fourier plane demonstrates that the
two investigated modes display strikingly different scattering
patterns. In particular, the transverse mode scatters light
preferentially into one half-plane, indicating that phase
effects must occur in the two induced dipoles. Our study
proves that the quasi-static approximation breaks down in
a simple particle dimer even for center-to-center spacings
smaller than λ/4. The thorough analysis of the near-field
phase effects that occur in coupled induced dipoles is
necessary to fully comprehend and optimize the control
offered by optical antennas on the directionality of single
quantum emitters.
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and M. Käll, “A bimetallic nanoantenna for directional colour
routing,” Nature Communications, vol. 2, no. 1, article 481,
2011.

[25] M. Atlan, M. Gross, P. Desbiolles, E. Absil, G. Tessier, and M.
Coppey-Moisan, “Heterodyne holographic microscopy of
gold particles,” Optics Letters, vol. 33, no. 5, pp. 500–502, 2008.



8 International Journal of Optics

[26] S. Y. Suck, S. Collin, N. Bardou, Y. de Wilde, and G.
Tessier, “Imaging the three-dimensional scattering pattern of
plasmonic nanodisk chains by digital heterodyne holography,”
Optics Letters, vol. 36, no. 6, pp. 849–851, 2011.

[27] E. Cuche, P. Marquet, and C. Depeursinge, “Spatial filtering
for zero-order and twin-image elimination in digital off-axis
holography,” Applied Optics, vol. 39, no. 23, pp. 4070–4075,
2000.

[28] E. Absil, G. Tessier, M. Gross et al., “Photothermal heterodyne
holography of gold nanoparticles,” Optics Express, vol. 18, no.
2, pp. 780–786, 2010.

[29] M. A. Lieb, J. M. Zavislan, and L. Novotny, “Single-molecule
orientations determined by direct emission pattern imaging,”
Journal of the Optical Society of America B, vol. 21, no. 6, pp.
1210–1215, 2004.



Hindawi Publishing Corporation
International Journal of Optics
Volume 2012, Article ID 591083, 8 pages
doi:10.1155/2012/591083

Research Article

Gold Nanoparticles as Probes for Nano-Raman Spectroscopy:
Preliminary Experimental Results and Modeling

V. Le Nader,1 J.-Y. Mevellec,1 T. Minea,2 and G. Louarn1

1 Institut des Matériaux Jean Rouxel (IMN)-UMR 6502, 2 rue de la Houssinière, BP 32229, 44322 Nantes Cédex 3, France
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This paper presents an effective Tip-Enhanced Raman Spectrometer (TERS) in backscattering reflection configuration. It combines
a tip-probe nanopositioning system with Raman spectroscope. Specific tips were processed by anchoring gold nanoparticles on
the apex of tapered optical fibers, prepared by an improved chemical etching method. Hence, it is possible to expose a very small
area of the sample (∼20 nm2) to the very strong local electromagnetic field generated by the lightning rod effect. This experimental
configuration was modelled and optimised using the finite element method, which takes into account electromagnetic effects as
well as the plasmon resonance. Finally, TERS measurements on single-wall carbon nanotubes were successfully performed. These
results confirm the high Raman scattering enhancement predicted by the modelling, induced by our new nano-Raman device.

1. Introduction

The Raman effect is a well-known phenomenon of the inelas-
tic diffusion of light, with change in the frequency of the
incident radiation passing through materials or molecules.
In the spectrum of the scattered light, new bands can be
observed, and their energies are characteristic of the chemical
nature of the investigated object. Raman spectroscopy is a
useful tool, which is widely used in academic and indus-
trial laboratories. This nondestructive spectroscopy provides
structural information about various materials and can be
exploited to build sensors that operate in different areas such
as gas detection or bio- and chemical sensing. Generally,
these equipments were built from an optical system that ana-
lyzes the diffusion of the light and transfers this information
to spectroscopic detectors and finally to the electronic system
for data processing. Nevertheless, the weakness of the signal
does not allow the investigation of single molecules or indi-
vidual nanoobjects.

However, in the 70s, it was observed and proved [1–3]
that Raman intensity can be strongly enhanced using

a specific surface-sensitive technique based on the optical
properties of noble metals, such as silver or gold. Nowadays,
this phenomenon is well known and commonly called
Surface Enhanced Raman Scattering (SERS) effect. This
enhancement occurs for molecules adsorbed on rough
metal surfaces or on metal nanoparticles. The main Raman
enhancement contribution is attributed to the excitation of
surface plasmons-polaritons resonances (collective oscilla-
tions of the electrons localised near the surface of metals)
occurring near metallic nanostructures. The interaction of
light with metallic nanoparticles is dominated by strong
optical resonances due to the excitation of localized surface
plasmons. One of the main consequences of this surface plas-
mon resonance is the high electromagnetic field created at
the surface of the nanoparticle, which significantly enhanced
the Raman scattering. The scattering signal can be enhanced
by 10 orders of magnitude meaning that this technique
may detect single molecules and that the characterization
of individual nanoobjects becomes possible [4–7]. This
possibility of using colloidal dispersions of silver (Ag) or
gold (Au) nanoparticles in aqueous solutions as a method
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Figure 1: Schematic representation of Tip-Enhanced Raman Spec-
troscopy in the side-illumination mode.

for enhancing Raman scattering was first demonstrated by
Creighton et al. [8]. Note that the intensity of the electro-
magnetic field strongly depends on the nanoparticle size,
shape, and interparticle distance. Such high enhancement
factors are also obtained from well-defined nanostructures,
like nanoparticles [9–11], nanoholes [12] or nanotips [13].
Hence, Tip-Enhanced Raman Spectroscope (TERS) [14–19]
exploits this effect induced by a nanotip, derived from the
local probe microscopy techniques, among the Atomic Force
Microscopy (AFM) is the most notorious example.

TERS principle consists in the illumination of a sharp
metallic tip by a monochromatic light in order to benefit
from plasmons resonance and antenna effects. Theoretical
studies show that a strongly localized electric field can be
created near the tip apex. The strong field is very localized
showing strong gradients and thus ensuring both the very
good nanometer scale spatial resolution and the enhance-
ment of the optical scattering signal for detection. Finding
optimal conditions for achieving a maximal localized field
thus becomes one of the most critical issues in tip-enhanced
spectroscopies. The field confinement is readily achieved if
the polarization vector of the excitation light is orientated
along the direction of the tip and if the tip-surface distance
is very low. In these conditions, the surface charge density
oscillates and very high electromagnetic field amplitudes
arise at the tip apex, as a function of the induced-dipole
strength. As schematized in Figure 1, a strong confinement
and enhancement of the electromagnetic field at the vicinity
of the tip apex can occur.

Conventional Raman scattering is known as a very weak
light-matter interaction phenomenon, whose cross section
is usually 10−8, much weaker than the cross section of
infrared absorption [20]. Additionally, the spatial resolution
of Raman spectroscopy is limited by the Rayleigh criterion
(theoretical diffraction limit ∼ λ/2). TERS spectroscopy is a
way to overcome these limits, and the success of such devices
depends on the ability to focus the laser beam on the apex of
a sharp metallic probe, located in the nanoscale vicinity (1 to
10 nanometers) of a nanoobject or a surface. Since the first

experimental published results, worldwide research groups
have implemented several TERS configurations. Two types of
setups can be distinguished based on light reflection or light
transmission.

In the transmission configuration, the scattered light is
collected from the opposite side of the sample, which is
illuminated by a monochromatic source [21–26]. Generally,
the incident beam is focused under the tip apex through the
sample. This configuration uses microscope objectives with
high Numerical Aperture (NA), including oil-immersion
objectives, improving thus the collection efficiency and min-
imizing the far-field contribution. However, this configura-
tion is limited to optically transparent samples or very thin
substrates.

In the backscattering mode, the incident beam does not
cross the sample [27–31]. This configuration requires the
use of objectives with a numerical aperture ranging from
0.25 to 0.6. Consequently, in backscattering configuration,
the background signal due to the far-field is higher than
in transmission mode. This problem can be partially solved
by using suitable light polarization [32, 33]. In spite of this
drawback, the backscattering configuration is very interest-
ing due to its versatility. On the contrary to the transmission
operation mode, the backscattering one is efficient for the
investigation of all types of samples (transparent or not),
in particular metallic substrates where plasmonic tip-sample
coupling can highly improve the Raman scattering by the
local enhancement of the signal.

In this work, we introduce an experimental confocal
TERS device in reflection configuration (side illumination)
developed in our laboratory and dedicated to nanoobjects
investigation. The presented TERS device is based on a
commercial Raman spectrometer coupled with a tip-probe
nanopositioning system. As plasmon resonance of gold met-
als occurs in the visible range, special tips improved by
gold nanoparticles grafted on the silica tips were designed.
Finally, experimental results recorded on single-wall carbon
nanotubes (SWCNT) are presented and compared with finite
elements analysis.

2. Experimental Setup

2.1. Tip-Probe Preparation. The tip accounts as central ele-
ment in our device. The lateral resolution depends on the tip
dimensions (aperture angle, apex diameter). As underlined
above, particular optical properties of noble metals can sig-
nificantly increase Raman scattering. There is a large variety
of technical possibilities to elaborate metallic probes and
several report efficient probes for TERS spectroscopy [19,
34–37]. The most frequently used are the electrochemi-
cal etching of solid metal rods and the thermal evaporation
technique to deposit metal on sharp tips.

Here, we describe an alternative method based on
the physical anchoring (electrostatic) of gold nanoparticles
on a sharp silica tip. In the first step of the process,
multimode fibers (125 μm core diameter) are etched using
the substitute-sheath etching method [38]. After removing
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Figure 2: SEM images of tips coated with 15 nm gold nanoparticles:
(a) 1300x magnification. (b) 85000x magnification. At this magnifi-
cation, nanoparticles on the tip apex can be observed.

the jacket (around 2.5 cm length from the free extremity
of the fiber) by mechanical stripping, a substitution sheath
is obtained using a liquid wax. Then optical fibers are
immersed for 4 h in aqueous HF solution at room temper-
ature, leading to the fiber etching following a conical shape.
Afterwards the wax coating is simply removed mechanically
(Figure 2(a)).

The second step consists of the grafting of gold nanopar-
ticles on the tapered optical fiber. A colloidal solution
is obtained from a mixture of chloroauric acid solution
(HAuCl4) and a trisodium citrate solution (Na3C6H5O7)
[11]. A Dynamic Light Scattering (DLS) experiment revealed
that the diameter of the nanoparticules was about 15 nm.
Finally, the Au nanoparticles are immobilized at the apex of
the sharp silica tip by way of a chemical agent. The extrem-
ities of the optical fibers are immersed in an APTMS (3-
aminopropyltrimethoxysilane) solution in order to function-
alize the silica surface of the tip. The electrostatic interactions
between the positives charges of amines functional groups of
the APTMS and the negative charges provided by the citrate
embedding the nanoparticles are here exploited to graft the
gold colloids.

Figure 2 shows a typical nanotip obtained using this
process. After the etching step, one can observe that the
extremity of the tip is faceted and the tip apex dimensions
are around 50 nm. As detailed in Figure 2(b), the face edges

of the probe extremity constitute the preferential sites to
graft gold nanoparticles. In particular, gold nanoparticles
are caught by the tip apex. Sometimes, just one or a small
group of gold nanoparticles emerges from the silica tip apex.
Therefore, this tip preparation method is very interesting to
reduce the probe dimensions.

2.2. Tip-Probe Nanopositioning System. The approach of
such prepared tip to the sample is performed by a
nanomechanic system providing accuracy higher than 1 nm.
The used piezoelectric system (Solver SNOM, NT-MDT)
was managed by a controller (NT-MDT, BL022MT). The
piezoelectric head can move the tip-probe position in each
X , Y and Z direction, over 40 μm × 40 μm × 5 μm. The
lateral resolution given by the manufacturer is lower than
20 nm, while the resolution in Z direction is in the order
of 0.1 nm, guaranteeing a reliable tip/sample distance. A
feedback control loop, based on the amplitude of the tip
oscillation, checks and maintains a constant tip/sample
distance.

This mode is called “shear-force” because the tip oscilla-
tions are forced to be parallel to the surface of the sample [39,
40]. Near the surface, the shear-force damps the oscillations
of the tip. From the resulting electric signal, proportional
to the strength of the shear-force applied to the tip, the
nanopositioning device adjusts the tip position regarding a
setpoint value to keep constant the tip-sample distance. In
this work, tips were glued on one prong of a quartz tuning
fork (Farnell quartz 32.768 kHz). Figure 3(a) shows the tip
stuck (arrows). The tuning fork is excited by the piezodriver
with a frequency close to its own resonance.

2.3. Coupling of the Optical Setup to the Nanopositioning
System. The last point of the nanoRaman concerns the
coupling, in time and space, of the tip with the incident
laser beam and the Raman spectrometer. The Raman
spectrometer used in this work is a commercial T64000
model from HORIBA Jobin-Yvon. The optical detector
is a CCD camera cooled by liquid nitrogen. An optical
microscope (BH2-UMA) outfitted with a x100 magnification
objective (NA: 0.6, WD: 7.6 mm) allows to survey the tip
and the sample motions. These movements are managed
by an XY table. Experimental results presented in this
work were performed using a monochromatic red light
(645 nm) excitation provided by a coherent Krypton ion
laser (Figure 4). The incident laser beam was focused in the
vicinity of the tip apex by the objective and the scattered
signal was collected by the same objective (backscattering
configuration). The scattered light passes then through a
simple monochromator, with a diffraction grating of 1800
traces/mm, allowing thus the best compromise between
signal intensity and spectral resolution. Let us remember that
the orientation of the electric field with respect to the tip axis
plays an important role [41–44].

Numerical simulations made by Sun and Shen reveal
that the optimal angle between the incident electric field
and the axis of a silver tip is in the 30–35◦ range, which
corresponds to 55◦ between direction of the propagating
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Figure 3: Optical images of the tips glued on a quartz tuning fork. (a) Points of glue are indicated by arrows. (b) Zoom of the quartz fork
with the tip.
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Figure 4: A schematic of the tip-enhanced Raman setup with an image of the tip-surface area (inset). The sharp gold tip is scanned
through a strongly focused laser beam. The optical signal is detected by combining a spectrometer and a CCD detector. The axis of the
illuminating/collecting optics is positioned at 55◦ with respect to the tip axis.

wave (p-polarisation) and the tip axis [45]. In agreement
with these published results, a specific piezoscanner holder
was designed (Inset Figure 4).

2.4. Numerical Modeling. In order to model the experi-
ments, we coupled Finite Element Analysis (FEM) of the
electromagnetic field at the vicinity of the surface with the
dispersion effects of metals. The equations used to solve
the electromagnetic field derive from the Maxwell equations
following the simplifying assumptions, particularly about
the geometry of the tip. For the resolution of the partial
derivative equations (PDEs) and for the space discretization,
the software Comsol Multiphysics 3.5 was used [46, 47].
The coupling with the optical properties of gold was
implemented under Matlab 7. In this way, the optical effects
induced by the plasmon resonance of gold nanoparticles and
the partial derivative equations representing the electromag-
netic field around the tip were calculated simultaneously

as a function of the wavelength taking into account the geom-
etry of the tip.

3. Results and Discussion

We designed a spherical gold colloid anchored on the apex
of a silica tip close to a smooth golden surface. In this
modelling, the angle between the axis of the tip and the
direction of the propagating wave was fixed at 55◦.

Figure 5(a) shows the enhancement factor G, defined as
the square of the normalized local electric field amplitude.
This map shows the extreme enhancement of the electromag-
netic field in a very small area surrounding the tip. In order
to determine the wavelength of the incident light which is the
most relevant for our system, we calculated the enhancement
factor G between the tip and the golden surface as a function
of the incident wavelength. Thereby, the FEM calculations
predict that the best enhancement is in the range of 550 to
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Figure 5: (a) map of the Raman enhancement factor in the vicinity
of the surface. For modeling this 2D structure, only 1 nanoparticle
is considered. The diameter of the NPs was fixed to 15 nm, and the
distance between tip-surface was taken 1 nm. The wavelength of the
Raman excitation was fixed at 650 nm. (b) Finite Elements Analysis
(FEA) of the near-field profile of the gold tip under Plasmon
resonance excitation, as a function of the wavelength (400–900 nm)
and of the tip-surface distance (0.1 to 10 nm).

650 nm, depending on the distance between the probe and
the surface of interest.

In the light of these numerical predictions, we per-
formed TERS experiments on single-wall carbon nanotubes
(SWCNT) placed on a smooth gold surface and illuminated
by a red monochromatic light (excitation wavelength =
647 nm).

Before discussing in detail the results, let us underline
that only carbon nanotubes being in resonance or near-
resonance conditions can be detected by Raman spec-
troscopy. These conditions are reached when the excitation
energy corresponds to the energy difference between two Van
Hove electronic states. By considering the G-bands profile
of the spectrum, presented in Figure 6, and the excitation
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Figure 6: TERS signal recorded on an individual SWCNT placed on
the surface. Raman spectra are recorded for different tip-SWCNT
distance (excitation line: 647.1 nm; laser power: 10 mW/μm2 expo-
sure time: 30 seconds). The inset indicate the intensity of the
experimental Raman as a function of the estimated tip-SWCNT
distance.

wavelength, we assume that metallic carbon nanotubes
are mainly detected. The G+ (1586 cm−1) band profile is
Lorentzian. It is accompanied by the G− band at 1566 cm−1

and the D band at 1320 cm−1 and RBM (not shown).
The dispersive (D) band indicates the presence of defects
such as undesirable sp3 carbon including disordered carbon.
Information about nanotubes diameter can be obtained
from the radial breathing mode (RBM) at low wavenumbers
(usually between 120 cm−1 and 350 cm−1).

We focus here on the G-bands, which are attributed to
atomic displacements along the tube axis (G− band) and
atomic vibrations along the circumferential direction (G+

band) [48–52]. To quantify the experimental enhancement
effect under the tip, Raman spectra were recorded by
varying the distance between the nanoprobe and the SWCNT
(Figure 6).

One can distinguish two phases during the approach
of the tip. During the first phase, the gold nanotip is first
roughly approached to the sample by means of a micrometer
screw, then during the second phase, a finer approach with
the piezoscanner is performed. According to the nanopo-
sitioning system, we estimated that the tip-sample distance
can vary in the range of 2 μm to 2 nm. The spectra show the
enhancement of the Raman signal (G+-band). By reducing
the sample-tip distance from around 2 μm to 2 nm, the
Raman intensity is 6 times enhanced (contrast). In order to
estimate the enhancement factor yielding under the tip, the
far-field signal must be separated from the near-field signal.
We estimated the average diameter of the focus incident
beam at 1.5 μm, which is generally assumed for the used
objective (×100, NA: 0.6, WD: 7.6 mm). From the modelling,
it is possible to assess the area that contains the largest near-
field contribution. Hence, for a diameter of 20 nm the best
signal is expected for a tip-sample distance of 2 nm and an
excitation wavelength of 645 nm. The equation (1) gives us
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an estimation of the observed Raman enhancement factor
(G) below the tip apex. The contrast is defined as the ratio
between the intensities of near-field and far-field signals
[53, 54]

G = INF

IFF
= contrast× σtot

σNF
− 1. (1)

where σtot, σNF, IFF, and INF are respectively, the total section
of analysis, the area of the near-field contribution (below the
tip), the Raman intensity without any tip (far-field signal
resulting from an area equal to σNF and the Raman intensity
due to the tip (near-field signal resulting from an area equal
to σNF).

Applying this equation, the Raman enhancement factor
below the tip apex is around 3.2 × 104. The quantitative
estimation is in good agreement with already published
papers [28, 29, 54].

The second phase of these experiments starts when the
tip is brought very close to the sample, less than 2 nm. In
this phase, tip displacements are controlled by the nanoposi-
tioning system. In order to manage the distance between the
tip and the sample, the operator adjusts the setpoint value in
which a feedback control is assigned. The contact between
the tip and the sample occurs when the setpoint is equal
to 0. Contrarily to FEM prediction (Figure 7), the Raman
intensity enhancement slowly decreased when the tip is very
close to SWNTC.

Comparison with modelling predicts that the peak will
be between 0.3 and 0.5 nm from the surface. Let us remark
that FEM calculations do not take into account the area of the
sample hidden by the tip itself. An illustration of this possible
phenomenon is showed in the inset of Figure 7. Regarding
TERS experiments, we are assuming that this shadowing
effect must be taken in consideration when the tip-sample

distance is very small. This effect could probably be limited
by reducing the dimensions of the silica tip apex and its
aperture angle.

4. Conclusion

A side-illumination TERS device created by combining a
nanopositioning system of a tip with a Raman spectrometer
was described. The Raman signal is enhanced by the
interaction of a nanoscale gold nanoparticle grafted onto
sharp silica tips. This area was estimated to be 20 nm2

using finite element analysis. Even if a shadowing effect
was clearly shown very close to the sample (<2 nm), our
TERS experiments lead to an enhancement factor of about
3.2 × 104 of the Raman scattering intensity. The precision
of the nanopositioning system and the high spatial resolu-
tion provided by the sharp tip are sufficient to scan and
characterize non-transparent nanoobjects with nanometric
spatial resolution. These preliminary experiments reveal the
potential of the TERS device. Indeed, the benefits of a triple
confocal Raman spectrometer, such as polarization control,
choice of excitation wavelength (argon, krypton ionized, and
solid semiconducting crystal lasers covering all the visible
range), and high resolution are preserved by our setup. The
possibility to explore low frequency bands of SWCNT by Tip-
Enhanced Raman Spectroscopy opens up very interesting
and promising developments of this technique.
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Using either quasistatic approximation or exact Mie expansion, we characterize the localized surface plasmons supported by a
metallic spherical nanoparticle. We estimate the quality factor Qn and define the effective volume Vn of the nth mode in such a way
that coupling strength with a neighbouring dipolar emitter is proportional to the ratio Qn/Vn (Purcell factor). The role of Joule
losses, far-field scattering, and mode confinement in the coupling mechanism is introduced and discussed with simple physical
understanding, with particular attention paid to energy conservation.

1. Introduction

Metallic nanoparticles support localized surface plasmonpo-
laritons (SPP) strongly confined at the metal surface ensur-
ing efficient electromagnetic coupling with neighbouring
materials, offering a variety of applications such as surface-
enhanced spectroscopies [1, 2], photochemistry [3], or
optical nanoantennas [4]. This also opens the way towards
control of light emission at the nanoscale [5–10]. The ratio
Q/Veff is generally used to quantify the coupling strength be-
tween a dipolar emitter and a cavity mode (polariton). Q and
Veff refers to the mode quality factor and effective volume,
respectively. High ratio Q/Veff may lead to strong coupling
regime with characteristics Rabi oscillations revealing cycles
of energy exchange between the emitter and the cavity. In the
weak coupling regime, the emitter energy dissipation into the
cavity mode is nonreversible and follows the Purcell factor:

γ

nBγ0
= 3

4π2

(
λ

nB

)3 Q

Veff
, (1)

where γ is the emitter spontaneous decay rate into the cavity
compared to its free-space value γ0, nB is the optical index

inside the cavity, and λ is the emission wavelength. Spon-
taneous emission rate in complex systems follows the more
general Fermi’s golden rule that expresses γ as a function
of the density of electromagnetic mode [11]. However, for
describing the coupling to a cavity mode, the Purcell factor
is usually preferred since it clearly introduces the cavity reso-
nance quality factor Q and the mode extension Veff on which
coupling remains efficient, bringing therefore a clear physical
understanding of the coupling process.

In this context, we propose to determine the quality fac-
tors and effective volumes of localized SPPs supported by
a metallic nanosphere. Indeed, these quantities are useful
parameters to understand and evaluate the coupling mech-
anisms between dipolar emitters and plasmonic nanostruc-
tures [12, 13]. This would help for achieving strong coupling
regime [14, 15] or for designing plasmonic nanolasers [16–
18]. We have chosen a spherical particle, a highly symmetri-
cal system, since it is fully analytical and simple expres-
sions can be derived with clear physical meaning [19–23].
Moreover, our results could be extended to more complex
structures [24, 25].

In Section 2, we focus on the dipolar mode and present
in details the derivation of its quality factor and effective
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volume. We extend our approach to each mode of the particle
in Section 3. Finally, we discuss the coupling efficiency to
one of the particle modes in the last section. For the sake of
simplicity, all the analytical expressions are derived assuming
a particle in air and dipolar emitter perpendicular to the par-
ticle surface. The generalisation to arbitrary emitter orienta-
tion and a background medium of optical index nB is pro-
vided in the appendix. Exact calculations presented in the
main text using Mie expansion correctly include both the
background medium and dipolar orientation.

2. Dipolar Mode

We first characterize the dipolar mode of a spherical particle.
For sphere radius R small compared to the excitation wave-
length λ = 2πc/ω, the electric field is considered uniform
over the metallic particle. The metallic particle is polarized
by the incident electric field E0 and behaves as a dipole

p(1)(ω) = 4πε0α1(ω)E0, (2)

α1(ω) = εm(ω)− 1
εm(ω) + 2

R3, (3)

where α1 is the nanoparticle quasistatic (dipolar) polaris-
ability and εm is the metal dielectric constant. The dipole
plasmon resonance appears at ω1 such that εm(ω1) + 2 = 0.
In case of Drude metal, the dipolar resonance is ω1 = ωp/

√
3

with ωp the bulk metal plasma angular frequency. However,
expression (3) does not satisfy the optical theorem (energy
conservation). It is wellknown that this apparent paradox is
easily overcome by taking into account the finite size of the
particle and leads to define the effective polarisability [26]:

αeff
1 =

[
1− i

2k3

3
α1

]−1

α1,
(
k = 2π

λ

)
. (4)

The corrective term (2k3α1/3) is the so-called radiative
reaction correction and microscopically originates from the
radiation emitted by the charges oscillations induced inside
the nanoparticle by the excitation field [27].

The dipolar polarisability presents a simple shape near
the resonance if the metallic dielectric constant follows
Drude model [20] (ωp and Γabs refers to metal plasma fre-
quency an Ohmic loss rate, resp.) (for the sake of clarity,
we use lowercase notation γ for the emitter decay rates and
uppercase Γ for the quantities associated with the metallic
particle);

εm = 1− ω2
p

ω2 + iΓabsω
; (5)

αeff
1 (ω) ∼

ω1

ω1

2(ω1 − ω)− iΓ1
R3, (6)

Γ1 = Γabs +
2(k1R)3ω1

3
,

(
k1 = ω1

c

)
. (7)

where Γ1 is the decay rate of the particle dipolar mode
and includes both the Joule (Γabs) and radiative [Γrad

1 =
2(k1R)3ω1/3] losses rates.

2.1. Quality Factor. The dipolar response can be described by
either the extinction efficiency Qext, proportional to Im(α1),
or scattering efficiency Qscatt, proportional to |α1|2, and
therefore follows a Lorentzian profile centered at ω1 and with
a full width at half maximum (FWHM) Δω1 = Γ1:

Qext(ω) = 4k
R2

Im
[
αeff

1 (ω)
]

∝
ω1

1

(ω− ω1)2 + (Γ1/2)2 ,

Qscatt(ω) = 8
3R2

k4
∣∣∣αeff

1 (ω)
∣∣∣2

∝
ω1

1

(ω− ω1)2 + (Γ1/2)2 .

(8)

The quality factor of this resonance is therefore

Q1 = ω1

Γ1
. (9)

As an example, we consider a R = 25 nm silver sphere
in air. The Drude model parameters are �ωp = 9.1 eV and
�Γabs = 18 meV that lead to a resonance peak at �ω1 = 5.2 eV
(ω1 = 7.98×1015 Hz) and radiative energy �Γrad

1 = 1 eV. The
quality factor is then Q1 = 5. Note that the metal optical
properties are better described when including the bound
electrons in the Drude model: εm = ε∞ − ω2

p/(ω
2 + iΓabsω),

(ε∞ = 3.7 for silver, see also the appendix). In that case, we
obtain �ω1 = 3.74 eV (ω1 = 5.7× 1015 Hz), �Γrad

1 = 0.13 eV,
and Q1 = 24.

Although Drude model qualitatively explains the shape
of the resonance, a more representative value of the quality
factor can only be determined using tabulated data for the
dielectric constant of the metal [28]. The extinction efficien-
cies associated with the dipolar resonance are represented
in Figure 1. For silver particle (Figure 1(a)), the extinction
efficiency closely follows a Lorentzian shape, as expected,
with a quality factor Q1 = 21, in good agreement with the
value obtained using Drude model (with the contribution
of the bound electrons included). In case of gold, the reso-
nance profile is not well defined due to interband transitions
for ω > 4 · 1015 Hz but a quality factor of 7 can be estimated
(Figure 1(b)). Figure 1(c) represents the extinction efficiency
for a gold particle embedded in polymethylmethacrylate
(PMMA) into which metallic particles are routinely dis-
persed. This leads to a small redshift of a resonance, avoid-
ing therefore the resonance disturbance by interband absorp-
tion, and we recover partly the Lorentzian profile [29].

2.2. Effective Volume. Coupling rate of a dipolar emitter to
a dipolar particle expresses for very short emitter-particle
distances d (z0 = R + d is the distance to the particle center)
as [19–21]

γ⊥1
γ0
∼ 6

k3z6
0

Im(α1), (10)

for a dipole emitter orientation perpendicular to the nano-
particle surface. Using (6), we obtain, in case of a dipolar



International Journal of Optics 3

3 4 5 6 7
0

2

4

6

8

10

12

14

16

Mie
(n= 1)

Fit

Q
ex

t

1 = 5.19 1015Hz

Q = 21

Δ 1 = 0.24 1015Hz

(1015Hz)

(a)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2 3 4 5 6 7

Q
ex

t

1 = 3.71 1015Hz

Q = 7

Fit

Mie
(n= 1)

Δ 1 = 0.52 1015Hz

(1015Hz)

(b)

2 3 4 5 6 7
0

1

2

3

4

5

6

Q
ex

t

Q = 8

1 = 3.44 1015Hz

Mie
(n= 1)

Fit

Δ 1 = 0.42 1015Hz

(1015Hz)

(c)

Figure 1: Extinction efficiency for the dipolar resonance calculated keeping only the dipolar mode (n = 1) in the Mie expansion and using
experimental value for the metal dielectric constant [28]. (a) Silver particle in air. (b) Gold particle in air. (c) Gold particle in PMMA (optical
index nB = 1.5). The particle radius is R = 25 nm for each case. Fit refers to a Lorentzian fit using parameters indicated on the figure.

emitter emission tuned to the dipolar particle resonance (λ =
λ1 = 2πc/ω1)

γ⊥1
γ0
∼
ω1

6ω1R3

k3
1z

6
0Γ1

∼ 3
4π2

λ3
1
R3

πz6
0
Q1. (11)

In order to determine the dipolar mode effective volume, we
now identify the coupling rate γ/γ0 to the Purcell factor ((1),
assuming nB = 1), so that we obtain

V⊥
1 =

πz6
0

R3
, (12)

in full agreement with expression recently derived by Greffet
et al. by defining the optical impedance of the nanoparticle
antenna [30]. For a R = 25 nm radius sphere in air, we
estimate the mode effective volume V⊥

1 = 3.7 × 10−4 μm3 =
(72 nm)3 for an emitter 10 nm away from the particle surface
(z0 = 35 nm).

Unlike here, usual definition of the mode effective
volume does not include the emitter position. For in-
stance, in case of cavity quantum electrodynamics (cQED)

applications, it can be expressed as Veff = ∫
ε|E(r)|2dr/

max(ε|E(r)|2), so that it directly characterizes the mode
extension. However, in that case, Purcell factor expression (1)
is only valid for an emitter located at the cavity center where
the mode-emitter coupling is maximum (mode antinode).
In close analogy with the definition used in cQED, we derive
later another expression for the SPP effective volume, inde-
pendent of the emitter position (see (22), and the discussion
below).

3. Multipolar Modes

If the excitation field is generated by a dipolar emitter (flu-
orescent molecules, quantum dots, . . .), it cannot be consi-
dered uniform anymore and the dipolar approximation fails.
One needs therefore to consider the coupling strength to
high-order modes (Figure 2). Here again, we discuss the
mode quality factors and volume first using quasistatic ap-
proximation and then discuss their quantitative behaviour
using exact Mie theory.
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Figure 2: (a) Dipolar and (b) quadrupolar mode profiles of a R = 25 nm silver sphere, embedded in PMMA calculated using exact Mie
expansion. Silver dielectric constant is taken from [28]. Color and arrows refer to electric field intensity and vector respectively.

The nth multipole tensor moment of the metallic particle
is given by

p(n) = 4πε0

(2n− 1)!!
αn∇n−1E0, (13)

αn = n(εm − 1)
nεm + (n + 1)

R(2n+1), (14)

with (2n+1)!! = 1×3×5×· · ·×(2n+1) and∇ is the vector
differential operator. As discussed above, the dipole moment
p(1) = 4πε0α1E0 is the unique mode excited in an uniform
field. However, the dipolar emitter near field behaves as 1/r3

and strongly varies spatially so that higher modes can be
excited in the particle.

For a Drude metal, the nth resonance appears at ωn =
ωp

√
n/(2n + 1) . Therefore, higher-order modes accumulate

near ω∞ = ωp/
√

2. Moreover, as discussed for the dipolar
case, quasistatic expression of the nth mode polarisability
(14) does not obey energy conservation. Applying the optical
theorem, we recently extend the radiative correction to all the
spherical particles modes [22]. This leads to

αeff
n =

[
1− i

(n + 1)k2n+1

n(2n− 1)!!(2n + 1)!!
αn

]−1

αn. (15)

3.1. Quality Factors. It is now a simple matter to generalize
the dipolar mode analysis reported in the previous section
to all the particle modes. The nth mode polarisability can
be approximated near resonance. A simple expression for the
polarisability is achieved considering a Drude metal:

αeff
n ∼

ωn

ωn

2(ωn − ω)− iΓn
R2n+1,

Γn = Γabs + Γrad
n ,

Γrad
n = ωn

(n + 1)(knR)2n+1

n(2n− 1)!!(2n + 1)!!
,

(
kn = ωn

c

)
,

(16)

where Γn is the total decay rate of the nth mode, that includes
both ohmic losses and radiative scattering. As expected, for
a given mode n, the radiative scattering rate Γrad

n ∝ R2n+1

increases with the particle size since it couples more effi-
ciently to the far field. For instance, we obtain �Γrad

2 =
39 meV (�Γrad

2 = 1.8 meV with ε∞ = 3.7) for the quadrupo-
lar mode of a R = 25 nm silver particle in air. As expected, the
radiative rate of the quadrupolar is strongly reduced com-
pared to the dipolar mode.

The quality factor associated with the nth mode is
therefore

Qn = ωn

Γn
= ωn

Γabs + Γrad
n

. (17)

Figure 3 details the quality factor of the two first modes
of a silver sphere in PMMA using tabulated value for εm.
The quadrupolar mode presents a quality factor almost 5
times higher than the dipolar mode since it has limited rad-
iative losses. Indeed, quadrupolar mode poorly couples to the
far field. Finally, similar Q values (Qn ≈ 50) are obtained for
all the higher modes (n ≥ 3). Here again, assuming a Drude
metal and in the quasistatic approximation, we qualitatively
explains this result. Actually, Q factors of high-order modes
are absorption loss limited (Γrad

n � Γabs, so called dark
modes) and tend to Q∞ = ω∞/Γabs. However this overesti-
mates the mode quality factor (Q∞ ≈ 207) as compared to
the value deduced using tabulated value for εm and exact Mie
expansion.

3.2. Effective Volumes. Last, we express the total coupling
strength of a dipolar emitter to the spherical metallic particle
for very short separation distances (kz0 � 1) [21, 22]:

γ⊥tot

γ0
≈ 3

2
1

(kz0)3

∞∑
n=1

(n + 1)2

z
(2n+1)
0

Im
(
αeff
n

)
, (18)
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Figure 3: (a) Extinction efficiency of a R = 25 nm silver sphere
embedded in PMMA, calculated using full Mie expansion. (b)
Contribution of the dipolar (n = 1) and quadrupolar (n = 2) mode
to the full extinction efficiency. The quality factor is indicated for
each mode. Dielectric constant for silver is taken from [28].

so that the coupling strength to the nth mode is easily de-
duced as

γ⊥n
γ0
≈ 3

2
1

(kz0)3
(n + 1)2

z
(2n+1)
0

Im
(
αeff
n

)
,

∼
ωn

3
2

R2n+1

(knz0)3
(n + 1)2

z
(2n+1)
0

Qn,

(19)

where we have used approximated expression (16) for
the nth polarisability. The mode effective volume is then
straightforwardly deduced from comparison to the Purcell
factor (1)

V⊥
n =

4πz2n+4
0

(n + 1)2R2n+1
. (20)

We obtain for instance quadrupole effective volume V⊥
2 =

4πz8
0/(9R5) = 3.2 × 10−4 μm3 = (68 nm)3 for an emitter

10 nm away from a 25 nm radius metallic particle in air. The
calculated effective volumes of the three first modes are

0

0.0005

0.001

0.0015

0 5 10 15 20

E
ff

ec
ti

ve
vo

lu
m

e
(μ

m
3
)

V1

V2

V3

d= (z0 − R) (nm)

Figure 4: Effective volume of the dipole (V1), quadrupole (V2)
and hexapole (V3) modes of a R = 25 nm sphere as a function of
the emitter-particle distance. The emitter is perpendicular to the
particle surface.

shown on Figure 4. At long distance, the smaller effective vol-
ume (most efficient coupling to an emitter) is associated with
the dipole mode since it presents the largest extension. When
the emitter-particle distance decreases the coupling strength
to the quadrupolar (d ≤ 12 nm), then hexapolar (d ≤
10 nm) mode becomes stronger as revealed by their lower
effective volume. Most efficient coupling between an emitter
and one of the particle modes obviously occurs at contact
since plasmons modes are confined near the particle surface.

Finally, it is worthwhile to note that mode effective vol-
ume is generally defined independently on the particle-
emitter distance so that it gives an estimation of the mode
extension. This is done by evaluating the maximum effective
volume available and for a random emitter orientation. In
case of localized SPP, this is achieved for contact (z0 = R).
Since the decay rate of a randomly oriented emitter expresses
γ = (γ⊥ + 2γ‖)/3, it comes

1
Vn

= 1
3V⊥

n (R)
+

2

3V‖
n (R)

, (21)

Vn = 9
(2n + 1)(n + 1)

V0, (22)

where V0 = 4πR3/3 is the metallic sphere volume and V‖
n

refers to a dipole parallel to the sphere surface (see (B.4) in
Appendix B, with εB = 1). Dipolar and quadrupolar mode
volumes are V1 = 3/2V0 and V2 = 3/5V0, respectively.
The expression (22), derived for a Drude metal, quantifies an
extremely important property of localized SPPs; their effective
volume does not depend on the wavelength and is of the order
of the particle volume. Metallic nanoparticles therefore sup-
port localized modes of strongly subwavelength extension.
Highest-order modes have negligible extension (Vn −→ 0 for
n −→ ∞, see Figure 5). As a comparison, photonics cavity
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modes are generally limited by the diffraction limit so that
their effective volume is at best of the order of (λ/nB)3 (see
[31]). Nevertheless, the extremely reduced SPP volume is
achieved at the expense of the mode quality factor. It should
be noticed that a low-quality factor indicates a large cavity
resonance FWHM so that emitter-SPP coupling can occur
on a large spectrum range.

Note that mode effective volume is generally defined by
its energy confinement Veff = ∫

ε|E(r)|2dr/ max(ε|E(r)|2)
[12]. Khurgin and Sun used this definition and obtained
[32] Vn = 6V0/(n + 1)2 that is in agreement with our ex-
pression for the dipolar mode volume (V1 = 1.5V0) but
leads to slightly different values for other modes (e.g., V2 ≈
0.67V0 instead of V2 = 0.60V0). Recently, Koenderink
showed that defining the mode volume on the basis of energy
density could lead to underestimating the Purcell factor
near plasmonic nanostructures [33] (however, he defined the
coupling rate to the whole system rather than considering
the coupling into a single mode). Oppositely, we adopt here
a phenomenological approach where the mode volume is
defined so that Purcell factor remains valid. Nevertheless,
both methods lead to very similar results for the effective
volumes of localized SPPs supported by a nanosphere. Since
mode volume is generally a simple way to qualitatively char-
acterize the mode extension, expressions derived here or by
Sun et al. could be used.

4. β-Factor

Purcell factor quantifies the coupling strength between a
quantum emitter and a (plasmon) mode but lacks informa-
tion on the coupling efficiency as compared to all the other
emitter relaxation channels. For the sake of clarity, it has to be
mentioned that coupling strength to one SPP mode corres-
ponds to the total emission decay rate induced by this cou-
pling. It does not permit to distinguish radiative (γrad) and
nonradiative (γNR) coupling into a single mode. This could
be done by numerically cancelling the imaginary part of the
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Figure 6: Coupling efficiency into the dipolar (β1), quadrupolar
(β2) and hexapolar (β3) mode of a R = 25 nm silver sphere in
PMMA, calculated using exact Mie expansion. The emitter wave-
length is assumed to match the considered mode. Therefore β1, β2

and β3 are calculated at λ1 = 435 nm (dipolar resonance), λ2 =
387 nm (quadrupolar resonance), and λ3 = 375 nm (hexapolar res-
onance), respectively.

metal dielectric function (see also [34] for similar discussion
in case of coupling to delocalized SPPs). However, one can
determine the coupling efficiency into a single mode as
compared to all other modes. This coupling efficiency, or the
so-called β-factor, is easily estimated in case of a spherical
metallic particle since all the available channels are taken into
account in the Mie expansion. Coupling efficiency into nth
mode writes

βn =
〈
γn
〉〈

γtot
〉 , (23)

where 〈γ〉 = (γ⊥ + 2γ‖)/3 is the decay rate of a randomly
oriented molecule. β-factor is represented on Figure 6 for
the first three modes. A maximum efficiency of 90% can be
achieved in the dipolar mode (d ∼ 10 nm) and 87% into
quadrupolar mode (d ∼ 15 nm). The coupling efficiency into
the hexapolar mode is lower (∼ 60% around d ∼ 15 nm)
since it has a very low extension, as indicated in Figure 5. For
very short distances, all the coupling efficiencies drop down
to zero since all the higher-order modes accumulate in this
region, opening numerous alternative decay channels. More-
over, it is possible to efficiently couple the emitter to either
the dipolar or quadrupolar mode, by matching the emitter
and mode wavelengths. This is of strong importance when
designing a SPASER (or plasmon laser) [5] so that the active
mode can be tuned on the dipolar or quadrupolar mode.
This last spasing mode would consist of an extremely local-
ized and ultrafast nanosource [18].
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5. Conclusion

We explicitly determined the effective volumes for all the SPP
modes supported by a metallic nanosphere. Their quality
factor is also approximated in the quasistatic case or cal-
culated using exact Mie expansion. Rather low-quality fac-
tors ranging from 10 to 100 can be achieved, associated with
extremely confined effective volume of nanometric dimen-
sions. This results in high Q/Veff ratios indicating efficient
coupling strength with a quantum emitter. At the opposite to
cavity quantum electrodynamics where the coupling strength
is obtained on diffraction limited volumes thanks to ultra-
high Q factors, plasmonics structures allow efficient coupling
on nanometric scales with reasonable Q factors, defining
therefore high-bandwidth interaction. Finally, high coupling
efficiencies (80%–90%) to dipolar or quadrupolar mode can
be achieved and are of great interest for nanolasers realiza-
tion.

Appendices

In this appendix, we derive the expression of mode quality
factor and effective volume for a spherical particle embedded
in homogeneous background of optical index nB = √

εB.
For a better description of the metal optical properties, we
include the contributions of the bound electrons into the
metal dielectric constant εm = ε∞ − ω2

p/(ω
2 + iΓabsω).

A. Effective Polarisability Associated to
nth SPP Mode

The nth multipole tensor moment of the metallic particle is
given by

p(n) = 4πε0εB
(2n− 1)!!

αn∇n−1E0,

αn = n(εm − εB)
nεm + (n + 1)εB

R(2n+1). (A.1)

The resonance angular frequency is then ωn =
ωp

√
n/[nε∞ + (n + 1)εB] (ω∞ = ωp/

√
ε∞ + εB). Finally, the

effective polarisability, including finite size effects writes [22]

αeff
n =

[
1− i

(n + 1)k2n+1
B

n(2n− 1)!!(2n + 1)!!
αn

]−1

αn (A.2)

with kB = nBk the wavenumber in the background medium.
Considering a Drude metal, we achieve a simple approx-

imated expression for αeff
n near a resonance

αeff
n ∼

ωn

(2n + 1)εB
nε∞ + (n + 1)εB

ωn

2(ωn − ω)− iΓn
R2n+1,

Γn = Γabs + Γrad
n ,

Γrad
n = (2n + 1)εB

nε∞ + (n + 1)εB
ωn

(n + 1)(kBR)2n+1

n(2n− 1)!!(2n + 1)!!
,

(A.3)

so that the quality factor expression Qn = ωn/Γn remains
valid but with the corrected expressions for resonance
frequency ωn and total dissipation rate Γn.

B. Effective Volumes

The total coupling strength of a dipolar emitter to the spher-
ical metallic particle, embedded in nB medium, expresses
[21, 22]

γ⊥tot

nBγ0
≈ 3

2
1

(kBz0)3

∞∑
n=1

(n + 1)2

z
(2n+1)
0

Im
(
αeff
n

)
,

γ‖tot

nBγ0
≈ 3

4
1

(kBz0)3

∞∑
n=1

n(n + 1)

z
(2n+1)
0

Im
(
αeff
n

)
.

(B.1)

The coupling strength to the nth mode is

γ⊥n
nBγ0

≈ 3
2

1

(kBz0)3
(n + 1)2

z
(2n+1)
0

Im
(
αeff
n

)

∼
ωn

3
4π2

(
λ

nB

)3 R2n+1

4πz3
0

(2n + 1)εB
nε∞ + (n + 1)εB

(n + 1)2

z
(2n+1)
0

Qn,

γ‖n
nBγ0

≈ 3
4

1

(kBz0)3
n(n + 1)

z
(2n+1)
0

Im
(
αeff
n

)

∼
ωn

3
4π2

(
λ

nB

)3 R2n+1

8πz3
0

(2n + 1)εB
nε∞ + (n + 1)εB

n(n + 1)

z
(2n+1)
0

Qn,

(B.2)

and the mode effective volume is deduced from comparison
to the Purcell factor (1)

V⊥
n =

nε∞ + (n + 1)εB
(2n + 1)εB

4πz2n+4
0

(n + 1)2R2n+1
, (B.3)

V‖
n =

nε∞ + (n + 1)εB
(2n + 1)εB

8πz2n+4
0

n(n + 1)R2n+1
. (B.4)

Finally, we define the mode volume as

1
Vn

= 1
3V⊥

n (R)
+

2

3V‖
n (R)

,

Vn = nε∞ + (n + 1)εB
(2n + 1)εB

9
(2n + 1)(n + 1)

V0.

(B.5)

All the expressions obtained in this appendix reduce to the
simple analytical case discussed in the main text for ε∞ = 1
(bound electrons contribution neglected) and εB = 1 (back-
ground medium is air).
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We present asymmetric gold nanocrosses with highly tunable double resonances for the near-infrared (NIR) surface-enhanced
Raman scattering (SERS), optimizing electric field enhancement at both the excitation and Stokes Raman wavelengths. The
calculated largest SERS enhancement factor can reach a value as large as 1.0 × 1010. We have found that the peak separation,
the resonance position, and peak intensity ratio of the double-resonance gold nanocrosses can be tuned by changing the structural
dimensions or the light polarization.

Surface-enhanced Raman scattering (SERS) effect boosts the
Raman signals of adsorbates on the surfaces of metallic
nanostructures when their plasmon resonances and conse-
quently an enhanced near field are excited at the wavelength
of the stimulating laser beam. The enhancement factor (EF)
of SERS may reach a level of single-molecule resolution
[1, 2]. The SERS technique has demonstrated its use in many
applications such as a pH meter, biosensing, and bioimaging
[3–5]. Recently, because of the usage of SERS for in vivo
bioapplications, there is increased interest of SERS in the
near-infrared (NIR) region (700–1400 nm) in the optical
spectrum, where blood and tissue are most transparent and
light can penetrate tissue over a deepest distance [6, 7].

There are two mechanisms behind SERS, electromag-
netic (EM) and charge transfer (CT) effect, which are ex-
tensively mentioned in the literature. It is, however, generally
accepted that the EM effect is the dominant one. In the
EM mechanism, the EF of each adsorbate is proportional
to the product of the field intensity at the laser excitation
wavelength and that at the Stokes-shifted Raman scattering
wavelength, namely, EF = |EFex|2 |EFscat|2. As plasmon res-
onances, which are usually responsible for the EM enhance-
ment mechanism, are spectrally relatively broad, usually it is
assumed that |EFex|2 and |EFscat|2 are equal if the center
of the resonance is chosen in between the two wavelength

positions. For NIR SERS, however, the Raman scattering
wavelength and the excitation wavelength can be separated
by over 100 nm, limiting the efficiency of a single reso-
nance. Very recently, SERS substrates with double plasmon
resonances at the laser excitation and Raman scattering
wavelengths have been demonstrated by Crozier’s group by
showing higher enhancement compared to similar structures
with single resonances [8, 9]. In addition, it is well known
that a strong plasmonic coupling in the structures (e.g.,
bow-tie and disk dimer) will generate the near-field hot
spots in the tiny gap, which may amplify the Raman signal
significantly [10–13]. In this paper, we report on a different
type of double-resonance plasmonic substrate consisting of
gold (Au) nanocrosses potentially useful for the NIR SERS
application. Strong near field enhancement is achieved by the
plasmonic coupling between two opposite tips of the cross-
bars. The achievement of the double resonances can be real-
ized by breaking the symmetry of the Au nanocross. We have
found that the peak separation (namely, the distance between
the excitation and scattering wavelength), the resonance
position, and peak intensity ratio of the double-resonance Au
nanocrosses are highly tunable in the NIR range by changing
the light polarization or the structural dimensions. We have
also numerically demonstrated that the SERS EF of the Au
nanocross can reach a value as large as 1.0 × 1010.
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Figure 1: Schematic and dimensional parameters of an Au nanocross. The symmetry of the Au nanocrosses can be broken by tuning the
different arm lengths of L1 and L2.
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Figure 2: (a) Extinction spectrum, (b) electric field intensity (|E2|)
spectrum at the point A (see Figure 1), (c) the on-resonance electric
field distribution (Log|E2|), and (d) surface charge distribution for
a symmetric Au nanocross (120, 120) normally illuminated by a θ =
45◦ polarized plane wave.

We employed the three-dimensional finite different time
domain (FDTD) calculation method to investigate the opti-
cal properties of Au nanocrosses in this work. Figures 1(a)
and 1(b) display the schematic illustration and dimensional
parameters of the Au nanocross used in the simulation with
a width (W), thickness (T), gap size (G), tip length (D), arm
length along X axis (L1), and arm length along Y axis (L2).
Herein, an Au nanocross with L1 and L2 can be denoted (L1,
L2) because the other dimensional parameters are constant
(W = 40 nm, T = 40 nm, G = 4 nm, and D = 78 nm). L1 and
L2 are varied to achieve the double resonances at different
wavelengths and with different peak separations. The light is
propagating normal to the XY plane and is polarized along
the direction of θ = 45◦ (see Figure 1(b)). The simulations
were performed by using the FDTD software from Lumerical
Solutions, Inc. The empirical dielectric function of Au has
been described in our previous work [14]. We have placed
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Figure 3: (a) Extinction spectrum and (b) electric field intensity
(|E2|) spectrum at the point A (see Figure 1) for an asymmetric Au
nanocross (120, 80) normally illuminated by a θ = 45◦ polarized
plane wave. (c, d) Extinction spectra of the Au nanocross (120, 80)
with a polarization along the (c) x- and (d) y-axis. The electric field
distributions (Log|E2|) of the plasmon resonance modes (i–iv) are
shown on the right.

a point monitor (point A) in the middle of the structure
gap, whose position is indicated in Figure 1(a). All extinction
spectra, electric field intensity spectra at the point A, electric
field distribution, and surface charge distribution images
were obtained from the simulations. The amplitude of the
electric field of the incident light is set to 1.
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Figure 4: (a) Extinction and (b) electric field intensity (|E2|) spectra at the point A (see Figure 1) for different dimensional Au nanocrosses:
(i) 120, 120; (ii) 120, 80; (iii) 120, 60; (iv) 120, 40; (v) 120, 20; and (vi) 40, 20.

Au nanocrosses may strongly couple to the incident ra-
diation by the dipolar mode and higher order modes, but
the higher order modes are dark for the normal incidence
[15]. For a symmetric Au nanocross (120, 120) normally
illuminated by θ = 45◦ polarized light, we can only observe
a bright resonance mode at 1103 nm in the NIR range
(Figure 2(a)). In order to fully understand its mode feature,
we plot its electric field distribution image in Figure 2(c). It
is clearly shown that each arm of the Au nanocross displays a
strong dipolar resonant character and couples to each other,
consequently producing a rather enhanced electric field in
the gap. The electric field intensity spectrum at the point A
shows that the maximum electric field (|E|2) can reach to a
value as large as 1.6× 105. The calculated charge distribution
image shown in Figure 2(d) further confirms the dipolar
nature of the modes and their strong coupling for the arms
of the Au nanocross.

To achieve the double resonances for SERS, we break
the symmetry of the Au nanocross by changing the arm
length L2. Figure 3(a) shows an extinction spectrum of an
asymmetric Au nanocross (120, 80) with a decreased value
of L2. We can observe two resonance at 1103 (i) and 1007 nm
(ii). Interestingly, the corresponding electric field intensity
spectrum at the point A shows two maximum values at the
same two resonance positions, which can be used for the
SERS excitation and the scattering enhancement. More im-
portantly, the electric field intensity spectrum shows that
the field enhancements of these two resonances both reach
a value of around 1.0 × 105 (Figure 3(b)). Therefore, the
total SERS EF may reach a value of 1.0 × 1010. We simulated
the excitation spectra of the Au nanocross (120, 80) with
a light polarization along the long arm (x-axis) and the

short arm (y-axis) in Figures 3(c) and 3(d) in order to de-
termine the origin of the prescribed two resonances’ (i) and
(ii) formation. It is shown that the resonance (i) and (ii)
are actually from the resonance (iii) and (iv), formed by
the light polarization along the long and short arms, resp-
ectively. The electric field distributions of the resonances
mode in Figure 3 further show that the dominant modes of
resonance (i) and (ii) are rather similar to that of (iii) and
(iv), respectively, which indicates a weak coupling between
two bright modes (iii) and (iv) resulting in the double-re-
sonance feature. Figure 3 also implies that we can easily
tune the resonance positions by controlling the arm lengths
of the Au nanocrosses. This is very common to tune the
resonance position by controlling the asymmetric geometry
of the plasmonic structure, for example, asymmetric split
ring resonators [16, 17].

In Figure 4(a), we show the excitation and the electric
field intensity spectra of six different dimensional Au nano-
crosses: (i) 120, 120; (ii) 120, 80; (iii) 120, 60; (iv) 120, 40;
(v) 120, 20; and (vi) 40, 20. Some plasmonic resonant be-
haviors are observed: (1) two resonances are highly tunable
in the NIR range; (2) the resonance at higher wavelength
corresponds to the mode along the long arm of the nano-
cross, and the lower resonance to that of the short arm; (3)
the more difference between the long and short arm, the
larger the peak separation; (4) for different dimensional na-
nocrosses, the field enhancement for both resonances can
reach a value in the range of 5.0 × 104–1.0 × 105; conse-
quently, the total SERS EF remaining in the range of 1.0 ×
109–1.0 × 1010. For the structures of (ii), (iii), (iv) and (v),
one resonance remains at 1103 nm and the other one can be
tuned from 1007 to 872 nm by changing the short arm from



4 International Journal of Optics

800 1000 1200 1400

(vii)

E
xt

in
ct

io
n

 (
a.

u
.)

Wavelength (nm)

E

(vi)

(v)

(iv)

(iii)

(ii)

(i)

(a)

800 1000 1200 1400

0

1

2

3

4

5

6

7

Wavelength (nm)

E
 fi

el
d 

(×
10

5
)

(vi)

(vii)

(v)

(iv)

(iii)

(ii)

(i)

(b)

Figure 5: (a) Extinction and (b) electric field intensity (|E2|) spectra at the point A (see Figure 1) for a Au nanocross (120, 80) illuminated
by a plane wave with different polarizations. The angle (θ) between the light polarization and the x-axis is (i) 0, (ii) 15, (iii) 30, (iv) 45, (v)
60, (vi) 75, and (vii) 90 degree.

80 to 20 nm. The peak separation can be controlled from 30
to 231 nm (Figure 4(b)). The high tunability and flexibility
of the double-resonance position and peak separation offer
us a couple of advantages for SERS. First, we can easily
match the double resonances of the Au nanocross to the
laser line and the Stoke Raman band. Second, the large
peak separation allows us to enhance the Raman band, for
example, ν(=CH), having a Stoke Raman shift at a longer
wavenumber at around 3000 cm−1, which is 240 nm away
from the NIR laser line (e.g., 785 nm). In addition, we believe
that the double-resonance nanocross is potential useful for
the surface-enhanced second harmonic generation [18].
The plasmon resonances of the asymmetric Au nanocrosses
are not only arm length dependent but also incident light
polarization dependent. Figures 5(a) and 5(b) show the
extinction and electric field intensity spectra of the Au
nanocross (120, 80) with different light polarizations. By
changing the polarization angle (θ), we can control the
peak intensity ratio between the two resonances of the Au
nanocross at 1007 and 1103 nm, respectively. Moreover,
we have simulated the double-resonance nanocross with
rounded tips (with a 4 nm curvature radius) in order to have
a more realistic estimation for the experimental samples.
We have found that the maximum SERS EF drops to 2.0 ×
109 for the Au nanocross (120, 80), one order of magnitude
smaller than that with sharp tips, which is still a rather large
EF for the molecular detection.

In conclusion, we have numerically demonstrated asym-
metric Au nanocrosses as double-resonance SERS substrates.
Strong field enhancements at the excitation and scattering
wavelengths lead to a total SRS EF of around 1.0 × 1010.
Moreover, we have shown that the resonance position, the

peak separation, and the peak intensity ratio of the Au
nanocrosses can be tuned by changing their arm lengths
and the light polarization. Strong near field and large peak
separation are particularly important to the enhancement of
the Raman band at high wavenumbers. We anticipate that
this work will offer an aid for the design and the fabrication
of new SERS substrates with a large EF.
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It is a general belief in apertureless near-field microscopy that the so-called p-polarization configuration, where the incident light is
polarized parallel to the axis of the probe, is advantageous to its counterpart, the s-polarization configuration, where the incident
light is polarized perpendicular to the probe axis. While this is true for most samples under common near-field experimental
conditions, there are samples which respond better to the s-polarization configuration due to their orientations. Indeed, there have
been several reports that have discussed such samples. This leads us to an important requirement that the near-field experimental
setup should be equipped with proper sensitivity for measurements with s-polarization configuration. This requires not only
creation of effective s-polarized illumination at the near-field probe, but also proper enhancement of s-polarized light by the probe.
In this paper, we have examined the s-polarization enhancement sensitivity of near-field probes by measuring and evaluating the
near-field Rayleigh scattering images constructed by a variety of probes. We found that the s-polarization enhancement sensitivity
strongly depends on the sharpness of the apex of near-field probes. We have discussed the efficient value of probe sharpness by
considering a balance between the enhancement and the spatial resolution, both of which are essential requirements of apertureless
near-field microscopy.

1. Introduction

Apertureless near-field scanning optical microscopy
(ANSOM) is becoming more and more popular for its
application to a variety of nanoscale samples, where one
can do microscopic as well as spectroscopic analysis at
nanoscale [1, 2]. The key feature of ANSOM is enormous
enhancement and confinement of light field at the apex
of the near-field probe, which is a sharp metallic nanotip.
The enhancement of scattered light from a sample can
be more effective under proper polarization. Thus near-
field imaging through ANSOM combined with proper
control of polarization provides even more information
about the sample, such as molecule and crystal symmetry,
orientation, intermolecular interaction, optical transition,
and so forth. In fact, many researchers have occasionally
employed polarization-controlled ANSOM to enhance the
contrast of measurements [3–7]. Under a reflection-type (or
side-illumination-type) near-field setup where the incident
and scattered lights are in opposite directions, the optical

configuration makes it easy to conveniently control the
polarization of incident light at the tip apex. For this reason,
the method of polarization control has been widely used for
the analysis of nanoscale anisotropy, such as the crystalline
structure, for reflection-type systems [8–13]. On the other
hand, in a more commonly used transmission-type ANSOM
configuration, where the incident and scattered lights are in
the same direction, it is not easy to control the polarization,
and hence one can find very few experimental reports on
the polarization measurement in this type of experimental
setup [14–16]. Even when a polarization control is employed
in ANSOM setup, it is mostly to study the p-polarization
configuration. One reason is that the p-polarization of
excitation can form a strongly enhanced light source under
the sharp apex of the near-field probe [17, 18], which
also gives strong enhancement to the scattering from the
sample in most of the cases. However, if one is studying
the optical mode of a sample that has a dipole transition
perpendicular to the probe axis, the p-polarization is no
longer suitable. In this case, one needs to arrange the
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s-polarization enhancement by the near-field probe. Indeed
several experimental reports suggested that ANSOM probes
show s-polarization sensitivity [19, 20], though none of
them discussed it clearly.

In this study, we will provide an experimental evidence
of the s-polarization sensitivity in apertureless near-field
probes. Our near-field probes are fabricated by coating a thin
layer of metal on a sharp dielectric nanotip. The sharpness
of the tip apex depends on the thickness of the metallic
layer. We prepared near-field probes with varying metal
thickness and employed them to measure near-field Rayleigh
scattering images under s-polarized illumination by scanning
the tip over the focused laser spot. The method has been
employed to evaluate the surface plasmon behavior [21], and
such scattering images also are indicators of the polarization
sensitivity of the enhancement by the near-field probes. We
have discussed the s-polarization sensitivity of various probes
through the contrast in the corresponding scattering images.
In addition, we have also performed some calculations
and computer simulations to obtain supportive information
for checking the tendency polarization sensitivity on the
sharpness of the near-field probe. We make a note that
even though the simulation indicates that less sharpened
probes with larger apex tend to give better enhancement
for the s-polarized light, they are not ideal probes for near-
field imaging because they lose the spatial confinement
of the light. Thus one can find an optimum value of
probe sharpness by evaluating the system sensitivity and the
requirement of spatial resolution.

2. Experimental

The apertureless near-field probes were prepared by coating
thin layers of silver on commercially available atomic force
microscopy (AFM) cantilevers made of silicon (CSG01 tips
purchased from NT-MDT co.). Silver coating was performed
by the method of vacuum evaporation under a high vacuum
of 2 × 10−6 Torr. By controlling the evaporation parameters,
the probes were prepared with silver coating of 20, 40, and
60 nm. Since it was difficult to prepare thicker layers of
silver under the same condition, we utilized simultaneous
annealing at 400◦C during the evaporation, to achieve the
silver layer thickness of about 150 nm. The apex sharpness for
all the silver-coated probes was checked by scanning electron
microscope (SEM).

The optical setup for our near-field measurement is
illustrated in Figure 1, which shows a system based on
inverted microscope [22, 23]. The incident laser (CW, λ =
488 nm) is expanded 20 times in diameter and is introduced
via various optical components to the inverted microscope.
In order to achieve an s-polarized incident light at the near-
field probe, we first prepared azimuthal polarization of the
propagating laser by using a spatially patterned λ/2 waveplate
(z-pol from Nanophoton). This waveplate can realizes a
perfect x-y-polarization as shown in the inset in Figure 1.
The detailed explanation of how the waveplate works was
shown in [23]. The experiment was done by utilizing a high-
NA objective lens (× 60, NA = 1.4, oil emersion) to focus

the light on the probe and by inserting an optical mask on
the beam path that rejects the low-NA component (NA < 1)
of the incident light. The near-field probe was set on an
AFM stage and was scanned over the tightly focused laser
spot. Rayleigh scattered signal was collected by the same
objective lens in low-NA (NA < 1) configuration, which
was detected by a photodiode. In the case of s-polarization
excitation the scattering signal from the tip apex is efficiently
collected in the low NA region because of the emission
pattern of the dipole [24]. Moreover, the incident light that
was introduced in an evanescent illumination configuration
can be effectively reduced by the detection aperture, which
results in the reduction of background signal in detection.
The probe was scanned at the steps 30 nm to cover a scanning
area of about 1 μm in square.

The simulation for a 2D finite difference time domain
(FDTD) calculation was performed by using R-soft with
nonuniform mesh. Since this is a rough estimation just to
check the trend, we have employed 2D simulation instead of
3D. The quantitative difference between 2D and 3D is not
an issue in this estimation. The probe apex was assumed
to be a single silver sphere with different diameters, which
was placed 2 nm above a glass substrate (index 1.5). The s-
polarized incident light was launched at an angle of 45◦ from
the substrate to achieve an evanescent illumination under the
condition of total internal reflection. The field intensity was
monitored 10 μm downward from the particle to anticipate
the far field intensity.

3. FDTD Simulations

In order to understand the effect of polarization on the
near-field enhancement in the proximity of a probe, we
first made a rough estimation through FDTD simulation.
Although a silver nanoparticle considered in simulation can
never represent the real near-field probe prepared by silver
evaporation, it still gives correct information about the trend
that a real probe would follow on enhancement. For simplic-
ity, we considered an ellipsoid-shaped nanoparticle with an
aspect ration of 1 : 4. Figure 2 shows the enhancement in the
proximity of the nanoparticle for both p- and s-polarizations,
which was calculated following the method of Moon and
Spencer [17]. The horizontal dashed line represents the
sample plane. As one can see, the light field is greatly
enhanced near the apex (between the nanoparticle and the
sample plane) for p-polarized illumination, whereas it is
significantly enhanced at the middle area of the nanoparticle
for the s-polarized illumination. As one goes away from the
middle area towards the apex, the enhancement decreases
and becomes very weak near the apex area. This result
confirms that the enhancement near the sample is very weak
for s-polarization, and hence p-polarization is a preferred
configuration for most near-field experiments. However, if
we consider scattering in the far field (when the detector is
placed far from the probe apex), there are rooms for the
s-polarization to be scattered back within the cone angle
of the objective lens. To see if this happens, we performed
numerical simulations by keeping the detector far from the
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Figure 2: Theoretical calculation of electric field distributions near an ellipsoidal metallic nanoparticle under (a) p-polarization and (b) s-
polarization excitations. The horizontal dotted lines indicate the sample surface. Strong field confinement can be seen near the apex between
the sample and the probe in p-polarization, which is almost negligible in s-polarization.

probe. We also considered the effect of sharpness of the
probe apex on the far-field enhancement, for which we
approximated the probe apex by a single spherical silver
particle and varied the diameter of that particle. Figure 3
shows some FDTD simulation results for far-field scattering
under evanescent illumination employing s-polarization
excitations for varying apex size. The simulation conditions
are illustrated in the inset. As one can see in Figure 3, the
far-field enhancement under s-polarized illumination has
a significant dependence on the apex size. The scattering
intensity shows relatively small rise for the apex diameter
varying from 0 to ∼20 nm, then it monotonically increases
with the apex diameter. This brings us to a conclusion
that the scattering efficiency for s-polarization illumination

increase, as the particle size increases, or as the apex
sharpness decreases. The signal intensity becomes almost
double for a probe with the diameter of 50 nm as compared
to 30 nm. This is a reasonable figure for the net enhancement
that is in accordance with our experimental statistics.

4. Results and Discussions

We anticipate from the calculation that the s-polarization
sensitivity of a near-field probe increases as the sharpness of
the probe apex decreases. As discussed before, the near-field
probes used in this study were prepared by coating a thin
silver layer on silicon nanotips. The apex of the silicon tip
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Figure 3: FDTD simulation of s-polarization scattering intensity
from silver particle with respect to the apex diameter. Inset
illustrates the simulation conditions.

is quite sharp; however the sharpness of the probe decreases
as the thickness of the silver layer coated on the silicon tip
increases. Even though the entire shape of the real probe
is different from the probes used in FDTD simulation, we
expect a similar trend of enhancement as the thickness of
the silver layer on the probe increases. That means we expect
the s-polarization sensitivity of the probes with thicker silver
layers to be higher than that for the probes with thinner
silver layers. Figures 4(a)–4(d) show SEM images of probes
that have silver layers with thickness 0, 20, 40, and 60 nm,
respectively. A closer look at the probe apex in these SEM
images reviles that the apex diameter of the probe increase
gradually as the coating thickness increases. Figures 5(a)–
5(d) show Rayleigh scattering images of s-polarized laser
spot measured by employing the probes shown in Figures
4(a)–4(d), respectively. Doughnut-shaped patterns could
be seen in these Rayleigh scattering images, which is an
evidence of s-polarization condition. The contrast variation
in these images corresponds to the scattering efficiency for
excitation light. Since we created s-polarized illumination at
the probe apex by introducing the high-NA component of
an azimuthally polarized laser beam, a comparison of image
contrast in Figure 5 can be considered as the comparison of s-
polarization sensitivity of the probes [25]. We also calculated
the quantitative values of contrast by a simple relation

contrast =
(
IS − IBg

)
(
IS + IBg

) , (1)

where IS indicates the signal intensity corresponding to the
signal area (laser spot) and IBg denotes the background
intensity corresponding to the background area. The net
intensities were the summations over the measured areas.
Table 1 shows the contrast values obtained from (1) for
different probes. As seen in Figure 5(a), we could not get
any image pattern under s-polarization for the noncoated
probe in Figure 4(a), because this bare silicon probe did
not have an s-polarization sensitivity. The contrast is still

Table 1: Contrast of the probes shown in Figure 5, as calculated
from (1).

Tip Diameter/nm Contrast

a 5 0

b 20 0.023

c 40 0.037

d 60 0.061

weak in Figure 5(b) for the probe with silver thickness of
20 nm; however, it becomes stronger in Figure 5(c) when the
silver layer on the probe is as thick as 60 nm. This result is
consistent with the simulation results in Figure 3, where the
tip apex is approximated as a single silver particle. It is not
appropriate to make a quantitative comparison however, it is
clear that the scattering intensity monotonously increases as
the particle size increases.

One may expect from the simulation results that a
broader probe would scatter more light under s-polarization,
thus further increasing the probe size may result in an
enormous enhancement. However, experimentally this was
not true. The Rayleigh scattering image contrast decreased
for the broader probe ∼150 nm in apex diameter. This may
come from the surface plasmon resonance wavelength of
the coated silver, which is shifted to longer wavelength for
larger structure; however the reason is still unclear. Apart
from this decrease in scattering efficiency, a probe with larger
apex diameter also degrades the spatial resolution in the
measurement. Thus a probe with larger apex diameter is not
suitable for near-field studies. This leads us to the conclusion
that the s-polarization efficiency of a near-field probe can
be increased by increasing the apex diameter of the probe,
however, up to a certain limit where the spatial resolution is
still acceptable.

The optimum value of probe apex diameter that can
give best results for both s-polarization sensitivity and spatial
resolution in near-field measurement would depend on
the experimental system and requirement. In general, a
near-field probe that can provide contrast of about 0.03
is acceptable for a good-quality imaging. In our case, the
probes shown in Figures 4(c) and 4(d) provide acceptable
contrast, and hence they qualify for s-polarization ANSOM
experiments. We can thus conclude that a 30–60 nm-thick
silver coating can result in reasonably good near-field probe
for enhancement of s-polarization. The lower limit can still
be changed by optimizing the collection efficiency of the
optical setup, and the upper limit can be determined by
the requirement of spatial resolution. For tips with more
efficient s-polarization sensitivity, the on-gap mode tips
could provide good results [26]. However, fabrication of
a gap as small as ∼1 nm at the tip apex is difficult with
current technology, and hence it is still not in practical
use. Therefore, the best way to achieve the s-polarization
sensitivity at this moment is to carefully control the size of
the probe apex by optimizing evaporation parameters.

Finally, we would also like to make a small note on
the p-polarization sensitivity of these probes. Instead of the
azimuthal polarization, using radial polarization of incidence
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Figure 5: Scattering images of the s-polarization laser focus measured by the probes with different silver coatings. The images (a)–(d)
correspond to the probes shown in Figures 4(a)–4(d), respectively. The contrasts in the images correspond to the s-polarization sensitivities
of these probes.
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Figure 6: Scattering images of the p-polarization laser focus measured by the probes with different silver coatings. The images (a)–(d)
correspond to the probes shown in Figures 4(a)–4(d), respectively.

laser beam can result in the dominant generation of p-
polarization at probe apex. By utilizing radial polarization,
we measured the Rayleigh scattering images for the same
probes that were discussed earlier in Figure 4. The results
are shown in Figures 6(a)–6(d), which corresponds to the p-
polarization sensitivity. Since the p-polarization dipole was
not efficiently collected in this experimental configuration,
the image did not show a strong contrast. Nevertheless, every
probe shows certain amount of p-polarization sensitivity

even if they did not have s-polarization sensitivity such as the
uncoated probe shown in Figure 4(a).

5. Conclusions

In conclusion, we have examined the enhancement phenom-
ena of ANSOM probes for their s-polarization sensitivities,
which could be extremely important for those samples,
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which have optical response in the direction perpendicular
to the probe axis. A supporting FDTD simulation as well
as experimental results showed that the probes with larger
apex diameter yield stronger scattering when illuminated
with s-polarized light. However, the experimental results
also indicated that the contrast could not be improved only
by increasing the diameter of the apex. We conclude that
the metal coating thicker than 30 nm is necessary for s-
polarization sensitivity in our system. For further improve-
ment of s-polarization sensitivity in ANSOM measurements,
there could still be some scope for optimizing the probe
design, including the possibility of estimations through
calculations and simulations [27, 28].
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“Cross resonant optical antenna,” Physical Review Letters, vol.
102, no. 25, Article ID 256801, 2009.



Hindawi Publishing Corporation
International Journal of Optics
Volume 2012, Article ID 387274, 5 pages
doi:10.1155/2012/387274

Research Article

Water-Based Assembly and Purification of
Plasmon-Coupled Gold Nanoparticle Dimers and Trimers
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We describe a simple one-pot water-based scheme to produce gold nanoparticle groupings with short interparticle spacings. This
approach combines a cross-linking molecule and a hydrophilic passivation layer to control the level of induced aggregation.
Suspensions of dimers and trimers are readily obtained using a single electrophoretic purification step. The final interparticle
spacings allow efficient coupling of the particle plasmon modes as verified in extinction spectroscopy.

1. Introduction

The reproducible synthesis of well-defined metal nanopar-
ticle groupings has been the subject of intense research
during the last few years [1–6], driven largely by their use
as substrates for surface-enhanced Raman scattering (SERS)
[7–10]. The electromagnetic field impinging on pairs of
silver or gold particles separated by a few nanometers is
enhanced in the gap region by several orders of magnitude
[11], allowing for single-molecule sensitivity of the SERS
signal [12, 13]. For a 1 nm gap, the SERS enhancement factor
is larger than 108 for gold particles larger than 30 nm in
diameter [7], becoming sufficient to achieve single-molecule
SERS sensitivity.

Several approaches have been described using organic
linkers [1–4, 6] or salt-induced aggregation [5, 9] to pro-
duce shortly spaced nanoparticle assemblies. In general,
particle groupings with controlled geometries and valencies
are obtained after several purification and reaction steps.
Furthermore, in order to separate dimers and trimers from
single particles and larger aggregates, the particles need to be
sufficiently stable to sustain electrophoresis [2] or differential
centrifugation [5]. Since the colloidal stability of metal
nanoparticles decreases for larger diameters, it is difficult to
combine efficient purification and large enough particles for
SERS.

Electrophoresis was used successfully to purify symmet-
ric or asymmetric gold nanoparticle (AuNP) dimers and
trimers linked by DNA strands [2]. Using this technique,
we recently demonstrated the controlled assembly of gold
nanoparticles smaller than 20 nm with a 1 nm gap using a
DNA template [7]. Using DNA as a linker offers a large
flexibility since a single oligonucleotide can be grafted on
the surface of one particle [14]. However, controlled DNA
functionalization is difficult to adapt to particles larger than
20 nm in diameter because of the intrinsic limitations of
electrophoresis [15]. In particular, for particles larger than
30 nm in diameter, the gold surface needs to be passivated
before electrophoresis using ethylene glycol oligomers [16].
Furthermore, the DNA single strand grafted on the AuNP
must be lengthened during the purification process by
hybridizing it to several long strands in order to separate par-
ticles conjugated to one biomolecule [17]. Another solution
to produce DNA templated groupings with large particles is
to increase their size after DNA functionalization by growing
a silver shell. This recently allowed single-molecule SERS
measurements in a DNA linked particle dimer [10]. In all
cases, DNA templated dimers and trimers are obtained after
numerous reaction steps carried out over at least 24 hours.

Chen and coworkers recently demonstrated another
separation technique of AuNP particle groupings using dif-
ferential centrifugation [5]. It was used to obtain controlled
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particle nanoassemblies aggregated by salt [5] or organic
linkers [6]. However, this approach requires a hydrophobic
polymer shell to passivate the particles. Not only does the
passivation process require several reaction steps and an
organic solvent, the hydrophobic shell also shields the AuNP
surface from Raman active molecules. Dye molecules need
to be grafted on the gold surface before the passivation and
purification steps to obtain a SERS signal [18].

In this paper, we combine fast aggregation and hydro-
philic passivation to obtain AuNP dimers and trimers in
a water-based one-pot scheme that only requires several
minutes. The aggregation process is driven by salt and a
dithiol molecule, dithiothreitol (DTT), which provides short
interparticle distances. The final hydrophilic ethylene glycol
oligomer (PEG) shell allows the electrophoretic purification
of particles as large as 35 nm in diameter. Furthermore,
thiolated PEG ligands introduce a negligible background
SERS signal on gold particles and are compatible with
Raman active molecules [19, 20]. The combination of large
particle diameters and small interparticle spacings yields
efficient coupling of the particle plasmon modes as verified
in extinction spectroscopy.

2. Experimental

2.1. Synthesis of Gold Nanoparticle Dimers. Citrate-coated
35 nm diameter gold particles were purchased from BBIn-
ternational (UK). Bis(p-sulfonatophenyl)phenylphosphine
(BSPP) was obtained from Strem Chemicals Europe
(France). Thiolated, methyl terminated ethylene glycol oli-
gomers (n = 6) were purchased from Polypure (Norway). All
other chemicals were obtained from Sigma-Aldrich (USA)
and used without further purifications.

A stock solution of AuNPs coated with BSPP is prepared
following published procedures [14, 16] and is kept for
up to 6 months. In brief, 50 mL of citrate-coated particles
are left to incubate overnight with 10 mg BSPP. Particles
are then centrifuged to remove the supernatant before
being rinsed and finally resuspended in a 0.5 mM BSPP
solution. The final AuNP concentration is of the order
of 0.02 μM, and these particles are kept at 8◦C. A typical
dimer synthesis is performed using 20 fmol AuNPs in a
50 mM NaCl solution with a varying dithiothreitol (DTT)
concentration (from 1 mM to 40 mM) and a 10 μL reaction
volume. The incubation time varies between 1 s and 10 min
before adding an excess (100 pmol) of thiolated, methyl-
terminated ethylene glycol oligomer (mPEG), which stops
the cross-linking effect of DTT by passivating the AuNPs.

The resulting suspensions of single particles and cross-
linked groupings are loaded in 1.5% agarose gels (0.5x Tris-
Borate-EDTA as running buffer) after adding one volume of
ficoll loading buffer for four volumes of loaded sample. The
gels are run at 8 V/cm for 30 mins. The extraction procedure
is done following published protocols [7, 14], and the sample
is concentrated by centrifugation if needed.

2.2. Scanning Electron Microscopy. 2 μL of dimer and trimer
suspensions obtained after electrophoresis are deposited on
freshly cleaned silicon substrates and left to dry before rinsing

the sample with 18 MΩ water and drying it with nitrogen.
The samples are imaged using a field emission scanning
electron microscope (FEI XL30) operating at 30 keV.

2.3. Optical Characterization. Extinction spectra of purified
suspensions of dimers and trimers were measured using a
dual-beam Genesys 10 S UV-visible spectrometer (Thermo
Fisher Scientific) and compared to a reference 20 pM single-
particle sample.

3. Results and Discussion

Dithiothreitol (DTT) was chosen as the cross-linking agent
to obtain short interparticle spacings since it features only 5
covalent single bonds (less than 1 nm long). However, gold
nanoparticles coated with a negatively charged phosphine
shell (BSPP) and mixed with DTT do not aggregate without
charge screening cations. NaCl is thus required in the
reaction buffer to allow a successful interaction. To produce
small groupings of particles and not large three-dimensional
networks, the assembly process is stopped by adding a
thiolated ethylene glycol oligomer (mPEG) that passivates
the particle surface and increases the colloidal stability in
high salt concentrations. This ligand exchange scheme was
used previously to produce DNA functionalized AuNPs with
high NaCl stability [15, 16]. Our proposed model underlying
the fabrication process is summarized in Figure 1. If NaCl is
necessary to drive the particle aggregation process, DTT is
necessary to produce stable hydrophilic groupings. Indeed, if
the particles are aggregated in salt without DTT, the mPEG
surface passivation separates the aggregates back to single
particles. Furthermore, if the mPEG excess is left to incubate
with the DTT cross-linked particles for several hours, the
aggregates are also separated back to single particles. The
efficient displacement of the BSPP ligand shell by the mPEG
excess can be observed in a Raman spectrum of the AuNPs
before and after purification (data not shown): the BSPP
SERS response [21] disappears after the ligand exchange
process since the mPEG/DTT shell does not produce a
measurable Raman signal.

We visualize the formation of particle dimers and trimers
by purifying the reaction mix in electrophoresis. In this
technique, separation is driven by size and surface charge
differences of the different groupings. Electrophoresis also
removes unbound ligands and excess salt. We tuned two
experimental parameters to optimize the dimer formation:
the DTT concentration and the incubation time before
adding the mPEG ligand. Figure 2(a) shows the effect of
increasing the DTT concentration with a 1 s incubation time
in a 50 mM NaCl solution. The left lane (lane 1) corresponds
to a reference mPEG passivated 35 nm AuNP sample. Lanes
2 to 4 correspond to DTT concentrations of 1 mM, 10 mM,
and 40 mM respectively. New bands are clearly visible in
lanes 3 and 4 and correspond to the formation of cross-
linked groupings. These bands are also visible using a 1 mM
DTT concentration when the incubation time is increased
(still with 50 mM NaCl) as seen in Figure 2(b) with 1 s,
1 min, 2 min, 5 min, and 10 min incubation times. DTT-
driven cross-linking is compatible with smaller particles
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Figure 1: Cross-linking scheme. The single linking DTT molecule is only a schematic representation as several molecules can be involved in
the dimer formation. The mPEG excess displaces DTT molecules from the gold surface and can thus break interparticle bonds.

by increasing the ionic strength during the aggregation
process and adapting the density of agarose gels during
electrophoretic purification (100 mM NaCl and 2% agarose
gels for 18 nm diameter AuNPs). Controlled cross-linking of
larger gold particles can probably be performed with similar
experimental conditions but PEG-stabilized AuNPs larger
than 60 nm do not provide well-defined bands in agarose
gel electrophoresis. A different purification process would be
necessary.

The first, second, and third fastest bands are recovered
from the gel and studied using scanning electron microscopy
(SEM). The fastest band, also found on reference samples,
only exhibits single particles. The second and third bands
correspond preferentially to dimers and trimers as shown
in Figures 3(a) and 3(b). The sample purity is estimated
by counting the number of particles involved in specific
grouping geometries. For the second band, 77% of the
AuNPs are observed in dimers and 23% as single particles.
For the third band, 52% of the particles form trimers.
The rest of the particles are found as dimers (30%), single
particles (12%), or larger aggregates (6%). Since the dimer

and trimer suspensions are dried on a silicon substrate
for the SEM analysis, the interparticle distances observed
in electron microscopy can be modified by drying effects.
Cryoelectron microscopy would be necessary to observe the
particle groupings as they are in suspension [17]. However,
the sample purities observed in cryoelectron microscopy
and dry SEM are similar, indicating that, at low grouping
concentrations, drying effects do not modify significantly the
distribution of grouping geometries.

To verify that the short cross-linker allows efficient
plasmon coupling necessary for high field enhancements,
we measure the extinction spectra of the dimer and trimer
suspensions compared to a single-particle sample (all mea-
sured in the electrophoresis buffer that does not contain
NaCl). These extinction spectra are normalized outside of
the plasmon resonance frequency (450 nm) as shown in
Figure 4 to correct for the unknown particle concentration
in the dimer and trimer samples. The single-particle sample
exhibits a typical dipolar plasmon resonance at 525 nm. The
dimer and trimer samples exhibit an additional strongly
red-shifted side-band that peaks at 630 nm. This band
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Figure 2: Agarose gels after electrophoretic purification of reaction mixes. (a) 1 s incubation time with a 50 mM NaCl and varying DTT
concentrations: 0 mM (lane 1), 1 mM (lane 2), 10 mM (lane 3), and 40 mM (lane 4). (b) 50 mM NaCl and 1 mM DTT with different
incubation times: reference single particles (lane 1), 1 s (lane 2), 1 min (lane 3), 2 min (lane 4), 5 min (lane 5), and 10 min (lane 6).
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Figure 3: SEM images of dimer (a) and trimer (b) samples deposited on silicon substrates (30 keV electrons, scale bar = 500 nm).

corresponds to the longitudinally coupled dipole mode [22,
23]. According to the generalized Mie theory, a 630 nm
longitudinal plasmon resonance for a 35 nm diameter AuNP
dimer in a homogeneous dielectric environment with index
1.4 (intermediate between water and the organic ligand shell
[17]) corresponds to an interparticle distance between 1
and 1.5 nm. This distance is consistent with the length of
DTT when considering that electrostatic interactions can
stretch the groupings in buffers with low ionic strengths
[17]. The 630 nm resonance induces a strong color change
in the particle suspension as is clearly visible in Figures 2(a)
and 2(b): while the reference single-particle sample is red
(lane 1), the slower bands corresponding to the larger AuNP
groupings appear purple due to absorption and scattering of
both green and red light.

The relative strength of the resonances at 525 nm and
630 nm decreases for trimers as they exhibit several lon-
gitudinally coupled modes with different phase relations
[24]. Furthermore, these resonances are inhomogeneously
broadened in the trimer sample since the angle between
the particles varies from one grouping to the other (see
Figure 3(b)). Similar results were observed in suspensions of
15 nm diameter AuNP clusters stabilized in block copolymer
shells without a cross-linking agent [5]. Overall, these
measurements demonstrate that the DTT assembled dimer
and trimer suspensions exhibit efficient plasmon coupling
and should provide large local field enhancements.

4. Conclusion

We have demonstrated that a cross-linking agent, several
surface ligand exchange steps, and electrophoresis can be
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Figure 4: Normalized extinction spectra of mPEG stabilized single
particles (blue solid line) and electrophoretically purified dimer
(green solid line) and trimer (red solid line) suspensions.

used to produce high-purity suspensions of gold particle
dimers and trimers with diameters as large as 35 nm and
short interparticle spacings. The overall reaction process only
takes a few minutes and the suspensions are obtained with a
single purification step. Ensemble extinction measurements
demonstrate efficient plasmon coupling in the cross-linked
groupings which corresponds to high local field enhance-
ments. By chemically modifying the cross-linking agent to
exhibit a molecule with a high Raman cross-section or the
binding site of a chosen analyte, it will be possible to produce
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fast and sensitive SERS-based chemical sensors based on this
assembly scheme.
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The design of bowtie antennas for carbon nanotube (CNT) photodetectors has been investigated. CNT photodetectors have shown
outstanding performance by using CNT as sensing element. However, detection wavelength is much larger than the diameter
of the CNT, resulting in small fill factor. Bowtie antenna can confine light into a subwavelength volume based on plasmonic
resonance, thus integrating a bowtie antenna to CNT photodetectors can highly improve photoresponse of the detectors. The
electric field enhancement of bowtie antennas was calculated using the device geometry by considering fabrication difficulties and
photodetector structure. It is shown that the electric field intensity enhancement increased exponentially with distance reduction
between the CNT photodetector to the antenna. A redshift of the peak resonance wavelength is predicted due to the increase
of tip angles of the bowtie antennas. Experimental results showed that photocurrent enhancement agreed well with theoretical
calculations. Bowtie antennas may find wide applications in nanoscale photonic sensors.

1. Introduction

With the development of nanotechnologies, one-dimension-
al (1D) materials, including nanowires and nanotubes,
emerged as important components in photonics and opto-
electronics [1]. Compared to bulk materials, 1D materials
possess a number of unique properties arose from their
geometries, making them potential candidates to outperform
traditional optical devices. In particular, carbon nanotubes
(CNTs) are of great interest for exploring as functional
elements for 1D photodetectors due to their perfect nanohol-
low cylinder structure [2, 3]. However, a critical chal-
lenge for obtaining high-performance 1D photodetectors is
the dimension incompatibility between photodetectors and
optical wavelengths. The radial sizes of CNTs are much
smaller than detection wavelengths, resulting in low fill factor
and responsivity. Motivated by this challenge, optical anten-
nas were designed to integrate with CNT photodetectors so
as to bridge the gap between nanosize sensing elements and
microsize wavelengths. Due to plasmonic resonance, optical
antennas can confine strong optical near fields in a volume

far below a cubic wavelength of excitation light. This can
greatly enhance photon absorption owing to the increase
of coupling between CNT and vibrating electrical fields of
photons. By integrating CNT photodetectors with optical
antennas, the nanoscale photodetectors can be made with
outstanding performance and photon absorption efficiency.

There are two main categories of photodetectors: thermal
detectors and photonic detectors. Both thermal detectors and
photonic detectors have their limitations: thermal detectors
have slow response and low detectivity, while traditional
photon detectors can only detect a narrow spectrum, which
is limited by their bandgap energies. Some of the photon
detectors need to operate with cryogenic cooling system,
particularly middle-wave infrared (IR) or longer wavelength
detectors. Photodetectors using nanomaterials as core mate-
rials were proposed to overcome these problems, since nano-
materials, especially CNTs, have a number of exceptional
optoelectronic properties [4]. CNT-based photodetectors
were extensively investigated. Multiexiton was observed in
a CNT photodetector, showing the potential of making
photodetectors with higher responsivity [5]. A photovoltaic
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CNT detector was reported to detect middle-wave IR at
room temperature [6]. A spectral tunable CNT photode-
tector could modulate its detection spectrum by electrically
tailoring the diameters of CNTs [7], because the bandgap
energies of the 1D materials are inversely proportional to
their diameters [8]. All these promising properties stem
from the 1D quantum confined geometry of CNTs, which,
nevertheless, cause low fill factor and absorption. In order
to fully employ the exceptional advantages of the CNTs in
photosensors, the problem of low absorption needs to be
addressed, and optical antennas are promising in solving this
issue.

In our design, the optical antenna performs as a plas-
monic lens that funnels light into the CNT photodetector.
This is analogous to the microlenses on top of conventional
charge coupled device (CCD) array to increase detector fill
factor [9, 10]. If the CNT photodetector occupied the same
area as the antenna/CNT photodetector, they have same fill
factor. However, technical difficulties prevent the assembling
of a large array of uniform CNTs. Assembling a CNT thin
film has been demonstrated, but the interaction between
CNTs in thin film resulted in the loss of their unique optical
properties. Therefore, one single CNT is more favorable and
easier to manipulate in order to fabricate high-performance
photodetectors. But the challenge of one individual CNT as
the core material for photodetectors is the small diameter of
CNT. The optical antenna can strongly concentrate light into
subwavelength volume that couples to the CNT in order to
improve fill factor.

Optical antennas have invoked considerable interests,
because of their ability to generate large and localized elec-
tromagnetic fields. The basic principle of optical antennas is
based on the resonant behavior between excitation light and
metal structure. When light interacts with optical antennas
that have proper dimensions, surface plasmons are generated
due to resonant coupling between the electromagnetic
surface waves and oscillations of free electrons in the metal.
Light irradiating on the optical antenna at frequencies below
the resonant frequency is reflected, since it induces motion
in the charge carriers that act to screen out the incident field;
when the frequency of light is above the resonant frequency,
light is transmitted because the charges are unable to respond
quickly enough to screen out the incident field [11]; only
at the resonant frequency, light is resonant coupling to free
charges of metals, and the incident waves will be absorbed
and reradiated. By properly orienting the reradiated waves,
intensely localized near-fields can be generated. Confining
or localizing light into a small volume has found plenty of
applications in many research fields, including spectroscopy,
microscopy, lithography, biosensing, chemical studies, and so
on [12, 13]. In recent years, optical antennas used to improve
the performance of planar photovoltaic devices became a
hot field [14]. However, very little research was conducted
to improve the performance of 1D photodetectors using
optical antenna, although 1D materials become an emerging
platform in photovoltaic devices [15].

There are a variety of novel shaped optical antennas,
such as nanosphere, nanorod and nanotriangle monomers,
nanosphere dimmers, dipole antennas, bowtie antennas,

Yagi-Uda antennas, cross-antennas, and so on [13]. Among
all these optical antennas, dipole and bowtie antennas are
particularly suitable for integrating with 1D photodetectors
because of their geometries. Dipole antennas are nanorod
dimmers, while bowtie antennas are nanotriangle dimmers,
therefore, both dipole and bowtie antennas can be consid-
ered as two opposing tip-to-tip nanotriangles (nonzero apex
width) with tip angles ranging from 0◦ (dipole antennas)
to wider angles. The coupling between two pieces of metals
in these antennas concentrates the incident light into a
nanoscale gap, which locates above a CNT photodetector in
order to enhance the interaction between the localized near-
fields and CNTs.

There were a number of approaches to improve a pho-
todetector’s performance using plasmonic resonance: pho-
tocurrent enhancement was demonstrated in an Si photo-
diode via the excitation of plasmon resonances in spherical
Au nanoparticles deposited on the Si surface [16]; a middle-
wave IR photodetector, comprised of a metallic grating
filled with HgCdTe, was proposed to improve the signal-
to-noise ratio by plasmonic resonance [17]; an optical
antenna was utilized as a metal electrode for a Si Schottky
diode to boost photo-detection [18]. Optical antennas were
embedded in these photodetectors, acting as part of the
photodetectors. In our design, the bowtie antenna performs
as a plasmonic lens, which can be easily integrated into all
types of high performance 1D photodetectors [3, 19–22].
In particular, the bowtie antenna perfectly matches with the
CNT photodetector due to the compatibility of the diameter
of CNT and gap distance of the bowtie antenna, because the
electric field (E-field) enhancement exponentially increases
with decreasing gap distance [23].

The properties of free-standing optical bowtie antennas
have been studied extensively [23, 24], and our group has
demonstrated that dipole antenna can boost photoresponse
of 1D IR detectors [25]. However, the design of bowtie
antennas for 1D photodetectors was not systematically
studied. In this paper, we will present the design of bowtie
antennas that can be integrated with CNT photodetectors to
highly improve the detection of IR signal with wavelength
of 830 nm. E-field enhancement with bowtie antennas was
calculated to seek the optimized tip angle and insulator thick-
ness. Experimental results showed that the photocurrent
enhancement was 12.67 times by adding a bowtie antenna
with precise alignment and dimension control in fab-
rication. Calculation of relative energy difference on the CNT
photodetector at absence and presence of the bowtie antenna
quantitatively explained the photocurrent enhancement.

2. Design of Optical Antennas

Before the discussion of antenna design, an introduction of
CNT photodetectors will be provided. The basic structure of
a CNT photodetector is sketched in Figure 1(a), comprised
of a single CNT connecting to two electrodes with high/low
workfunctions (Ti and Au); the band diagram of the device
is shown in Figure 1(b). On the left contact between Ti and
CNT, Ti has a workfunction that is smaller than that of the
CNT and forms a Schottky barrier; on the right contact,
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Figure 1: (a) The basic structure of a CNT photodetector, consisting of a CNT connecting to Ti and Au electrodes on top of a quartz
substrate. (b) The band diagram of the CNT photodetector.

Au has a workfunction that is higher than (or similar with)
that of the CNT and forms an ohmic contact (or quasi-
ohmic contact) [22]. When the photons with energy higher
than the CNT bandgap strike the CNT, electron and hole
pairs will be generated, and be separated by the built-in
potential of the Schottky barrier. We have demonstrated that
CNT photodetectors exhibited outstanding performance to
detect IR signals, and the sensitivity of photodetectors with
asymmetric metal structure was much better than the ones
with symmetric metal structures [22]. One thing should be
noted is that the depletion region of the CNT photodetector
may extend into the whole tube of the CNT, since the charge
distribution of the 1D systems has a long-range tail [26],
extending over the entire CNT [27]. In other words, the
entire CNT can be considered as depletion region. Therefore,
the optical antennas cannot only be located on the contacts,
but they also can be placed on top of the CNT body.

The bowtie antenna consists of two tip-to-tip nanotri-
angles that can confine strong electromagnetic field between
two triangles at resonance frequency. Light illuminating on
the bowtie antennas will generate instantaneous current,
which oscillates at the frequency along the polarization of
the incident light. The instantaneous current is maximum
near the center of the nanotriangle, and decreases toward the
edges of the antenna. This leads to a high density of surface
charge at the tip of the nanotriangles. Displacement current
flows into the small air gap of the bowtie antennas,
reradiating the absorbed energy. The strong coupling of
these two opposing tip-to-tip triangles brings the center of
the reradiating source to the center of the gap [28]. The
maximum intensity enhancement can be obtained at res-
onance frequency, which is mainly determined by the
dimension and materials of antennas.

The relative position of the CNT photodetector and
bowtie antenna is shown in Figure 2. A thin insulator
(Si3N4) is sandwiched between the bowtie antenna and the
photodetector (Figure 2(c)), with the gap of bowtie antenna
aligning to the center of CNT channel. The geometrical
parameters are also denoted in Figure 2: where d is the gap
distance, w is the apex width, L is the length of the bowtie

antenna, θ is the tip angle, and t is the thickness of the
insulator between antenna and CNT.

This CNT photodetector is designed for detecting IR
signal at 830 nm, thus the bowtie antenna should resonate
at or close to this wavelength. Resonance wavelength is
very sensitive to the dimensions of bowtie antennas, but
several parameters are fixed in simulation considering the
fabrication constraints, and some parameters have been
extensively studied [28, 29]: the gap distance d is set to be
30 nm for easier alignment of the bowtie antenna to the
photodetector; apex width is 30 nm to leave some tolerance
for electron beam lithography (EBL); antenna length L is
400 nm because it is close to half-wavelength of the IR signal;
the bowtie antenna is made of 3 nm Ti and 20 nm Au. The
width of both Au and Ti electrodes is 400 nm, and the gap
between two electrodes is 1000 nm. The following simulation
was based on the geometry including both electrodes and
bowtie antennas, as shown in Figure 2.

The E-field enhancement spectra of bowtie antennas will
be simulated with varying insulator thickness t and tip angle
θ, not only since these two parameters can be easily tuned in
real device fabrication, but they also have significant impacts
to the E-field intensity enhancement.

Figure 2(a) also shows the direction of incident light
polarization and the coordinate system for all numerical
simulations using ANSYS HFSS: a plane wave is normally
incident on the structure from the top with the electric field
being polarized along the x axis, which is parallel to the
axis between two triangles, with electric field component
amplitudes of Ex = 1 V/m, Ey = Ez = 0.

2.1. Insulator-Thickness-Dependent E-Field Enhancement.
The plasmonic resonance of the bowtie antennas was first
investigated by varying the insulator thickness t between
the antenna to the CNT photodetector. This is a critical
parameter, since the photodetector needs to be placed in
close proximity to the optical antennas in order to fully
take advantage of near fields [30]. The insulator-thickness-
dependent E-field distribution at the substrate plane (the
plane between Si3N4 and quartz substrate), where CNT
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Figure 2: (a) A 3D geometry shows the relative position between the CNT photodetector and the bowtie antenna. The incident light with
electric field polarized in the x direction propagates in the z direction. (b) Top view of the device, and parameters of the bowtie antenna:
L = 400 nm is the length of the antenna, g = 30 nm is the gap of two pieces of the antenna, w = 30 nm is the apex width, and θ is the tip
angle. (c) Side view of the device, showing the CNT photodetector and bowtie antenna sandwiching the Si3N4 layer that has a thickness of t.

located, was calculated based on equilateral Au triangles (θ =
60◦) with d = 30 nm, w = 30 nm, L = 400 nm. The CNT
photodetector and optical antenna are on the top of a quartz
substrate, with a plane-wave light polarized in the x direction
normally illuminating the device from the top.

The resonance wavelength for this antenna is at 845 nm
with t = 10 nm. Figure 3(a) shows the E-field distribution
between two electrodes at the substrate plane for the device
with t = 10 nm at its resonance wavelength. The E-field
is confined into the gap of the bowtie antenna with the
maximum amplitude located at the center of the gap due
to the strong coupling between two nanotriangles. The E-
field distribution is in the shape of a horizontal bowtie, and
the amplitude of the E-field decreases as the distance to the
center of the gap increases in the horizontal direction. The
illuminating light had E = 1 V/m, while the peak amplitude
at substrate plane became E = 14.608 V/m at resonance after
adding the bowtie antenna, with an enhancement of 14.608
fold.

The peak E-field intensity enhancement max (|E|2) as a
function of insulator thickness at resonance wavelength was
shown in Figure 3(b). The E-field distributions with thick-
ness of Si3N4 ranging from 10 nm to 50 nm were investigated.
The blue curve shows the peak intensity enhancement at the
substrate plane: the enhancement decreased from 213.1 to
26.7 when the thickness of the Si3N4 increased from 10 nm
to 50 nm. The red curve in Figure 3(b) is the exponential
fit of the data, which matches very well with the blue
curve. The resonance wavelength of the antenna redshifted
from 845 nm to 1034 nm with the thickness increasing of
Si3N4 layer from t = 10 nm to t = 50 nm [31]. The
inset of Figure 3(b) shows that the E-field enhancement at
wavelength of 830 nm, which corresponds to the wavelength
of our laser source, decreases dramatically by increasing
the insulator thickness. The simulation results indicate that

the field intensity enhancement decreases significantly with
the increasing thickness of the insulator, because evanescent
waves decay exponentially from the antenna. Therefore, in
order to fully use the power of the antenna, the photodetector
needs to be fabricated close to the bowtie antenna.

2.2. Tip-Angle-Dependent E-Field Enhancement Spectra. Not
only is the tip angle of the bowtie antennas easily modified in
real device fabrication, but it also has critical impact on both
resonance wavelength and E-field intensity enhancement.
The E-field spectra as a function of the tip angle were
calculated with d = 30 nm, w = 30 nm, L = 400 nm,
and t = 10 nm. Figure 4 shows the E-field spectra of bowtie
antenna with tip angles of 0 degrees (dipole antenna), 30
degrees, 60 degrees, 90 degrees, and 120 degrees.

The spectra vary significantly with different tip angles.
It is shown that bowtie antennas cover wider spectrum with
larger tip angles. Bowtie antennas can be considered as a
two-dimensional analogue of biconical antenna, therefore,
wider tip angles are expected to possess broader bandwidth.
The bowtie antenna with tip angle of 120 degrees shows
field intensity enhancement in a broadest spectrum. What
is more, two resonance wavelengths was found with a
fundamental resonance wavelength at 1.13 μm and a high-
order resonance at 0.77 μm. High-order resonance is easier
to be excited for large angle Bowtie antennas, since larger
angle bowtie antennas are prone to overcome the symmetry
limitation of octupolar resonance, while octupolar resonance
is forbidden in the 0 degree bowtie antenna under normal
incidence [32].

The peak E-field intensity enhancement increases with
wider tip angles when the tip angle is smaller than 60
degrees, while it reduces when the tip angle is larger than
90 degrees. In addition, the resonance wavelengths, where
the peak intensity enhancements are obtained, redshift with
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Figure 3: (a) The E-field distribution of the resonance frequency (845 nm) of the bowtie antenna with θ = 60◦, and t = 10 nm. The x − y
axis show the coordinate for simulation. (b) The t dependent peak field intensity max (|E|2), blue curve is the simulation values, and red
curve is the exponential fit. The inset shows field intensity enhancement |E|2 at wavelength of 830 nm.

increasing tip angles. Resonance wavelength is proportional
to the length of the triangle edges of bowtie antennas, and
thus resonance wavelength redshifts as tip angle increases
[33]. This can be explained as follows: the two opposite
Au/air interfaces in one cross-section vertical to the antenna
axis are far away from each other in the y direction, thus
the local surface plasmon polariton is confined at one Au/air
interface and not affected by the opposite one, especially
when the cross-section is close to the extremity edges. As a
result, the bowtie antennas are dominated by isolated surface
plasmon polaritons that propagate along the triangle edges;
consequently, a standing wave along the triangle edges is
generated, with resonance wavelength scales with the length
of the triangle edges, therefore, redshifts as the tip angle
increases [32]. The length of triangle edges of the bowties

increases from 185 nm to 272 nm when the tip angle is
widened from 0 degrees to 90 degrees, with an increment
of only 87 nm. As a result, the cross-section along y axis
from the tip to extremity edges changes gradually, and thus
resonance wavelength differs slightly. The length of triangle
edge increases to 383 nm when the tip angle becomes 120
degrees. This major length change causes a rapid change of
local cross-section, resulting in a big shift of the resonance
wavelength.

The simulation results show that larger angle bowtie
antennas can cover broader spectrum together with multiple
resonances, which are suitable for photodetectors with wide-
spectrum detection. In our experiment, we were detecting IR
signals with single wavelength of 830 nm. Bowtie antennas
with a 60-degree tip angle were fabricated to verify the field
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Figure 4: E-field intensity enhancement |E|2 spectra of bowtie
antennas with tip angles ranging from 0 degrees to 120 degrees.
The inset shows a scanning electron microscopy (SEM) image of
a bowtie antenna, denoting the tip angle.

intensity enhancement of the antennas, since the highest
peak field intensity enhancement is obtained at this tip angle,
and whose resonance wavelength is close to 830 nm.

3. Fabrication and Experimental Results

In order to investigate the performance of bowtie antennas,
Au bowties were fabricated on top of a CNT photodetector as
depicted in Figure 2(a). Photocurrent of CNT photodetector
with absence and presence of bowtie antennas was compared
so as to examine the field intensity enhancement of the
antennas.

3.1. Fabrication Process. The fabrication process starts with
EBL an Au electrode on top of a quartz substrate. Prior
to EBL, the quartz substrate was cleaned in acetone and
bombarded with oxygen plasma for 5 minutes to remove
residues. A 360 nm thick layer of polymethyl-methacrylate
copolymer resist (PMMA/MMA) (9% in Ethyl Lactate, from
MicroChem Corp.) was spun at 4000 rpm on the substrate,
and the sample was baked in a hot plate at 175◦C for 5
minutes to harden the resist and remove solvent. It was
followed by spinning a layer of polymethyl-methacrylate
(PMMA) (2% in Chlorobenzene, from MicroChem Corp.)
at 4000 rpm with a thickness of 130 nm to form a bilayer
resist. After that, the sample was baked in a hot plate at
175◦C for 30 minutes to remove solvent residue. A thin
layer of Au with thickness of 10 nm was deposited on top

of the resist to avoid charging effect on the sample during
EBL writing. The resist was exposed with the patterned of
an Au electrode with width of 400 nm and some alignment
mark at an acceleration voltage of 30 kV and an area dose
of 290 μC/cm2. After exposure, the thin Au layer on the
resist was stripped using gold etching for 10 seconds, and
then the resist was developed using a 1 : 3 methyl-iso-butyl-
ketone (MIBK) in isopropyl alcohol (IPA) solution for 29
seconds. Following development, the sample was rinsed with
DI water, and bombarded by oxygen plasma for 90 seconds
to remove residual resist. A 3 nm thick Ti adhesion layer
and 40 nm thick Au layer were deposited using a thermal
evaporator. The Au electrode and alignment mark were
transferred to the substrate via a lift-off process using acetone
(Figure 5(a)). Following the same processes with precise
alignment, another electrode made by Ti was fabricated on
the quartz substrate, with a gap of 1 μm to the Au electrode
(Figure 5(b)). A droplet of CNT suspension in ethanol
alcohol was dispersed at the vicinity to the gap of electrodes,
and an AC voltage of 1 Vpp and 10 kHz frequency was
applied between the electrodes through the dielectrophoresis
(DEP) deposition system [34]. With the assistance of an
atomic force microscope (AFM) manipulation system [35],
an individual single wall CNT (SWCNT), with diameter of
1-2 nm, was assembled between the electrodes, as shown
in the inset of Figure 5(c), which is the AFM image of
the CNT photodetector. A detailed deposition process was
introduced in [36]. After that, a layer of Si3N4 with thickness
of 10 nm was deposited on top of the device using plasma-
enhanced chemical vapor deposition (PECVD). The PECVD
is a uniform deposition process, but Figure 5(d) shows the
Si3N4 only in the region between two electrodes for making
the schematic clearer. Eventually, a bowtie antenna with two
tip-to-tip equilateral Au triangles was fabricated on top of
the Si3N4 layer by aligning the gap of bowtie antenna to
the SWCNT between two electrodes. The fabrication of the
bowtie antenna started with spinning a 100 nm thick layer of
PMMA at 6000 rpm on the device, and the sample was baked
on a hot plate at 175◦C for 30 minutes. After that, an Au
layer of 10 nm was deposited on top of the device to prevent
charging effect. In order to precisely align the antenna to the
detector, AFM was used to record the position of the SWCNT
for designing antenna layout. The bowtie antenna was layout
using single pass lines to reduce proximity effects in order
to increase resolution. During EBL, the resist was exposed
with a line dose of 0.75 μC/cm to form the pattern of bowtie
antenna. After EBL, the thin Au layer was stripped, and
the resist was developed using a 1 : 3 MIBK in IPA solution
for 29 seconds. Following development, a 2 nm thick Ti
adhesion layer and 20 nm Au layer were then deposited using
a thermal evaporator. The antenna pattern was transferred to
the substrate via a lift-off process Figure 5(e).

Figure 5(f) shows a 3D AFM image of one of the
devices integrating bowtie antenna to a CNT photodetector.
The SWCNT was not located at the center of the axis of
two electrodes, thus the position of bowtie antenna was
adjusted according to the position of the CNT. AFM images
cannot show accurate dimensions in x − y plane due to the
image broadening, which is caused by the large radius of
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curvature of the apex of AFM tips, therefore, two triangles
of the bowties in the AFM image seems connecting. SEM
was utilized to measure the real dimensions of the bowtie
antennas. The gap of bowtie antennas (g) was 30 ± 10 nm,
the apex width (w) of the triangles was 30± 10 nm, length of
the bowtie antenna (L) was 400± 30 nm.

3.2. Experimental Results. Photocurrent measurements were
carried out on CNT photodetectors with absence and pres-
ence of bowtie antennas so as to investigate the field en-
hancement of the antennas. An IR laser, which had 830 nm
wavelength and polarization in x direction (the axis of bowtie
antenna), illuminated on the CNT photodetector that was
housed in a testing chamber, and electrical signals were
measured using Agilent semiconductor analyzer 4156C.

Photoresponse of the CNT photodetector without bowtie
antenna was firstly recorded at room temperature by
switching the IR laser on and off at 0.2 Hz for several
cycles (blue curve of Figure 6). Photoresponse of the CNT
photodetector was measured again after the fabrication of the
bowtie antenna (red curve of Figure 6). The photocurrent
is the current difference at presence and absence of IR
illumination. The comparison of photoresponses was based
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Figure 6: Photoresponses of the CNT photodetector without and
with bowtie antenna by switching IR laser on and off at 0.2 Hz.
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on the amplitude change of photocurrent. Figure 6 shows
that the dark current was ∼2 × 10−12 A at the absence of
IR illumination, and the current was increased significantly
upon light illumination because of the photons generated
electron and hole pairs within the CNT, which were sepa-
rated in the Schottky barrier to produce photocurrent. The
current dropped to the dark current when the IR laser was
turned off. The reproducibility of the photoresponse was
excellent. The photocurrent for CNT photodetector without
antenna was ∼1.5 × 10−11 A, and it was increased to ∼1.9
× 10−10 A after the fabrication of the bowtie antenna, with a
photocurrent enhancement of 12.67 times.

The bowtie antenna functions as a plasmonic lens to
funnel light into the CNT, which has a size much smaller
than the gap of bowtie antenna. Hence, the area of detector
material (physical cross-section) and absorption probability
did not change with the absence or presence of the antenna.
With the presence of bowtie antenna, the photon energy
density on the detector material was enhanced due to sub-
wavelength near-field confinement. It has been defined that
the absorption cross-section of the detector is the total light
power absorbed by detector material normalized by the
incident photon flux [17]. Therefore, calculation of relative
energy intensity difference on the CNT body at absence and
presence of antenna will directly reflect the photocurrent
enhancement.

The field intensity increment on the CNT can be
calculated by integrating the E-field intensity along the CNT
by I = ∫ |E(y)|2dy (Figure 3(a)), since the depletion region
of the asymmetric CNT photodetector extended to the whole
CNT. In other words, the photocurrent enhancement was
caused by the E-field intensity increment on the CNT.
Without the nanoantenna, the total field intensity on the
CNT is equal to 10−6 V because Ex(y) = 1 V/m and y =
1μm. The field intensity distribution with the antenna was

calculated by using the parameters that were the same as
fabricated device and experimental setup (d = 30 nm, w =
30 nm, L = 400 nm, t = 10 nm, θ = 60◦, and radiation
wavelength = 830 nm). By integrating the field intensity
along the y axis between two electrodes (where the CNT
located in Figure 3(a)), the field intensity was enhanced
to 14.87 × 10−6 V, with a field enhancement of 14.87
fold. Therefore, the photocurrent enhancement is in good
agreement with the simulation. Differences are attributed to
geometry differences between the actual antennas and the
simulation model, and some losses were occurred in the
antennas due to edge and surface roughness.

In order to validate that the photocurrent enhancement
was caused by the light confinement of the nanoantenna,
rather than the contact condition change during fabrication,
I-V characteristics of the photodetector without and with
antenna were measured and shown in Figure 7. The I-
V characteristics showed current rectifying at low voltage,
implying the existence of Schottky barriers. In addition,
the bias-dependent currents of the CNT photodetector with
absence and presence of nanoantenna were almost identical,
which indicated that the contact condition did not change
with the fabrication of the nanoantenna, since electrical
signal was extremely sensitive to contact condition. This
verifies that the photocurrent increment was caused by field
intensity enhancement from the bowtie antenna.

4. Conclusion

The design of bowtie antennas integrating to the CNT pho-
todetectors was studied. The E-field intensity enhancement
of bowtie antennas with a small gap located on top of the
asymmetric CNT photodetector was calculated. It was shown
that the peak field intensity of the antenna was exponentially
decreased with the distance between the antenna to the
CNT photodetector. The resonance wavelength of the bowtie
antenna redshifts with increasing tip angles. A fabrication
process was developed to integrate the bowtie antenna with
the CNT detector. It should be noted that the 1D CNT
detector is perfectly matched with the bowtie antenna, since
the diameter of CNTs is in the same scale as the gap of the
bowtie antenna. The experimental results agreed well with
the simulation by measuring photocurrent enhancement.
The nanoantenna may become an important component to
the nanoscale photonic devices.
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We present here a new type of device using nonlinear hybrid antenna-semiconductor (ITO) interaction. We observe a picosecond
transient response from the antenna that cannot be explained by either pure ITO or antenna nonlinearities independently. We
study the dependence of the hybrid interaction on several experimental parameters, including the polarization of excitation and
detection.

Nanoscale plasmonic components such as nanoantennas
[1, 2] are of enormous interest for their capabilities of
locally enhancing electromagnetic fields and controlling
emission. Active control of such components will enable a
new generation of tunable devices. We recently introduced a
new concept of antenna switches relying on photoconductive
loading of the gap between the arms of a dimer antenna
[3]. Experimentally, modulation of localized plasmon modes
has been achieved using the refractive index of liquid
crystals [4]. Active tuning of the antenna gap has also
been demonstrated using mechanical means, such as using
stretchable elastomeric films [5] to reversibly engineer the
distance between particle dimers. The temporal response of
these changes is limited by the gap loading mechanisms that
are used.

As a potentially ultrafast implementation of our concept
[3], we demonstrated experimentally picosecond all-optical
control of a plasmonic nanoantenna on ITO, referred to as an
nanoantenna-ITO hybrid [6]. For ITO, unity-order changes
of the refractive index have been achieved [7] by applying an
electric field. We have shown that optical pumping of ITO
leads to a local reduction of the free-carrier density in the
substrate. The transient nonlinear response of the antenna-
ITO hybrid shows a redshift of the plasmon resonance, as
opposed to transient bleaching on SiO2.

Here, we present a detailed study of the response of
antennas on 20 nm thick ITO film (low cond.), both with
and without ITO cover layer. We find an effect for both

perpendicular and parallel modes of the antenna, although
the parallel mode shift is more pronounced, as well as a
polarization dependence of the pump beam. Additionally, we
look at the interaction of a larger cylindrical goldpad with
the ITO surrounding it to further investigate the injection
mechanism of fast electrons from the gold into the ITO.

Nanoantennas were fabricated with e-beam lithography
on low-conductivity (70–100Ω/sq, 20 nm thick) and high-
conductivity (8–12Ω/sq, 120 nm thick) ITO substrates from
Sigma-Aldrich using a bilayer of photoresist. After exposure
and development, 25 nm of gold was deposited, followed
by liftoff. To stay in focus when moving away from the
edge of the sample, pads were burned along the way, which
turned out useful as a test area later. The nanostructures
were covered by sputtering a matching ITO layer of 25 nm
on either top or left without cover. This did not produce a
measurable difference, as we shall see.

For ultrafast spectroscopy, pulses of 4 ps length with a
repetition rate of 40 MHz from an ytterbium fiber laser
amplifier (Fianium, Ltd.) were used. The linear antenna
response was spectrally characterized using the spatial mod-
ulation technique [8, 9], selecting wavelengths between 500–
1800 nm using a subtractive mode double prism monochro-
mator. The tunable probe beam was focused onto the sample
from the front with a Mitutoyo 100x NIR objective with
0.5 NA, giving a spot size of 0.7 μm FWHM for 900 nm
wavelength. As pump beam, we split off part of the original
1064 nm beam and frequency-double it with a 5 mm KTP
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Figure 1: Free-carrier nonlinearity described by the nonlinear coefficient for 20 nm low-conductivity (red) and 120 nm high-conductivity
(black) ITO.
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Figure 2: (a) Plasmonic resonances along the long (red circles) and the short (black circles) axis of our dimer antenna on low-conductivity
ITO, covered with a 20 nm layer of low-conductivity ITO. The inset shows a SEM picture of the antenna, with the scale bar being for 200 nm.
(b) and (c) depict the time traces of the pump probe nonlinear response, (b) for the longitudinal and (c) for the transversal mode.

crystal to obtain a 532 nm beam which was focused on the
backside of the sample by a 0.6 NA aspheric lens, yielding
a spot of 2 μm FWHM. To characterize the nonlinearity of
the ITO and the antenna-ITO hybrids, we took time-resolved
scans for different wavelengths to give a clear picture of the
dynamics.

The nonlinearity of ITO is governed by the free-
carrier density, as shown in [6]. This third-order non-
linearity can be expressed by a nonlinear coefficient n2,
representing the resulting refractive index modulation nor-
malized to the optical peak intensity of the excitation
beam: n2 = Δn/I .
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Figure 3: Spectral resonance of an antenna with a gap of 40 nm on low-conductivity ITO without cover. Optical pumping leads to a redshift
of the original resonance. To the left of the plasmonic resonance and on the maximum of the pump probe signal, we observe an acoustic
mode.
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Figure 4: Dependence of the pump probe signal from Figure 3 on the polarization of the pump.

Resulting values of n2 for both the real and the imaginary
part of this nonlinear refractive index coefficient over the
spectral range are shown in Figure 1 for 20 nm of low-
conductivity and 120 nm of high-conductivity ITO. These
are obtained from fits to the experimental reflectivity data
shown in [6], where we found initial carrier concentrations
of N = 9.2 × 1020 cm−3 for the high-conductivity ITO
and N = 7.3 × 1020 cm−3 for the low-conductivity ITO.
Optical pumping with 532 nm and 180 pJ pump energy
was shown to deplete the ITO, and we observed changes
in carrier concentration of ΔN = (2.1 ± 0.1) × 1018 cm−3

for the high-conductivity ITO and ΔN = (5.4 ± 0.2) ×
1016 cm−3 for the low-conductivity ITO. We find a much
larger nonlinearity (more than a factor 20) for the high-
conductivity ITO, as can be expected. Our values for the
Kerr nonlinearity are in excellent agreement with litera-
ture values of similar ITO films [10], taken at a single
wavelength around 720 nm.

On the antennas, we measure the extinction spectra
of an antenna with a gap of 40 nm on low-conductivity
ITO, covered with a matching layer of ITO. We find a
resonance at around 800 nm for the perpendicular mode
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Figure 5: Pump probe signal around a gold pad at 985 nm probe wavelength and a pump energy of 180 pJ, for the heat background (a) and
the maximum pump probe signal with the heat background subtracted (b). Below are a microscope image with the beam on the edge of the
contamination dot (c) and a SEM image of the dot (d).

and another at around 1000 nm for the parallel antenna
mode, see Figure 2(a). The corresponding that spectrally
resolved nonlinear time trace is shown in Figures 2(b)
and 2(c), with the heat backround already subtracted.
The spectral bipolar form is different from the well-
known transient bleaching found for all kinds of nanopar-
ticles [11, 12], which corresponds to a decrease and
broadening of the plasmonic resonance due to fast elec-
tron generation in the particle which leads to a change
in the refractive index of the gold itself. Instead, we
observe a bipolar transient response for both polarizations,
although the effect is more pronounced for polarization
parallel to the antenna. The negative pump probe sig-
nal can be identified with the spatial modulation extinc-
tion spectra, with a new redshifted resonance appearing
next to it.

When modelling single antenna extinction spectra with
FEM simulations (Comsol v3.5), the refractive index change
and the concomitant resonance shift predicted for changes
in carrier density of the order of our measured value for

just the ITO film, ΔN = (2.1 ± 0.1) × 1018 cm−3 cannot
account for the large shift. This leads us to deduce that
this must be an effect of the hybrid ITO-antenna system, as
described in [6]. We propose that the shift is caused by hot
electron injection from the gold into the surrounding ITO.
This proposed energy transfer mechanism consists of two
parts: first, hot electrons are injected from the antennas into
the ITO substrate, leading to a temperature increase in the
close vicinity. Apart from the heating effect, the hot electrons
are not accountable for changes in the refractive index, since
they are swiftly replaced by cold electrons transferring back
to the antenna. But the heating effect is big enough to
give way to a secondary effect, that of migration of free
carriers from the heated region to the surrounding ITO, thus
effectively depleting the ITO. This depletion changes the local
refractive index of the ITO and therefore shifts the plasmon
resonance of the antenna. The nonlinear coefficients needed
to describe the Kerr ITO-antenna hybrid nonlinearity is
a factor 37 larger than the pure substrate in the case of
high-conductivity ITO and as large as a factor of 1475
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in the case of low-conductivity ITO (see [6]), which makes
the results for low-conductivity ITO-antenna hybrids even
more remarkable.

Another notable difference between antennas on low-
and high-conductivity ITO that supports our proposition
is the fact that we observe acoustic modes in the fast
nonlinear response of hybrids on low-conductivity ITO, as
shown in Figure 3, but not for hybrids on high-conductivity
ITO [6]. This was the case for 11 out of 17 antennas on
low-conductivity ITO, for 15 out of 24 antennas on SiO2,
and for none of the 19 antennas on high-conductivity ITO
that we have studied. These vibrations are present only
on the maximum signal of the new redshifted mode and
have oscillation periods of 100–300 ps for our antennas,
depending on size. The reason for this position of the
acoustic modes is still unclear. Their occurrence, however,
indicates that the fast electrons that are excited by the
pump beam transfer their energy to the lattice which starts
the vibrations in the nanostructure. On high-conductivity
ITO, on the other hand, we did not observe these lattice
vibrations [6], which leads us to believe that the energy is
not transferred to the lattice, but instead is dissipated into
heat after the hot electrons are injected into the surrounding
semiconductor.

In Figure 4, we show measurements of the excitation
anisotropy for an antenna on low-conductivity ITO obtained
by rotating a half-wave plate in the pump beam. We find an
excitation anisotropy (ΔR‖ − ΔR⊥)/(ΔR‖ + ΔR⊥) of 0.19 ±
0.02, which indicates that absorption takes place partly
through the nanoantenna [13].

To further investigate the hybrid interaction at the gold-
ITO interface, we take advantage of one of the gold pads
that was written into the photoresist to optimize the focus
before exposure. Such a gold pad is shown in Figure 5, as
a SEM picture as well as a picture taken in the home-built
microscope. We performed pump probe scans on an area of
20 μm × 20 μm, both for the slow signal typical for heating
of the sample (Figure 5(a)) as well as for the fast pump probe
signal. Interestingly, for the heat scan, we observe a clear
minimum on the gold pad itself, corresponding to a local
heating of the gold surface. For the fast scan (Figure 5(b)),
however, the gold pad itself has a clearly positive signal unlike
its immediate surroundings. We observe a corona of negative
signal up to 2 μm around the contamination dot, which is
even further than the 126 nm hot electron diffusion length
that we suggest in [6]. This is partly due to the size of the
pump beam (around 2 μm FWHM), which generates heat
and hot electrons in areas around the smaller probe spot.

In conclusion, we have shown ultrafast all-optical control
of ITO-nanoantenna hybrids. We identify a picosecond
nonlinear response that can be described by an enormous
corresponding Kerr-nonlinearity that is a factor of 1475 big-
ger than for the pure ITO. This huge nonlinearity originates
in free carriers being injected from the antenna whose energy
generates substantial heat in the surrounding substrate.
This is very promising indeed for exploitation in creating
nanophotonic switches in other designs and warrants further
investigations. Hybrid plasmonic components are of great
interest for active control of optical fields and integration

of photonic and electronic functionalities. Our antenna-
ITO hybrid in particular holds great promise for this since
electrically controlled refractive index changes for ITO have
already been demonstrated [7].
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Plasmonic antennas offer promising opportunities to control the emission of quantum objects. As a consequence, the fluorescence
enhancement factor is widely used as a figure of merit for a practical antenna realization. However, the fluorescence enhancement
factor is not an intrinsic property of the antenna. It critically depends on several parameters, some of which are often disregarded.
In this contribution, I explore the influence of the setup collection efficiency, emitter’s quantum yield, and excitation intensity.
Improperly setting these parameters may significantly alter the enhancement values, leading to potential misinterpretations. The
discussion is illustrated by an antenna example of a nanoaperture surrounded by plasmonic corrugations.

1. Introduction

Plasmonic antennas are receiving a large interest to interface
light with nanoscale quantum emitters on dimensions much
beyond the optical wavelength [1, 2]. Recent develop-
ments involve squeezing light into nanoscale volumes [3],
enhancing the excitation and emission rate of individual
emitters [4–8], tuning the luminescence spectrum [9, 10],
polarization [11], and directivity properties [12–16]. Several
plasmonic systems are being investigated to enhance the
luminescence emission of fluorescent molecules or quantum
dots, such as metallic nanoparticles [4, 5, 17–20], core-shell
particles [21], thin films [22, 23], nanoantennas [6, 7, 15,
24], nanowires [16], nanoporous gold [25], nanopockets
[26], metallic gratings [27], nanoaperture arrays [28], and
single nanoapertures [29, 30]. A general review on surface-
enhanced fluorescence can be found in [31].

A natural question while performing experiments on na-
noantenna-enhanced luminescence deals with the quantifi-
cation of the luminescence enhancement factor ηF , which
is commonly defined as the ratio of the detected radiation
power per emitter with the antenna to the reference radiation
power per emitter without the antenna. ηF determines how
many extra photons are detected for each emitter thanks to

the use of the optical antenna. It is well known that this
factor critically depends on several parameters: the antenna
material and geometry, its spectral resonance, and overlap
with the emitter’s absorption and luminescence spectra,
as well as the emitter’s orientation and location respective
to the antenna [32]. These many parameters often hide
the influence of other parameters: the collection efficiency
used in the experiments, the emitter’s quantum yield in the
absence of the antenna, and the excitation intensity respec-
tive to the saturation process. These last three parameters
are more technically oriented and depend on the specific
experimental implementation. Therefore, they have received
less attention from theoretical investigations. However, as I
will show below, these parameters have a major influence
on the measured values of the luminescence enhancement
factor. Improperly setting these parameters may significantly
alter the value found for the luminescence enhancement
factor, leading to potential experimental pitfalls.

In this contribution, I explore the influence of the col-
lection efficiency, molecular quantum yield, and excitation
intensity on the fluorescence enhancement factor. Several
rules are derived to maximize the enhancement factor by
tuning the experimental conditions without affecting the
antenna’s design. Using the fluorescence enhancement factor
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Figure 1: Corrugated aperture antenna used here to illustrate the influence of experimental parameters on the measured fluorescence
enhancement factor. (a) Experimental configuration to probe molecules randomly diffusing in aqueous solution. (b) Scanning electron
microscope image of the antenna with five corrugations. Adapted with permission from [33]. Copyright 2011 American Chemical Society.

as a figure of merit to compare between different antenna
designs has to be done with caution. Analytical formulas
are illustrated by a practical antenna example made of a
single nanoaperture surrounded by five shallow grooves in
a gold film (Figure 1). This optical antenna can significantly
enhance the fluorescence count rates per molecule and
control the emission directivity, as demonstrated recently
[33]. Very much in the spirit of the review in [34] about
the comparison between experiments and numerical simu-
lations, I hope that this paper may initiate some reflection
and avoid any misleading interpretation.

2. Designing the Experiment to Maximize
the Fluorescence Enhancement Factor

A loophole in any measurement of the luminescence en-
hancement factor deals with the normalization of the de-
tected signal per emitter. This can be done by performing
experiments on single molecules directly [4, 5, 7], by surface
normalization [25, 28], or by calibrating the number of
emitters with fluorescence correlation spectroscopy [29, 30].
Hereafter, I consider that this normalization issue is resolved
and that a reliable value for the detected radiated power
per emitter can be obtained. I also assume that the signal
per emitter has been averaged over several positions and
dipole orientations. The aim of this paper is to focus on the
influence of experimental parameters on the measured values
for the fluorescence enhancement factor ηF .

2.1. Theoretical Background: Fluorescence Count Rate per Mol-
ecule. Throughout this paper, the quantum emitter is mod-
elled by a two energy levels system. kr and knr are the rate
constants for radiative and nonradiative transitions from the
excited singlet state to the ground state. The total deexci-
tation rate from the excited singlet state is noted as ktot =
kr + knr , which is the inverse of the excited state lifetime τ.
φ = kr/ktot = kr/(kr + knr) is the quantum yield. σIe is the
excitation rate, where σ denotes the excitation cross-section

and Ie the excitation intensity. Under steady-state conditions,
the fluorescence count rate per molecule CRM is given by
[35]

CRM = κφ
σIe

1 + Ie/Is
. (1)

We note κ the light collection efficiency and Is = ktot/σ the
saturation intensity.

Equation (1) takes two limits for the extreme regimes of
weak excitation (Ie � Is) and fluorescence saturation (Ie �
Is). In the weak excitation regime, the CRM reduces to

CRM = κφσIe (Ie � Is) (2)

which indicates that the fluorescence rate per molecule is
proportional to the collection efficiency, the quantum yield,
and the excitation intensity. This expression appears to be
the one commonly used in fluorescence spectroscopy and
microscopy applied to the life sciences [36].

In the saturation regime Ie � Is, (1) reduces to

CRM = κφσIs = κkr (Ie � Is) (3)

which indicates that the fluorescence rate per molecule at
saturation is determined only by the radiative rate and the
collection efficiency and is of course independent on the
excitation rate. This expression is generally used for single-
photon sources used for quantum communication purposes,
such as quantum cryptography [37, 38].

2.2. Excitation Intensity. From (1), it is apparent that the
detected fluorescence rate per emitter—hence the fluores-
cence enhancement factor—bears a complex dependence
upon the excitation intensity Ie. In the weak excitation regime
(below the transition to saturation), the CRM is linearly
proportional with Ie, and the fluorescence enhancement
factor ηF can therefore be expressed as

ηF = CRM∗

CRM
= κ∗

κ

φ∗

φ

I∗e
Ie

(Ie � Is). (4)
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Figure 2: (a) Average fluorescence count rate per molecule detected in the case of the corrugated aperture presented in Figure 1 (filled circles)
and the reference solution (empty circles). The molecules have a quantum yield in solution of 30% (Alexa Fluor 647), and the numerical
aperture used for both excitation and collection is 0.5. (b) Fluorescence enhancement factor for increasing excitation power. The arrows
indicate the two extreme cases of weak excitation (Ie � Is) and saturation (Ie � Is). Figure adapted with permission from [33].

The superscript ∗ denotes the presence of the antenna. In
the weak excitation regime, the fluorescence enhancement
factor is the product of the enhancements in the collection
efficiency, the quantum yield, and the excitation intensity
(here we assume that the nanoantenna does not modify
significantly the fluorophore’s absorption cross section: σ∗ =
σ).

Equation (4) can be rewritten in a slightly different man-
ner to introduce the gains in the radiative rate k∗r /kr and the
total fluorescence lifetime reduction k∗tot/ktot:

ηF = κ∗

κ

k∗r
kr

ktot

k∗tot

I∗e
Ie
= κ∗

κ

k∗r
kr

τ∗

τ

I∗e
Ie

(Ie � Is). (5)

This equation shows that the fluorescence enhancement
factor is proportional to the gains in the radiative rates kr
and inversely proportional to the total deexcitation rates ktot.
Since k∗tot/ktot = τ/τ∗ is also the reduction in the fluorescence
lifetimes, a strong reduction in the fluorescence lifetimes
(sometimes also referred to as Purcell factor) is actually
detrimental to the fluorescence enhancement factor. Clearly,
the fluorescence lifetimes reduction (Purcell factor) must not
be confused with the fluorescence count rate enhancement
(see also the discussion in [39]). Observing a strong lifetime
reduction due to the nanoantenna can be related to an
increase in the nonradiative transition rate k∗nr , mostly related
to ohmic losses. This is the so-called quenching effect, which
is certainly not related to any increase in the fluorescence
count rate per emitter.

In the saturation regime, it is evident from (3) that the
fluorescence enhancement factor at saturation depends only
on the gains in collection efficiency and radiative rate:

ηF = κ∗

κ

k∗r
kr

(Ie � Is). (6)

Interestingly, at saturation of the fluorescence process, the
fluorescence enhancement is found independent on the
nonradiative transition rate knr , which means that metal
quenching might not be an issue in this particular config-
uration. At saturation, the sole figure of merit is the ability
of the emitter-nanoantenna system to radiate photons into
the photonic modes used for detection, which is quantified
by κkr (this rate is sometimes written kem = κkr [30, 33]).
Comparing the enhancement ηF in the saturation regime to
the case of weak excitation, it turns out that ηF in the weak
excitation regime is larger by a factor (I∗e /Ie)(τ∗/τ), which
amounts to the gain in the excitation intensity divided by the
fluorescence lifetime reduction. Depending on the interplay
between excitation enhancement and quenching losses,
high fluorescence enhancement values can be preferentially
reached by working in the weak excitation regime (most
common cases) or at fluorescence saturation (in the case of
strong quenching losses). However, it must be kept in mind
that the saturation intensity increases with the reduction of
the fluorescence lifetime. Therefore reaching the saturation
regime will require more excitation power in the case of
strong quenching, that may even induce photodamage to the
molecule or to the structure.

Figure 2 illustrates the dependence of the fluorescence
enhancement factor on the excitation intensity, in the exam-
ple case of the corrugated aperture displayed in Figure 1.
The fluorescence count rates per molecule in the case
of the antenna and the reference solution are presented
in Figure 2(a) versus the excitation power, together with
numerical fits according to the general expression (1) (the
CRM for the reference solution has been multiplied by an
arbitrary 20x factor to ease viewing). A transition between
the regimes of weak excitation and saturation is clearly
seen for excitation powers around 1 mW (excitation made
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through a 0.5 NA objective, so the power to reach saturation
is significantly higher as compared to focusing with a high
NA objective). The transition towards saturation can be
quantified by the saturation intensity Is. For the experiments
in Figure 2(a), we found I∗s = 1.2 mW for the antenna and
Is = 3.4 mW for the reference solution [33] (in the case of
a 1.2 NA objective, the saturation intensities would be I∗s =
130μW for the antenna and Is = 510μW for the reference
solution).

Changing the excitation intensity has a strong influ-
ence on the fluorescence enhancement factor, as seen in
Figure 2(b). In the weak excitation regime, the enhancement
is maximum (∼80× for this example), while it decreases
to ∼40× when saturation is reached. This can be directly
explained by the different contributions of the gains in radia-
tive rate, quantum yield, and excitation intensity. ηF in the
weak excitation regime is larger by a factor(I∗e /Ie)(τ∗/τ) � 2,
which corresponds well to the gain in the excitation intensity
(≈5.5) divided by the fluorescence lifetime reduction (≈2) as
measured separately [33].

2.3. Emitter’s Reference Quantum Yield without the Antenna.
In this section, we take a closer look at the influence of the
emitter’s quantum yield φ = kr/(kr +knr) on the fluorescence
enhancement factor. The basic question is how shall we
choose φ for the reference solution (without the antenna) so
as to maximize the fluorescence enhancement? Hereafter, the
excitation intensity is set to the weak excitation regime Ie �
Is (in the saturation regime, the fluorescence enhancement
does not depend directly on φ, so the discussion is useless).

With the nanoantenna, the quantum yield is modified to
φ∗ = k∗r /(k∗r + knr + k∗abs), where a new nonradiative decay
route k∗abs is introduced to take into account the ohmic losses
into the metal and nonradiative energy transfers to the free
electrons in the metal. It is also assumed that the nonradiative
rate knr is not affected by the antenna. After some basic
algebra, (4) can be rewritten:

ηF = κ∗

κ

k∗r
kr

I∗e
Ie

1(
1− φ

)
+ φζ

(7)

with ζ = (k∗r +k∗abs)/kr . In the limit of a “poor” emitter φ� 1
and φζ � 1, (7) resumes to

ηF = κ∗

κ

k∗r
kr

I∗e
Ie

(
φ� 1

)
(8)

which is the product of the gains in collection efficiency,
radiative rate, and excitation intensity (this value can also be
seen as the enhancement factor found at saturation times the
gain in excitation intensity).

In the case of a perfect emitter φ � 1, (7) resumes to

ηF = κ∗

κ

I∗e
Ie

(
φ � 1

)
(9)

if we assume that k∗r � k∗abs, meaning that the antenna has a
large efficiency. Thus for a perfect emitter, the fluorescence
enhancement at weak excitation intensity is given by the
product of the gains in collection efficiency and excitation

Enhancement =
collection

×

radiative rate

Enhancement =
collection

×
× excitation rate
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Figure 3: Fluorescence enhancement factor versus the dye’s quan-
tum yield φ in solution (taken without the antenna), in the case
of weak excitation. The arrows indicate the two extreme cases of
perfect dye (φ = 1) or poor emitter (φ� 1). The experimental data
is taken from [33].
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Figure 4: Influence of the numerical aperture used for collection on
the fluorescence enhancement factor. Computation derived from
the experimental data published in [33], in the case of weak exci-
tation.

intensity. The fluorescence enhancement in the case of a
poor emitter is larger by a factor k∗r /kr , indicating that, in
order to maximize the value for ηF , one should preferentially
select emitters with rather low quantum yields (as long as
the experimental signal-to-noise ratio is sufficiently high to
provide for reliable measurements).

Figure 3 illustrates this discussion, based on the mod-
ification of the fluorescence properties calibrated in [33].
ηF grows as the reference quantum yield φ is decreased,
up to a plateau for φ < 0.02. Again, the maximum value
for the fluorescence enhancement in this example can be
significantly different if a perfect dye is used ηF ≈ 35 or if
a poor emitter is chosen ηF ≈ 150.
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Figure 5: Fluorescence enhancement factor (a) and fluorescence detection rate per emitter (b) for different numerical apertures (NAs) used
for collection, different quantum yield φ of the emitter in solution (in the absence of the antenna) and in the limit of weak excitation (blue)
or fluorescence saturation (red). The antenna used here is the corrugated aperture with five grooves described in Figure 1 and calibrated in
[33].

2.4. Luminescence Collection Efficiency. All the formulas pre-
sented here for the fluorescence enhancement factor are
proportional to the gain in collection efficiency κ∗/κ, inde-
pendently on the choice for excitation intensity or quantum
yield. This is a direct consequence that obviously only
the photons that are collected by the setup contribute to
the detected fluorescence. Therefore, to maximize the flu-
orescence enhancement factor, one has to maximize the
collection efficiency gain κ∗/κ. This can be done by tuning
the antenna so as to maximize the directivity [15, 40, 41]
and by minimizing the collection efficiency κ used for the
reference. In other words, to maximize ηF , an objective with
low numerical aperture should be used in accordance with
the peak angular emission of the antenna’s radiation pattern.

Figure 4 displays the influence of the numerical aperture
used for fluorescence collection on the detected fluorescence
enhancement factor. The antenna used here is again the
corrugated aperture presented in Figure 1. It was found
that the fluorescence radiation pattern with the antenna
presented a peak in the direction normal to the sample plane
with an angular divergence of ±15◦. Figure 4 presents the
computed fluorescence enhancement factor integrated over
the whole collection NA. Minimizing the collection NA to
values below 0.1 maximizes the fluorescence enhancement
factor up to values∼110, whereas a large collection NA of 1.2
reduces the effective enhancement factor to ∼20 as an effect
of angular averaging.

3. Discussion

From the aforementioned investigations on the role of the
different experimental parameters on the measured fluores-
cence enhancement factor, a general “rule of thumb” can be

derived: the lower the reference without the antenna, the
higher the enhancement factor. In other words, to obtain
high enhancement factors, one should preferentially select a
weak excitation regime, a dye with low quantum yield and
a low collection NA. Of course, this comes at the expense of
lower signal (at least for the reference case) and higher noise.

To illustrate the broad range of fluorescence enhance-
ment factors that can be measured using the same nanoan-
tenna design, different computations have been performed
using the antenna presented in Figure 1 with either 0.5 or 1.2
NA microscope objective, 0.01 or 1 quantum efficiencies and
in the limits of weak excitation or fluorescence saturation.
The results are graphically presented in Figure 5(a). In the
extreme case of low reference without the antenna (0.5 NA,
φ = 0.01, weak excitation), the fluorescence enhancement is
maximum∼150, while it is minimum∼6 when the reference
is the highest (1.2 NA, φ = 1, saturation).

This clearly shows that the fluorescence enhancement
factor is not an absolute figure of merit for a given nanoan-
tenna. This is in strong opposition with the directivity, which
is another figure of merit commonly used to characterize the
quality of an antenna design and which can be intrinsic to the
antenna (if properly measured [2, 33, 41]).

The fluorescence enhancement factor is an intuitive met-
ric that is commonly used in surface-enhanced (or metal-
enhanced) fluorescence. The experimental setup can be ade-
quately tuned so as to maximize the measured values of ηF .
However, it should be kept in mind that the final goal
in the detection of molecules or the generation of single
photons is to realize bright sources out of single quantum
emitters [42]. Thus the true figure of merit is not the
enhancement factor (“how much do we gain”) but instead
the fluorescence count rate per emitter (“how much do we
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have”). High enhancement factors should not be confused
with bright sources. To illustrate this, Figure 5(b) displays the
detected count rate per molecule corresponding to the cases
in Figure 5(a). To maximize the detection rate, one has to
select the conditions of high collection NA, high quantum
yield, and high excitation intensity (saturation). These
conditions correspond to the ones leading to the minimum
fluorescence enhancement factor in Figure 5(a). Reciprocally,
the conditions found for maximum enhancement lead to the
minimum detection rates. Taking a low emission for refer-
ence and enhancing it (a lot) do not necessarily compensate
for the low detection rate to start with. Of course, all this
discussion strongly depends on the final application of the
nanoantenna-emitter system and the initial photophysical
properties of the emitter.

4. Conclusion

This paper has explored the influence of several parameters
on the fluorescence enhancement factor with an optical
antenna: excitation intensity, emitter’s quantum yield, and
collection efficiency. General rules have been derived to
obtain high enhancement factors by tuning the experimental
conditions without affecting the antenna’s design. Experi-
mental conditions leading to a low reference signal without
the antenna should be preferentially selected to maximize ηF .
This corresponds to weak excitation regime, dye with low
quantum yield and low collection NA. General remarks can
be drawn from the discussion: (i) the fluorescence enhance-
ment factor is not an absolute figure of merit for a given opti-
cal antenna design, (ii) the fluorescence lifetime reduction
(Purcell factor) must not be confused with the fluorescence
count rate enhancement, and (iii) high enhancement factors
do not necessarily indicate bright photon sources.
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