
Optical Antennas :

Nanoscale Radiation Engineering and Enhanced

Light -Matter Interaction

Von der Fakult!t Mathematik und Physik

der Universit!t Stuttgart zur Erlangung der W"rde

eines Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigte Abhandlung

vorgelegt von

Daniel Dr!gely

aus Regensburg

Hauptberichter: Prof. Dr. H. Giessen

Mitberichter: Prof. Dr. P. Michler

Prof. Dr. C. S#nnichsen

Tag der m"ndlichen Pr"fung: 13.02.2014

4. Physikalisches Institut der Universit!t Stuttgart

2013



Daniel Dr$gely: Optical Antennas: Nanoscale Radiation Engineering and En-

hanced Light-Matter Interaction, 2013



To my family.





A B S T R A C T

This thesis studies optical nanoantennas from the near-infrared to the

mid-infrared region. Nanoantennas are key components in the emerging

®eld of nanophotonics. They exhibit strong interaction with the optical

radiation ®eld because of the excitation of plasmonic resonance, which

leads to high near-®eld intensities, deep subwavelength energy con®ne-

ment, and strongly enhanced radiation. This thesis addresses the key

questions of how these properties can be used to enhance light-matter

interaction and how to engineer optical radiation on the nanoscale by

tailoring the antenna geometries.

We demonstrate that radiofrequency antenna geometries can be scaled

to the optical regime by experimental realization of optical Yagi-Uda

nanoantennas. A Yagi-Uda antenna has unidirectional radiation proper-

ties, which means light incident from one direction is ef®ciently con-

®ned to a deep subwavelength volume while that incident from the

other directions is not. We assess the near-®eld of a planar plasmonic

Yagi-Uda nanoantenna with scanning near-®eld optical microscopy. We

record phase and amplitude in order to identify the optical modes and

demonstrate directional receiving of light at � = 1064nm. We then fabri-

cate three-dimensional Yagi-Uda nanoantenna arrays, which exhibit very

high directivities out of the substrate plane. Since the antenna array is

completely embedded in a dielectric matrix, scanning near-®eld optical

microscopy cannot be used for optical characterization. Instead, we use

Fourier transform infrared spectroscopy combined with near-®eld sim-

ulations to study the directional antenna array, which receives out of

plane radiation at � = 1.5 � m. Furthermore, we show by simulation how

to use our nanoantenna array for beamsteering.

In order to solve the challenge of mapping the near-®eld intensity

of three-dimensional nanoantennas, we develop a novel ®eld-mapping

technique based on surface enhanced vibrational spectroscopy. The high
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near-®eld intensities generated by plasmonic structures are used to en-

hance vibrational transitions in molecules, which occur in the infrared

spectral region. We position molecules at speci®c locations close to plas-

monic antennas, which are designed to be in resonance with the vibra-

tional band around 4.4 � m, and measure the extinction spectrum of the

coupled antenna-molecule system. We observe that the measured vibra-

tional signal scales with the local near-®eld intensity, which is applied

to map the plasmonic near-®eld intensity. This method maps the ®eld in

the infrared region and provides subwavelength resolution. We ®nally

demonstrate that our technique is able to assess near-®eld intensities of

plasmonic structures with three-dimensional complexity.

Furthermore, we demonstrate for the ®rst time optical power trans-

fer by nanoantennas. We realize in experiment a wireless point-to-point

link between a transmitter and a receiver nanoantenna at � = 785 nm.

By ¯uorescence microscopy, we measure the radiation pattern and show

that the transmission of the wireless link follows the inverse square

power law of free space propagation. This enables low-loss power trans-

fer across large distances at the nanoscale. In addition, we experimen-

tally demonstrate beamsteering over a broad angular range by adjusting

the wavefront of the incident optical ®eld on the transmitter. In our ex-

periment we show that the transmitter can address different receivers by

effective beamsteering. The low-loss power transfer combined with the

beamsteering functionality comprises a signi®cant advancement com-

pared to state-of-the-art waveguide connections. Our recon®gurable nano-

antenna link may lead to technology breakthrough in information trans-

fer between nanoscale devices and objects.

Z U S A M M E N FA S S U N G

Die vorliegende Arbeit befasst sich mit optischen Nanoantennen im nah-

infraroten und im mittel-infraroten Spektralbereich. Nanoantennen sind

Schl"sselkomponenten im Forschungsgebiet der Nanophotonik. Aufgrund

der Anregung von plasmonischen Resonanzen zeigen sie eine starke
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Wechselwirkung mit dem optischen Strahlungsfeld. Diese Anregung f"hrt

zu hohen Nahfeld-Intensit!ten, Energieb"ndelung in den Subwellenl!n-

genbereich und stark verst!rkten Abstrahlungsintensit!ten. Die vorlie-

gende Arbeit befasst sich mit der Kernfrage, wie sich diese Eigenschaf-

ten durch geeignete Antennengeometrien nutzbar machen lassen, um

die Licht-Materie-Wechselwirkung zu verst!rken und die Strahlungscha-

rakteristiken auf der Nanometer-Skala zu kontrollieren.

Zun!chst zeigen wir anhand einer planaren optischen Yagi-Uda Na-

noantenne, dass sich Antennengeometrien und deren Eigenschaften aus

dem Radiofrequenzbereich in den optischen Frequenzbereich skalieren

lassen. Eine Yagi-Uda Antenne hat unidirektionale Strahlungseigenschaf-

ten. Dies bedeutet, dass auf die Antenne treffende Strahlung aus einer

bestimmten Vorzugsrichtung ef®zient in den Subwellenl!ngenbereich fo-

kussiert wird, w!hrend diese Ef®zienz f"r Strahlung aus anderen Rich-

tungen nicht erreicht wird. Wir messen die Nahfeldverteilung von pla-

naren plasmonischen Yagi-Uda Nanoantennen mit optischer Rasternah-

feldmikroskopie. Durch die Messung von Phase und Amplitude der

Nahfeldverteilung werden zum einen die optischen Moden identi®ziert

und zum anderen wird das direktionale Empfangen bei einer Wellen-

l!nge von � = 1064nm gezeigt. Danach zeigen wir mit dreidimensiona-

len Yagi-Uda Nanoantennenfeldern sehr hohe direktive Empfangs- und

Sendeeigenschaften entlang der Substratnormalen. Da das Antennenfeld

komplett in einer dielektrischen Umgebung eingebettet ist, kann die op-

tische Charakterisierung nicht mit optischer Rasternahfeldmikroskopie

erfolgen. Wir verwenden daher Fourier-Transform-Infrarotspektroskopie

in Kombination mit Nahfeld-Simulationen, um die direktionalen Emp-

fangseigenschaften von einfallender Strahlung entlang der Substratnor-

malen bei einer Wellenl!nge von � = 1.5 � m nachzuweisen. Wir zeigen

auûerdem, wie die Abstrahlungsrichtung mit unserem Nanoantennen-

feld kontrolliert werden kann.

Um elektrische Nahfelder von dreidimensionalen Nanoantennen-Struk-

turen zu messen, entwickeln wir eine neue Methode, die auf ober¯!-

chenverst!rkter Vibrationsspektroskopie beruht. Die von Nanoantennen

generierten hohen Nahfeldintensit!ten werden verwendet, um Vibrati-
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ons"berg!nge in Molek"len, die im Infraroten statt®nden, zu verst!rken.

Dazu positionieren wir Molek"le in der Umgebung von plasmonischen

Antennen, die in Resonanz mit dem Vibrations"bergang bei 4.4 � m sind,

und messen das Extinktionsspektrum des gekoppelten Systems. Wir be-

obachten, dass das gemessene Vibrationssignal mit der lokalen Nahfel-

dintensit!t skaliert, und vermessen durch nanometergenaue Positionie-

rung der Molek"le die plasmonische Nahfeldintensit!t. Diese Methode

hat sub-wellenl!ngen Au¯#sung und erm#glicht es Nahfeldintensit!ten

im infraroten Spektralbereich zu bestimmen. Wir zeigen schlieûlich, dass

unsere Technik es erm#glicht, Nahfeldintensit!ten von dreidimensiona-

len plasmonischen Nanostrukturen zu vermessen.

Schlieûlich zeigen wir zum ersten Mal Signal"bertragung bei opti-

schen Frequenzen mit plasmonischen Nanoantennen. Wir realisieren ei-

ne optische Punkt-zu-Punkt Richtfunkstrecke zwischen einer %bertra-

gungs- und einer Empfangsantenne bei einer Wellenl!nge von � = 785

nm. Mit Fluoreszenz-Mikroskopie messen wir die direktive Abstrah-

lungscharakteristik der %bertragungsantenne und zeigen im Speziellen,

dass die %bertragungsef®zienz zwischen beiden Nanoantennen iden-

tisch mit der %bertragungsef®zienz der Wellenausbreitung im freien

Raum ist. Diese verlustarme Signal"bertragung erm#glicht es "ber groûe

Distanzen auf der Nanometer-Skala zu kommunizieren. Auûerdem zei-

gen wir experimentell, wie die Abstrahlungsrichtung durch Phasenkon-

trolle "ber einen groûen Bereich eingestellt werden kann. Dadurch sen-

den wir ein optisches Signal zu verschiedenen Empfangsantennen. Die-

se Flexibilit!t in Kombination mit der verlustarmen Signal"bertragung

ist ein entscheidender Vorteil im Vergleich zu optischen Wellenleiter-

Verbindungen. Unsere rekon®gurierbare Richtfunkstrecke basierend auf

plasmonischen Nanoantennen er#ffnet neue M#glichkeiten in der Infor-

mations"bertragung mit optischen Frequenzen zu und von nanometer-

groûen Objekten.
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1
I N T R O D U C T I O N

When light with a certain frequency impinges on metallic nanoparticles,

a collective oscillation of the conduction electrons will be excited. On

the one hand, this is associated with a very high near-®eld intensity

in a sub-wavelength volume close to the particles. On the other hand,

the far-®eld scattering and absorption cross-sections of the nanoparti-

cles become tremendously enhanced. Consequently, metallic nanostruc-

tures are able to interact with light ef®ciently at the nanoscale, deeply

below the diffraction limit. The related research area is termed plasmon-

ics. Besides the resonant properties of metal nanoparticles, the ®eld of

plasmonics also studies charge-density waves on metal surfaces, which

propagate in one or two dimensions and provide sub-wavelength con-

®nement in the other dimensions. The research on plasmonics has de-

veloped rapidly over the past years and holds promising applications in

the future technology realm of nanooptics [ 1±7].

One of the most promising research topics in plasmonics is optical an-

tennas. More than half a century ago, in the year 1959, Richard Feynman

gave the renowned talk There's Plenty of Room at the Bottomat the annual

meeting of the American Physical Society at Caltech [8]. He spoke about

"the problem of manipulating and controlling things on a small scale"and in-

spired scienti®c ideas, which contributed to the birth of the entire ®eld

of nanotechnology a few decades later. In terms of manipulating light

at the nanoscale Feynman envisioned [8]:

"Consider, for example, a piece of material in which we make little coils and

condensers (or their solid state analogs)1,000or 10,000angstroms in a circuit,

one right next to the other, over a large area, with little antennas sticking out at

the other endÐa whole series of circuits. Is it possible, for example, to emit light

from a whole set of antennas, like we emit radio waves from an organized set

1
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of antennas to beam the radio programs to Europe? The same thing would be

to beam the light out in a de®nite direction with very high intensity. (Perhaps

such a beam is not very useful technically or economically.)"

The technologies, which Feynman fancied, came into existence after

four to ®ve decades. They were materialized largely because of the

advances in nanofabrication, which were predicted in Feynman+s talk

as well in remarkable details. Notably, some of these visionary con-

cepts were demonstrated only very recently; some are still the vital

topics in the contemporary research efforts on nanocircuitry [ 9, 10], op-

tical antennas [11±14], etc. The emergence of optical antennas is trig-

gered by the development of near-®eld optics and its quest for deep

sub-wavelength resolution [ 15]. Near-®eld optics originated from the

idea of Edward Synge , in 1928, to use colloidal gold particles in order to

break the diffraction limit in optical microscopy [ 16]. The ®rst optical

near-®eld measurement was published in 1984by Dieter W. Pohl [17].

In 1985, Wessel attributed the term optical antennato a gold nanopar-

ticle, which supports surface plasmon resonances [18]. Shortly after-

wards, this idea was experimentally demonstrated by Dieter W. Pohl

and Ulrich Fischer [19]. Later on, in 1997, Grober et al. published

a paper where they proposed an optical Bow-Tie antenna as near-®eld

probe to achieve higher spatial resolution and demonstrated the proof-

of-principle by a measurement using microwave radiation [ 20]. In 1999,

Pohl gave an inspiring talk entitled "Near-®eld optics seen as an antenna

problem" [21] in which he drew analogies from antenna concepts in

the radiofrequency ( RF) regime to the resonant properties supported by

metallic nanoantennas in the optical frequency regime. Since then a lot

of research effort has been invested in developing antennas in the op-

tical regime by shrinking the size of conventional RF antennas and the

®eld of optical nanoantennaemerged. Some of the antenna structures

among those being researched are dipole [11, 22] and monopole anten-

nas [23±26], patch antennas [27, 28], Yagi-Uda [ 29±35] and log-periodic

antennas [36±39], Bow-Tie antennas [40±42], spiral antennas [43±47], etc.

They have proved useful in applications such as ¯uorescence enhance-
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ment, redirecting light of single photon sources, nanoscale photodetec-

tion, non-linear frequency mixing, and ultra-sensitive biosensing. De-

spite some differences between optical nanoantennas and their RF coun-

terparts [48±50], it has been shown that most RF concepts remain appli-

cable in the optical regime [ 24, 27, 51].

Over the past decade, nanotechnology and the research on optical

antennas have progressed tremendously. Nevertheless, the technologi-

cal and economic relevance of these nanoscale devices are to be proved.

There is still a long way to go for the applications of optical nanoanten-

nas to be realized and the technologies based on nanooptics to mature.

In this thesis, we present several novel concepts of optical nanoanten-

nas and their applications. We start with an introduction to the funda-

mental theory and the terminologies used throughout this thesis, and,

next to it, a chapter on the methods of nanofabrication, numerical sim-

ulations, and optical characterization that are employed throughout this

thesis.

In the following chapter we engineer the optical radiation using Yagi-

Uda nanoantennas. Previously, similar geometries were demonstrated to

transmit directionally radiation. Here, we focus on the receiving prop-

erties of the antennas and realize high directivities, which make optical

Yagi-Uda nanoantennas promising components for antenna links [ 52].

In the ®rst part of the chapter we investigate the near-®eld receiving

mechanism of the Yagi-Uda antennas. By using apertureless scanning

near-®eld optical microscopy (aSNOM), we are able to image the ampli-

tude and the phase of the ®elds around the antenna. The result allows

us to study the plasmonic modes at � = 1064nm in the resonant nanoan-

tenna. The directivity is studied by illuminating the antenna from two

opposite directions and characterizing the difference of the measured

near-®eld intensity. This work is an important step toward an accurate

and versatile characterization of optical antennas. In the second part of

this chapter we present a three-dimensional (3D) optical Yagi-Uda nano-

antenna array, which operates in the optical frequency regime around

� = 1.5 � m. One of the key issues with optical nanoantennas is either to

direct effectively the radiation of a local source to radiation in the third
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dimension, which is perpendicular to the plane of the antenna array, or

to receive light from this third dimension and to con®ne it to a deep

sub-wavelength volume. Our antenna array can emit and detect light in

the third dimension and shows a high directivity (i.e. a narrow beam

width), thanks to the design of the array.

One key property of plasmonic antennas is the deep sub-wavelength

con®nement of electromagnetic energy, which results in high near-®eld

intensities. Recently, plasmonic near-®eld enhancement has been uti-

lized to increase light-matter interaction. For instance, matters such as

quantum emitters or molecules are coupled to plasmonic structures. An-

tennas with different structural geometries were employed to enhance

the coupling and to boost the signal, which is related to the near-®eld dis-

tribution. Assessing plasmonic near-®eld intensities in the infrared ( IR)

and terahertz (THz) region is important for the design of novel plasmonic

structures and for the optimization of the coupling of plasmonic struc-

tures to molecular vibrations to detect and to identify trace substances.

We present a versatile and diffraction unlimited technique to map plas-

monic near-®elds in the infrared. We position molecules with a 10 nm

accuracy in the vicinity of plasmonic antennas and quantify the near-

®eld intensity via the resonant excitation of the molecular vibrations.

We measure the signal in the far-®eld with conventional Fourier trans-

form infrared ( FTIR) spectroscopy. Our method can be applied to res-

onant plasmonic structures from the near- IR region to the THz region.

This technique is also applicable to complex 3D plasmonic structures,

which are often embedded in a dielectric matrix and cannot be inves-

tigated by state-of-the-art methods, such as scanning near-®eld optical

microscopy (SNOM). The presented method is an entirely new approach

to measure plasmonic near-®eld intensities in the infrared region. Its

implementation is simple and brings along new possibilities.

In the last part of this thesis, we report on the ®rst experimental real-

ization of a wireless point-to-point antenna link. Optical power transfer

between two plasmonics nanoantennas with 38 � distance is observed.

Additionally, we demonstrate how to steer this link over a very broad

angular range of 29� and how to link different emitters and receivers,
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using a phase shifting technique. The antenna link has a working wave-

length of � = 785 nm. It enables high-bandwidth communication at

the nanoscale. We show that a nanoantenna link does not suffer from

high losses compared to the plasmonic waveguide connections. This

feature implies potential devices with low-loss on-chip and chip-to-chip

high-speed data communication. The beamsteering functionality is anal-

ogous to phased array radar technology in RF and provides a ¯exible

spatial control of the antenna radiation. Furthermore, the transmitter

antenna has a footprint of only 850� 50 nm2 , which is favorable for

high integration density in future photonic circuits.





2
T H E O RY

This chapter describes the theoretical background of the thesis. First,

starting from Maxwell's equations, the fundamentals of electrodynamics

are introduced. Then, the angular spectrum representationof electromag-

netic ®elds is derived, which is used in this thesis to calculate the ®elds

in a high-numerical aperture ( NA ) objective. The next section discusses

Green's function formalism. It allows to calculate the electromagnetic ®elds

radiated from an arbitrary current source in a speci®c geometry. We use

it to calculate the electric ®eld of a point dipole source, which gives the

typical dipole ®eld. It will be used later in this thesis to model the radia-

tion pattern of optical plasmonic antennas. The second part of the chap-

ter introduces plasmonics, which is the research on nanooptics involving

metallic nanostructures. To understand their intriguing properties we in-

troduce the Drude model, which describes the dielectric properties of no-

ble metals at optical frequencies. It is shown that plasmonic structures,

termed optical antennas, exhibit a resonant behavior when they interact

with light and the scattering and absorption of light as well as the optical

near ®eld is enhanced. This resonance is calledparticle plasmon resonance

or localized surface plasmon resonance. The resonant wavelength can be

tuned throughout the optical spectral region making optical antennas

key elements in a plethora of applications, such as biosensing, nonlinear

frequency generation, single photon devices or photonic circuits based

on nanodetectors, nanolasers, and nanosale optical transmission. The

last section is devoted to the basic theory of RF antenna arrays.

7
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2.1 fundamentals of electromagnetic theory

2.1.1 Maxwell's equations and electromagnetic wave propagation

Electromagnetic radiation including light propagation is described with

Maxwell+s equations, presented here in their macroscopic form:

r � D = � ,

r � H = j +
@D
@t

,

r � B = 0,

r � E = -
@B
@t

. (1)

E, D, H, and B denote the electric ®eld, the electric displacement ®eld,

the magnetic ®eld, and the magnetic induction, respectively. j is the

current density and � the electric charge density. This set of equations

only describes the ®elds generated by currents and charges. It does

not describe the interaction of the electromagnetic ®elds with the matter

in which the currents and charges are generated. The electromagnetic

properties of matter are described in terms of macroscopic polarization

P and magnetization M following

D = � 0E+ P,

B = � 0H + M , (2)

with � 0 and � 0 being the permittivity and the permeability of vacuum,

respectively.

The constitutive equationsare the necessary relations to describe the

material response under the in¯uence of an electromagnetic ®eld. Con-

sidering a linear medium, they become

D(k, ! ) = � 0� (k , ! )E(k , ! ),

B(k , ! ) = � 0� (k , ! )H(k, ! ), (3)

where � (k , ! ) and � (k , ! ) are the dispersive electric permittivity and

magnetic permeability, respectively. Usually the magnetization of ma-

terials at optical frequencies is negligible and � in Equation 3 becomes
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1. The light-matter interaction is dominated by the response of the mat-

ter to the external electric ®eld, which for a linear medium induces a

polarization P following

P(k, ! ) = � 0� (k , ! )E(k , ! ). (4)

Substituting Equation 4 into Equation 2 and comparing it to Equation 3

gives an expression between the dielectric function � and the suscepti-

bility � :

� (k , ! ) = 1+ � (k , ! ). (5)

The propagation of an electromagnetic wave generated by a current

source in a non-dispersive, linear and isotropic medium is described by

the wave equation derived from Maxwell+s equations and the constitu-

tive relations

r � r � E+ � 0�� 0�
@2E
@t2

= - � 0�
@j
@t

. (6)

In a linear, homogeneous, isotropic and source-free medium, the ansatz

of a harmonic monochromatic plane wave E(r) = E0ei ( kr - !t ) is made.

As a result Equation 6 becomes the homogeneous Helmholtz equation:

(r 2 + k2 )E(r) = 0, (7)

with k being the wavenumber k = n !
c in the medium with refractive

index n =
p

�� .

2.1.2 Angular spectrum representation of optical ®elds

In Section 6.2 we will use the angular spectrum representationto calculate

the electromagnetic vectorial ®eld in the focus of a high- NA objective and

to determine the spatial resolution of our imaging system. In general it

allows to analyze the propagation of ®elds. A short introduction to the

formalism is presented here.

An electric ®eld E(x, y, z) in a plane z = const. can be expressed with

its Fourier transform ÃE in this plane:

E(x, y, z) =

1ZZ

- 1

ÃE(kx , ky , z)ei ( k x x + k y y ) dkx dky . (8)
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Substituting Equation 8 into the source-free Helmholtz equation ( Equa-

tion 7) it turns out that the spectrum ÃE(kx , ky , z) evolves along the z-

direction as

ÃE(kx , ky , z) = ÃE(kx , ky , 0)e� ik z z

with kz =
q

k2 - k2
x - k2

y . (9)

We obtain two waves as solution, where the + (- ) sign represents a wave

propagating into the half space z > 0 (z < 0). We additionally have to

assumeIm ( kz) > 0, which ensures that the solutions do not diverge for

z ! � 1 . Combining Equation 9 with Equation 8 yields an expression

of the electric ®eld at any arbitrarily chosen plane z = const., which is

the angular spectrum representation:

E(x, y, z) =

1ZZ

- 1

ÃE(kx , ky , 0)ei ( k x x + k y y � k z z) dkx dky . (10)

The magnetic ®eld H can be calculated following the same approach or

from Equation 10 using Maxwell+s equations.

2.1.3 Green's function for the electric ®eld in a homogeneous environment

The electromagnetic ®elds in an arbitrary environment generated by the

charge and current sources can be calculated using theGreen's function.

In its general form, the Green+s function G(r, r 0) is the response at a point

r of an unit point source at r 0 described by the following relation [ 53]

" G(r, r 0) = I � (r - r 0), (11)

where " is a linear operator and I is the identity matrix.

Assuming harmonic time dependence and a non-magnetic media the

wave equation (Equation 6) can be written in the operator form

" E(r) = i!� 0j (r), (12)

where " = r � r � - k2 . We can multiply Equation 11 with the cur-

rent density j (r) and integrate it over the volume of the source V. This
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gives an integral expression of the current source, which is substituted

in Equation 12. The electric ®eldE(r) can than be solved as [53]

E(r) = E0(r) + i!� 0

Z

V

G(r, r 0)j (r 0)dV 0, (13)

where the homogeneous solution E0(r) has been added. With the Green+s

function for the operator " we can calculate the electric ®eld generated

by a current source at any point outside the source. The expression for

a homogeneous medium reads as [53]

G(r, r 0) =
eikR

4�Rk 2

�
ikR - 1

R2 (I - 3ÃR 
 ÃR) + k2 (I - ÃR 
 ÃR)
�

, (14)

with R being the absolute value of R = r - r 0 and ÃR 
 ÃR being the outer

product of the unit vector along R. This is the central result of this sec-

tion and will be used in Section 6.2 to calculate the scattering response

of plasmonic dipole antennas. In the following section we will use this

expression to determine the ®elds of a single Hertzian dipole.

2.1.4 Electric ®eld of an electric dipole

An oscillating electric point dipole generates propagating electromag-

netic ®elds, which we will determine in this section. The current density

of a dipole oscillating with frequency ! at r0 is

j (r) =
d
dt

p(t )� (r - r0) = - i! p� (r - r0). (15)

The Green+s function formalism discussed in the previous section allows

to directly calculate the electric ®eld of the dipole. By introducing the

current density from Equation 15 into Equation 13 and using the expres-

sion for the Green+s function from Equation 14 we obtain the expression

for the electric ®eld generated by the dipole

Edip (r) =
eikR

4�� 0

�
k2

R
� (p - ÃR � ( ÃR � p)) +

�
1

R3 -
ik
R2

�
(3ÃR � ( ÃR � p) - p)

�
,

(16)

where R is the absolute value of R = r - r0 and ÃR the unit vector along

R.



12 theory

Three different regions of the electric ®eld are identi®ed, which scale

with 1=(kR)3 ,1=(kR)2 and 1=kR. They are termed near-®eld, intermediate-

®eldand far-®eldregions, respectively. In the near-®eld region the electric

�x

�y

�(�a�) �(�b�)�N�e�a�r�-�f�i�e�l�d �F�a�r�-�f�i�e�l�d

�»�»�/�1�0

�´� �1�0�,�0�0�0

Figure 1: The dipole ®elds jEdip j in the near-®eld (a) and far-®eld regions (b) are

shown for a dipole moment oriented along the x -direction. The far-®eld

stretches out along the y -direction in contrary to the ®eld close to the

dipole, which is elongated along the x -direction. Adapted from [ 53].

®eld is elongated along the direction of the dipole moment, as shown

in Figure 1 (a). Far away from the dipole source ( r � � ), the ®eld

spreads out perpendicularly to the orientation of the dipole moment

[Figure 1 (b)] and the polarization of the electric ®eld vector Edip is per-

pendicular to the wavevector k .

2.2 plasmonics

One solution of Maxwell+s equation at a metal-dielectric interface are

charge density waves, which propagate on the metal surface with strong

con®nement [54±60]. They are termed surface plasmonsand constitute

one part of the ®eld of plasmonics [5, 61, 62], as to be distinguished from

localized surface plasmonsor, in other words, particle plasmons, which oc-

cur in metal nanostructures. They allow con®nement of incident optical

®elds to the nanoscale associated with high near-®eld intensities [63±70].

They additionally enhance the radiation from sub-wavelength sources [ 27,

51, 71±73]. In analogy to the RF domain such particles are called optical
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antennas [12±14, 48, 74±78]. They have led to breakthroughs in enhanced

nonlinear frequency conversion [ 11, 79], ultra-sensitive sensing down to

the single molecule level [80±82], emission enhancement and radiation

engineering of single photons [ 41, 83±87], and enhanced photo-detection

at the nanoscale [88, 89]. One of the envisioned applications of plasmon-

ics is optical on-chip circuitry [ 90] with nanoscale footprint, which com-

bines photonics with integrated electronics [ 2] for the uses in high-speed

computing and high-bandwidth communication. This will be discussed

in detail in Chapter 6. In this thesis we deal exclusively with particle

plasmons. Here we give a short introduction of the optical properties of

metal nanoparticles.

2.2.1 The Drude model

The dielectric function of metals in the optical frequency region can be

described by the Drude model. It assumes an unbound electron plasma,

which is displaced against a ®xed background of positive ion cores by an

external ®eld, leading to electric polarization. Electrostatic interactions

between the electrons and the in¯uence of the lattice potential are not

taken into account. Major deviations from this model occur in the visible

spectral region due to interband transitions in noble metals. In the near-

infrared and infrared region the interband transitions are not excited and

the Drude model gives an accurate description of the optical properties

of noble metals.

The motion of the electron plasma is described by

mÈr + m
 Çr = - eE, (17)

where 
 is the collision frequency, which takes into account collisions of

the electron with other electrons and ions. By assuming a time-harmonic

incident ®eld E(t ) = E0e- i!t we can solve the differential equation and

express the electric polarization P = - ner where n is the electron density

as [91]

P = -
ne2

m(! 2 + i
! )
E. (18)
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With the relation

P = � 0� E = � 0(� - 1)E, (19)

the complex dielectric function � (! ) in the Drude model becomes

� (! ) = 1 -
! 2

p

! 2 + i!

= 1 -

! 2
p

! 2 + 
 2 + i
! 2

p 


! (! 2 + 
 2 )
, (20)

where ! p =
q

ne 2

� 0m is the plasma frequency. In Figure 2 we plot the

measured real and imaginary parts of � (! ) of gold as a function of

frequency (circles, taken from [ 92]). In the imaginary part (upper panel)

�R
�e

�(�µ�
)

�I�
m

�(�µ�
)
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Figure 2: Imaginary (upper panel) and real part (lower panel) of the dielec-

tric function of gold are plotted. Experimental data (circles, taken

from [ 92])ey are ®tted with the Drude model (blue curves) in the re-

gion where interband transitions are not affecting the absorption (red

circles).

the increased absorption for frequencies higher than 440 THz is due

to the onset of the interband transitions from the 5d band to the 6sp

band around 440Thz and 580Thz [93]. The experimental data therefore

deviate from the Drude model (blue curve), which is only ®tted to the

region indicated by the red circles. The ®tted values for the plasma

frequency ! p and the collision frequency 
 are 2074THz and 20.78 THz,

respectively.
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2.2.2 Optical antennas: Resonant metallic nanoparticles

In the last decade, resonant metallic nanoparticles, termed optical anten-

nas or nanoantennas [12, 14, 76, 78, 94, 95], attracted a lot of interest

because of their unique optical properties and their potential for ap-

plications [ 3, 13, 62, 96]. Nanofabrication techniques, such as electron-

beam lithography, ion-beam milling, and self-assembly, as well as so-

phisticated characterization techniques, such as near-®eld microscopy

and ¯uorescence microscopy have been used to study these nanostruc-

tures. Here, we discuss the origin of resonances occurring in metallic

nanoantennas in the quasistatic approximation. These resonances are

called localized surface plasmonsand can be excited via an incident light

®eld. We will see that the spectral position of the resonance is tunable

from the visible to the infrared region for noble metal particles.

2.2.2.1 Electrostatic approximation

For particles with a characteristic size a much smaller compared to the

incident wavelength

a � � , (21)

the optical properties can be treated in the quasistatic approximationwhere

the phase of the incident ®eld does not vary across the particle. For

larger particles, the quasistatic approximation is not valid anymore and

a rigorous electromagnetic theory is required. Such a theory was devel-

oped for spherical particles by Gustav Mie in a seminal paper 1908[97]

and is treated in a variety of text books [ 98, 99]. In this thesis we focus

on metallic nanoparticles, which ful®ll the condition in Equation 21 and

therefore treat their optical response in the quasistatic approximation.

In this case the electric ®eld can be calculated from a potential � via

E = - r � . We use Maxwell+s equation (Equation 1) in a charge-density

free environment to write down the Laplace equation

r 2 � = 0. (22)

For spherical particles and an incident electric ®eld along the z-axis,

E = E0Ãz, the problem is symmetric along the azimuthal direction (see
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Figure 3). The solution to the Laplace equation for the potential in-

�z�a

�r

�µ�m �µ�(�É�)

�E�0

�¸

Figure 3: Sketch of a metallic sphere placed in a homogeneous environment un-

der the in¯uence of an electrostatic ®eld. Adapted from [ 91].

side and outside the sphere is written in terms of Legendre polynomials

Pn (cos� ) [100]:

� in =
1X

n = 0

Anrn Pn(cos� ), (23)

� out =
1X

n = 0

�
Bnrn + Cnr - n - 1

�
Pn(cos� ). (24)

The coef®cientsAn, Bn, and Cn are determined by the boundary con-

ditions. From Maxwell+s equations one infers that at the surface of the

sphere, Ek and D? have to be continuous. For r ! 1 , the potential

has to generate the ®eld without the in¯uence of the sphere. With these

boundary conditions the potentials evaluate to [ 100]

� in = -
3� m

� + 2� m
E0r cos� , (25)

� out = - E0r cos� +
� - � m

� + 2� m
E0a3 cos�

r2 , (26)

with � and � m being the dielectric functions of the metal sphere and the

dielectric environment, respectively. The potential inside the sphere is

the potential of the incident ®eld modi®ed by the dielectric properties.

It is more interesting to interpret the outside potential, which is the sum

of the potential of the incident ®eld and that of a static point dipole in

the center of the particle. We can write Equation 26 as

� out = - E0r cos� +
p � r

4�� 0� mr3 , (27)
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where we de®ned the dipole moment p as

p = 4�� 0 � ma3 � - � m

� + 2� m
E0. (28)

With Equation 28 we ®nd the polarizability � via p = � 0� m � E0, which

becomes [91]

� = 4�a 3 � - � m

� + 2� m
. (29)

The electric ®eld outside the sphere is calculated by Eout = - r � out ,

which yields

Eout = - r � out = E0 +
3Ãr(Ãr � p) - p

4�� 0� m

1
r3 . (30)

The second term in Equation 30 is equal to the term in Equation 16,

which scales with 1=r3 and corresponds to the near-®eld. It is plotted

in Figure 1 (a). Leaving electrostatics and assuming time-varying plane-

wave excitation

E(r, t ) = E0e- i!t , (31)

an oscillating dipole moment at the center of the sphere

p(t ) = � 0� m � E0e- i!t , (32)

is induced, where � is the frequency dependent polarizability in Equa-

tion 29. The radiated electric ®eld of this dipole (see Equation 16) is the

scattered ®eld.

2.2.2.2 Particle plasmon resonance in metallic nanoparticles

For dielectrics the polarizability varies slowly with a frequency change.

In contrast, the real part of the dielectric function of metals, which can be

described by the Drude model, is negative below the plasma frequency

and allows for the Fr!hlich conditionwhere the polarizability is resonantly

enhanced [91]

Re [� (! )] = - 2� m . (33)

For a Drude metal this condition is ful®lled when ! = ! p=
p

3. Ab-

sorption in the metal ( Im [ � (! )] 6= 0) limits the magnitude of � . The
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physical origin of the resonance is a collective excitation of the conduc-

tion electrons associated with a resonantly enhanced dipole moment and

scattered dipole ®elds described by Equation 28 and Equation 30. It

is termed particle plasmon resonanceor localized surface plasmon resonance.

From Equation 29 one infers that the radius a of the particle has in¯u-

ence on only the strength of the resonance but not the spectral position.

The spectral position of the resonance is solely determined by the dielec-

tric function of the metal and the environment. However, this is only

true for very small particles, which can be treated in the quasistatic ap-

proximation. For larger particles retardation is not negligible anymore,

which leads to a size dependence [98, 101]. We will see later that it is

possible to tune the plasmon resonance by changing the shape of the

particle.

The resonantly enhanced polarizability at the plasmon resonance comes

along with a resonant enhancement of the scattered and absorbed power

by the nanoparticle. By calculating the Poynting vector (see Equation 44)

the scattering Csca and the absorption Cabs cross sections of small parti-

cles can be expressed as [91, 98]

Cabs = k Im ( � ) / a3 ,

Csca =
k4

6�
j� j2 / a6 ,

Cext = Csca+ Cabs, (34)

with Cext being the extinction cross section. The size of the particle with

respect to the incident wavelength a=� plays a decisive role if the scat-

tering or the absorption is the dominant process. The ratio of Csca and

Cabs is proportional to (a=� )3 . For smaller particles the absorption is

dominating and for larger particles the scattering. The orange curve in

Figure 4 (a) shows the extinction cross section of a small spherical parti-

cle where typical Drude parameters for a metal have been used. It is also

shown that an increase of the collision frequency 
 leads to a broadening

of the resonance and a reduction of the maximum cross section associ-

ated with a decrease of the quality factor of the resonance Q = !=�! .

Using metals with a lower loss is therefore bene®cial in plasmonics, such
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Figure 4: (a) The extinction cross section of a small spherical nanoparticle is plot-

ted. The dielectric function of a Drude metal with ! p = 2074 THz

and 
 = 20 .78 THz is used. An increase of the collision frequency


 leads to a damping of the resonance. Similar response is observed in

the phase of the polarizability � in (b). At resonance the induced dipole

moment is 90 � out of phase with the incident ®eld.

as using silver instead of gold or using single crystalline metal instead

an evaporated one [102, 103]. Recently, it has also been shown that

the thickness of the adhesion layer of chromium or titanium below the

plasmonic structure has a nonnegligible impact on the scattering perfor-

mance of the nanostructures [104]. This has to be considered when using

top-down fabrication methods, which usually require an adhesion layer

(seeSection 3.2).

In Figure 4 (b) the phase of the polarizability � for the different colli-

sion frequencies is plotted. The extinction cross section as well as the as-

sociated phase as a function of frequency shows similar behavior as the

amplitude and phase of a damped harmonic oscillator, which is driven

by an external force. The question arises if the model of a damped har-

monic oscillator can be used to describe the optical responses of small

plasmonic particles. The restoring force results from the displacement of

the negatively charged electron cloud with respect to the ®xed positive

metal ions in the ®nite sized particle when an external electric ®eld is

applied. By adding a term of the restoring force to Equation 17 one ob-

tains the equation of motion of the driven damped harmonic oscillator.
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This simple model has been used in several works to describe the optical

response of plasmonic structures [105] and is especially insightful to de-

scribe the coupling between multiple plasmonic resonators [ 106±109] or

even the nonlinear optical response of plasmonic nanostructures [ 110±

112].

2.2.2.3 Spectral tuning of the particle plasmon resonance

As we saw in the previous section, the spectral position of resonant light

scattering of small spherical particles does not depend on the particle

size in the electrostatic approximation. The quasistatic approximation

can also be applied to ellipsoid particles. In this case the spectral po-

sition of resonant light scattering changes when the aspect ratio of the

nanoparticle is changed.

An ellipsoid is described by the equation

x2

a2
x

+
y2

a2
y

+
z2

a2
z

= 1, (35)

where a i (i = x, y, z) is the semiaxis along coordinate i . For such particles

the Laplace equation can be solved analytically in ellipsoidal coordinates

and the polarizability for incident light polarized along the coordinate

axis i becomes [98]

� i = 4�a xayaz
� - � m

3� m + 3Li (� - � m)
. (36)

Li accounts for the ellipsoidal shape of the particle via

Li =
axayaz

2

1Z

0

dq
!
a2

i + q
�

r
!
a2

x + q
� �

a2
y + q

� !
a2

z + q
�

. (37)

The resonance condition in Equation 33 is now modi®ed due to the geo-

metrical shape, which in this case becomes

Re (� ) = � m

�
1 -

1
Li

�
. (38)

Consequently, the resonances can be tuned by changing the shape of the

particle. We will limit our analysis here to the change of az, leaving ax
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Figure 5: The extinction cross sections of ellipsoidal particles are plotted for the

polarization along the long-axis of the particles ( z-axis). Compared to

a sphere (orange curve) the resonance is red-shifting for increasing as-

pect ratio a z=a x,y . The insets next to the curves show the respective

ellipsoids with aspect ratio 1,2,5 and 10 .

and ay ®xed, so that the particle becomes elongated along thez-direction

with a circular cross section (prolate spheroid). In Figure 5 we plot the

extinction cross section of ellipsoidal particles where the polarization is

along the long-axis of the particle.

2.2.3 Plasmon damping

As brie¯y mentioned in the previous section, the spectral response of a

particle plasmon resonance can be described with the equation of motion

of a damped harmonic oscillator. We stay in this picture to analyze the

spectral width of the damped system. The temporal evolution of the

amplitude of a damped harmonic oscillator is

A(t ) = A0e- t=T e- i! 0t . (39)

The oscillation with eigenfrequency ! 0 is plotted in Figure 6 (a) for

two different values of the decay times T. In the spectral domain the
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Figure 6: (a) Oscillation of a damped harmonic oscillator for two different values

of the decay times T . (b) Normalized amplitude in the spectral domain

for the two damped oscillations of (a). �! is the FWHM of the reso-

nance. Adapted from [ 113].

Fourier transformation yields a Lorentzian lineshape of the spectral am-

plitude [ 113]

Re [ ÄA(! )] = Re fF[A(t )]g=
A0p
2�

1=T
1=T2 + ( ! - ! 0)2 . (40)

This amplitude is shown in Figure 6 (b) where the FWHM �! is seen to

depend on the decay time and thus also on the damping of the oscilla-

tion. Such a dependency is expressed in the following relation

�! =
2
T

. (41)

A broad spectrum stems from a strong damping of the oscillating sys-

tem. In a plasmonic system the damping may originate from different

physical effects, which have different time scales [ 114]. The total dephas-

ing time is denoted T2 and can be divided into an inelastic decay time

T1 associated with energy loss and an elastic dephasing time T� , which

accounts for loss of coherence when electrons are scattered by other elec-

trons, phonons in the lattice, holes, or scattered at the surface [114]. The

total dephasing time then becomes [114, 115]

1
T2

=
1

2T1
+

1
T� . (42)
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In plasmonic systems, T2 is on the order of 10 fs. The inelastic decay can

be further split into a radiative part and a non-radiative part from which

we can de®ne the radiative ef®ciency [115]

� ant =
1=T1,r

1=T1,r + 1=T1,nr
. (43)

This formula of the radiative ef®ciency of resonant plasmonic structures

(antennas) is similar to the quantum ef®ciency de®ned for ¯uorescent

dye molecules in Equation 90. Here, in the case of plasmonic antennas,

the non-radiative energy loss is due to the intraband and interband exci-

tations [91, 115]. Shifting the plasmon resonance red, the interband con-

tribution becomes weaker (see Figure 2). The red-shift can be achieved,

as we have seen previously, with elongated particles with high aspect

ratio (Figure 5). Keeping the particle volume small at the same time

results in suppression of the radiative decay. Under these conditions a

signi®cant increase of the plasmon decay time is achieved [115]. This

is bene®cial for sensing applications where high-Q resonators and sub-

wavelength ®eld con®nement are necessary [69]. As a further step, we

will see in Chapter 5 that the coupling of a bright and a dark plasmonic

resonator can lead to very narrow spectral linewidths associated with

high near-®eld intensities, which is highly interesting to be used in sens-

ing [ 116].

2.3 theory of radiofrequency antenna arrays

Here, we will brie¯y review concepts of antenna arrays. They are used

for a plethora of applications, such as TV and radio broadcasting, cel-

lular network, and satellite communication. Antenna arrays provide

directional emission and reception.

An intriguing concept is beamsteering, which can be achieved by phas-

ing the antenna array in a speci®c fashion, generally termed asphased ar-

rays. The phased arrays allow to emit radiation into variable directions

without changing the geometry of the array. The radiation direction

is altered by tuning the phase of the feeding current in the individual

antenna elements.
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Bringing the concept of phased array to the optical frequency region

and to the nanoscale resolves the challenge of long-distant signal trans-

mission and reception and, at the same time, of ef®cient signal transfer

to and from nanoscale components, such as integrated electronics. The

realization of beamsteering will have important applications in on-chip

and chip-to-chip communication in future integrated optical systems.

The introduction to RF antenna arrays is based on my book chapter on

optical antenna arrays (Ref. [78]).

2.3.1 Shaping the radiation pattern with a linear chain of emitters

The emitted or received intensity by an antenna or an antenna array as a

function of the direction of the transmitted or incident wave is de®ned as

its radiation pattern. The radiation patterns of transmission and reception

are the same. Therefore, we will discuss only the emission pattern in

the following. The electromagnetic ®elds can be calculated using the

Green+s function and the current distribution (see Equation 13). From

the electromagnetic ®elds the time-averagedPoynting vectoris obtained

as

hSi =
1
2

Re(E � H � ), (44)

which gives the time-averaged radiated power P in a certain direction

speci®ed by the spherical angles� and �

P(� , � ) = hS(� , � )i � dA. (45)

This is a very general approach to calculate the radiation pattern. But if

an antenna has a complicated current distribution or if there are multi-

ple radiation sources, it will be a cumbersome task to carry out such a

calculation. For antenna arrays with periodic con®guration a signi®cant

simpli®cation can be applied by introducing the array factor. The gen-

eral emission pattern can then be calculated from the emission pattern

of the individual antenna element and the array factor, which reduces

the complexity tremendously.



2.3 theory of radiofrequency antenna arrays 25

As an example, we consider an N-element array of dipoles [see Fig-

ure 7 (a)]. We assume that the amplitude of the currents in the individual

elements and the distance a between them are uniform across the array.

Also sketched is the radiated ®eld pattern of a single dipole source oscil-

lating out of plane. It generates an isotropic emission in the plane of the

array. Let us consider a phase difference of � between the neighboring
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Figure 7: (a) Array of N point dipoles with a distance a between adjacent ele-

ments and which oscillate with a phase difference � . � is the direction

of observation (upper panel). The current is oscillating out of plane,

which results in an isotropic radiation in the plane of the array (lower

panel). (b) Normalized emission patterns of a 10 -array with distance

a = �=4 with the phase shift � = - �=2 (red curve) and no phase

shift (blue curve). Adapted from [ 78].

elements. The total ®eld in the direction � is

E(� ) = E0(� )(1+ eika cos� + i� + eik2a cos� + i2� + : : :

+ eik ( N - 1) a cos� + i ( N - 1) � ) (46)

where the exponential term accounts for the phase shift due to the spa-

tial position and the phase difference and k is the wavenumber. E0(� )

is the radiated ®eld of an individual dipole antenna. In Figure 7 (b) it

is shown that an induced phase shift can change the emission direction

from perpendicular to the array axis to parallel to the array axis.
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The second factor in Equation 46 is the radiation pattern of isotropi-

cally radiating elements. It is called array factor� (� ) and accounts for

properties of the array geometry. It can be expressed as [117]:

� (� ) = 1+ ei	 + e2i	 + : : : + ei ( N - 1) 	 =
N - 1X

n = 0

ein	

=
1 - eiN	

1 - ei	 , (47)

where 	 = ka cos� + � is the sum of the phase difference caused by

the difference in the radiation paths from the antenna elements to the

far-®eld and the phase difference � between adjacent antenna elements.

As a consequence the overall ®eld pattern of an antenna array " (� )

can be written as the product of the individual element pattern � (� ) and

the array factor � (� )

" (� ) = � (� ) � � (� ) (48)

We have therefore a control on the radiation pattern by changing the

spacing between adjacent elements or, more conveniently, by changing

� , the phase difference between them.

In Figure 8 we investigate the case when the single antenna element

is a dipole, which oscillates in the plane of the array. While the array

factor for this excitation is the same as in the out of plane case (Figure 7),

the emission pattern of the individual element is not isotropic anymore

but the dipole radiates along the array axis as shown in the lower part

of Figure 8 (a). The emission patterns for � = - �=2 in Figure 8 (b) and

Figure 7 (b) resemble each other. When changing the phase gradually

from � = - �=2 to � = 0, the emission along the � = 90� direction does

not become stronger as one expects from the array factor � because the

element pattern � forbids the emission along this direction. The overall

radiation becomes weaker because the main lobes of array factor and

element pattern point in perpendicular directions.

A maximum of the array factor occurs when 	 = ka cos� + � = 0. For

example, to achieve maximum radiation along the chain ( � = 0� ) for a

®xed distancea = �=4 , the following phase shift � has to be induced:

	 = ka cos� + � j� = 0 � = ka + � = 0 ! � = - �=2 (49)
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Figure 8: (a) Array of N dipoles with a distance a between adjacent elements

oscillating with a phase difference � . The direction of observation is

� . The current I oscillating in-plane radiates an electric ®eld pattern as

sketched in the lower part. (b) Emission pattern for a 10 dipole array

with a distance a = �=4 . When changing the phase from � = - �=2

to � = 0 the emission pattern nearly disappears as can be calculated

from the product of the array factor with the element pattern. Adapted

from [ 78].

In general, directing the beam in a certain direction can be achieved by

ful®lling the condition [ 118]:

	 = ka cos� + � j� = � 0 = ka cos� 0 + � = 0 (50)

This derivation of the array factor is only valid for uniform spacing be-

tween the elements and equal amplitudes of currents in the antenna ele-

ments. An example that is not covered is the Yagi-Uda antenna, which is

shown in Figure 9. A Yagi-Uda antenna does not have equal amplitudes

of currents in the antenna elements with a constant phase shift. It is a

linear array of dipoles with different lengths, where only one element,

the feed element, is excited by a current source. Due to mutual cou-

pling, currents in the other elements are generated with a de®ned phase

controlled by the lengths and the inter-dipole distances [ 119]. Neverthe-

less, the high directivity of a Yagi-Uda antenna stems from the phase

difference in the individual elements. The right phase difference leads
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Figure 9: Schematic of a Yagi-Uda antenna. Only the feed element is excited

and mutual coupling between the differently sized elements leads to

a phase difference, which results in constructive interference along the

z-direction.

to constructive interference along the antenna similar to what happens

for the linear array with appropriate phasing.

2.3.2 Phased two-dimensional antenna arrays

We now investigate two-dimensional ( 2D) antenna arrays, which provide

higher variability in shaping the radiation and receiving pattern. We

want to point out that with increasing complexity of the array, engineer-

ing an appropriate feeding circuit becomes complicated in the RF regime.

In the optical frequency regime where antennas are on the nanoscale,

feeding a complex antenna array will be a real challenge. Here, we fo-

cus on the radiation pattern with the assumption that we are able to

induce phase gradients along the x- and the y-direction.

We consider a rectangular grid of point sources shown in Figure 10 (a)

where a,b and � , � are the distances and phase differences along the

x, y-direction. The array factor then becomes:

� (� , � ) =
N - 1X

n = 0

"
M - 1X

m = 0

eim	 x

#

ein	 y ,

with 	 x = ka sin � cos� + � ,

and 	 y = kb sin � sin � + � . (51)
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Figure 10: (a) Planar rectangular array of ideal dipoles. (b) Normalized radiated

®elds for a 3 � 3 (red curve), 5 � 5 (blue curve) and 20 � 20 array

(green curve). The distance is ®xed as�=4 in x - and y -direction.

Adapted from [ 78].

For uniform distances a and b, the maximum radiation in the direction

� 0 and � 0 can be adjusted by imposing the following phase shifts

� = - ka sin � 0 cos� 0 ,

� = - kb sin � 0 sin � 0 . (52)

Figure 11 shows the radiation properties of a square array (when dis-

tance between the elements is�=4 ), where the elements are excited with

phase shifts in the x- and y-direction according to Equation 52. We

have shown only the pattern of the array factor when each element is

an isotropic point source. For different elements, such as a dipole an-

tennas, the total ®eld can be easily obtained by multiplying the element

pattern with the array factor as shown for the linear antenna array in

Equation 48.

2.3.3 Enhancing the directivity

An antenna array can be used to enhance the directivity. Figure 10 (b)

compares the radiation patterns of a 3� 3 array (red curve), a 5� 5 array



30 theory

Figure 11: Three-dimensional radiation patterns of a planar 10 � 10 phased array.

The distance between adjacent emitters in both directions is �=4 : (a)

phase-shift in x=y -direction - �=4 , (b) phase-shift in x -direction �=4 ,

phase-shift in y -direction - �=4 , (c) phase-shift in x=y -direction �=4 ,

(d) phase-shift in x -direction - �=4 , phase-shift in y -direction �=4 .

Adapted from [ 78].

(blue curve), and a 20 � 20 array (green curve). With more radiation

elements, the main lobe of the radiation pattern becomes narrower. In

order to quantify the radiation in a certain direction, the quantity of

directivity D is introduced

D(� , � ) = 4�
P(� , � )R

P(� , � )d

(53)

which is the power P(� , � ) emitted in a given direction divided by the

emitted power of an isotropic point source with same total radiated

power. This thesis deals with single optical nanoantennas as well as opti-

cal nanoantenna arrays, with which high directivities and beamsteering

in the optical frequency regime is demonstrated.



3
M E T H O D S

A short overview is given here on the procedures used to design, fab-

ricate, and measure optical antennas. The optical response of the plas-

monic nanostructures in this thesis is numerically evaluated with CST -

Computer Simulation Technology ( CST). The fabrication is done in clean-

room facilities using electron beam lithography ( EBL). For the optical

characterization of the structures FTIR spectroscopy is used which works

from the visible to the far-infrared region and will be shortly introduced

here.

3.1 numerical calculations

Maxwell+s equations have to be solved in order to compute the spectral

response of our plasmonic nanoantennas. Going beyond simple shapes,

such as spheres or ellipsoids, a numerical evaluation on a mesh grid

is necessary. This is implemented in the commercially available CST1

which is used for the design of the nanoantennas. The structure is de-

®ned in a graphical user interface where an automated mesh generation

is performed. An adaptive meshing routine and the tetrahedral mesh

allow for accurate discretization of the actual geometry, especially at

the boundaries of the structure. The discretized problem is then solved

numerically where the accuracy is given by the resolution of the mesh.

We use throughout this thesis the frequency domain solverwhich allows

for periodic boundary conditions as well as far-®eld calculations of the

cross sections. A time-harmonic ®eld is assumed while the equation sys-

tem is solved for different frequency samples which are usually chosen

automatically by the solver until the convergence criterion is met.

1 CST AG, Germany
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3.2 nanofabrication

All the nanostructures investigated in this thesis were fabricated using

EBL. Different EBL processes can be categorized in two types depending

on the resist that is used.

The ®rst uses the positive resist which is the standard resist used in

this thesis to fabricate the gold nanoantennas. The individual processing

steps are shown in Figure 12. The actual resist we use is polymethyl-

methacrylat (PMMA ) which is a polymer dissolved at different chain

lengths in chlorobenzene. The chain length determines the sensitivity of

the resist upon electron exposure. A thin layer of PMMA is spin-coated

on top of a substrate. The concentration of PMMA in the solvent and the

spinning speed are used to control the thickness of the polymer-layer.

Usually, 950K PMMA at a concentration of 1.50 is spin-coated ( 5 s at

�E�l�e�c�t�r�o�n� 
�b�e�a�m

�P�M�M�A

�(�a�)� �E�l�e�c�t�r�o�n� �b�e�a�m� 
� � � � � �e�x�p�o�s�u�r�e

�(�b�)� �D�e�v�e�l�o�p�m�e�n�t �(�c�)� �E�v�a�p�o�r�a�t�i�o�n�(�d�)� �L�i�f�t�-�o�f�f

�S�u�b�s�t�r�a�t�e �P�M�M�A �C�h�r�o�m�i�u�m �G�o�l�d

Figure 12: The individual steps to fabricate plasmonic nanostructures with EBL

are shown. The exposure (a) is followed by (b) development. (c) A

thin adhesion layer of chromium is evaporated before the gold. (d)

Final lift-off dissolves the unexposed resist with gold on top and the

nanostructure is obtained.

3000rpm and 30 s at 8000rpm), which results in a 60 nm thick smooth

layer. The sample is baked afterward at 160� C for 5 min. A mask is

de®ned in this layer after the development and before the evaporation

of the metal. In order to facilitate the lift-off, a 200K PMMA at 3.50 can

be spin-coated below the 950K PMMA layer, which gives a 140 nm thick

layer. This layer is more sensitive to electron exposure and yields an

undercut after development. In order to avoid charging of the sample
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during exposure, the conductive polymer Espacer300Z is spin-coated for

60 s at 5000rpm. Connecting the sample surface with the sample holder

of the EBL machine avoids unwanted charging of the sample.

For the exposure, the electron acceleration is usually set to 20 kV and

different apertures of 10 � m and 20 � m are used, which yield a writing

current of around 40 pA and 120 pA, respectively. The area dose is

typically set to 325 � C/cm 2 . Before exposure, the focus of the electron-

beam has to be adjusted. The best way to adjust the focus is byburning a

spot, which means that a high dose is applied at one location. This yields

the point-spread function ( PSF) of the system which has to be optimized.

When writing with a high-resolution the beam can be scanned over an

area of 100� 100 � m2 without moving the sample stage. This area is

called a write-®eld. The de¯ection of the beam has to be aligned to the

coordinate system of the laser interferometer stage where the sample

is mounted. This is done by moving the stage by about 40 � m from

the center to three different corners of the write-®eld and de¯ecting the

beam back to the center which can be then adjusted by the user.

After exposure the Espaceris removed by dipping the sample into wa-

ter for a few seconds. The sample is then developed in Methyl isobutyl

ketone (MIBK ) (diluted 1:3 in propanol) a certain amount of time depend-

ing on the thickness of the PMMA layer (90 s for a 200nm thickness). The

development yields the pattern in the resist and the sample is ready to

be loaded in an evaporation machine. There, a thin adhesion layer of

Chromium (typically 2 nm) is evaporated followed by the deposition of

gold. The ®nal step is the lift-off where the extra gold is removed and

the ®nal structure is obtained. Lift-off is usually done in warm ( 65� C)

N-Ethyl- 2-pyrrolidone ( NEP) for 2 hours. Subsequent rinsing in acetone

and propanol guarantees that all the extra gold is washed away from the

sample surface.

The second type of EBL process uses the negative resist. In contrast

to the positive resist, it yields a negativemask after development. This

means that instead of the exposed area the rest is removed. In this the-

sis we use two different kinds of negative resist, hydrogen silsesquiox-
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ane (HSQ)2 and ARN3. They are used to de®ne nanosized vibrational

or ¯uorescent probes positioned at de®ned locations in the vicinity of

plasmonic nanoantennas. Details of the fabrication of these samples are

given in Chapter 5 and Chapter 6. The positioning is done in a second

EBL step, where an accurate alignment is crucial. This procedure is also

used to fabricate 3D antenna structures in a layer-by-layer process which

is discussed as follows.

The layer-by-layer stacking procedure is shown in Figure 13. The fab-

rication of each layer follows the process described before. In the ®rst

layer, gold alignment marks are fabricated in addition to the antenna

structures. PC403 is spin-coated as a spacer layer (5 s at 2000rpm and

20 s at 4000 rpm). At least three gold crosses with the size of several

tens of micrometers are positioned around the write-®eld and, for the

sake of ®ne alignment, at least three smaller markers (size of around

1 � m) are fabricated in the corners of the write-®eld. The larger gold

�S�u�b�s�t�r�a�t�e
�G�o�l�d

�P�C�4�0�3

Figure 13: The layer-by-layer fabrication steps to obtain 3D nanostructures are

shown. After the ®rst layer, the spacer layer (PC403) is spin-coated,

which serves as the sample surface for the second layer. Alignment

markers from the ®rst layer are used to align the coordinate system of

the ®rst and second layer. 10 nm positioning accuracy of the second

layer with respect to the ®rst layer can be achieved with this technique.

crosses serve for a rough alignment of the sample coordinate system to

the stage coordinate system, correcting for translation and rotation. Af-

ter this ®rst alignment step, the stage can be moved to the coordinates of

2 Dow Corning, USA
3 Allresist GmbH, Germany
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the write-®eld. By scanning the write-®eld markers without moving the

stage but de¯ecting the beam, the beam coordinate system is aligned

to the sample coordinate system. This procedure allows a positioning

accuracy of around 10 nm and is repeated until the ®nal layer number is

reached. Spacer layers are deposited between the adjacent layers of EBL

structures. In a multi-layer structure with thick spacer layers, such as

the one realized in [120], the scattering signal from the electrons by the

deeply buried markers might be too weak for the alignment procedure

when fabricating the top layers. Therefore, the alignment markers can

be repeated in each layer, although the systematic errors add up from

layer to layer.

3.3 ftir spectroscopy

Spectra of transmittance and re¯ectance are measured using aFTIR spec-

trometer (Bruker Vertex 804). It is equipped with a microscope (Hype-

rion), which allows to measure areas with the size of the write-®elds

or even smaller areas. The microscope has a15� Cassegrain objective

with a 0.4 NA and two knife-edge apertures de®ne the measured areas.

Spectra can be taken from the visible to the far-infrared region by using

different detectors (Si photodiode, InGaAs photodiode, and nitrogen-

cooled MCT detector). The mirrors in the interferometer are scanned

with kHz frequencies. In the visible and near-infrared region a tungsten

lamp is used as a light source and in the far-infrared a thermal light-

source (globar) is used. A linear polarizer is inserted into the beam path

to control the incident polarization. The spectrum taken on the write-

®eld is divided by a reference spectrum which is acquired next to the

®eld or on a gold mirror, yielding the transmittance or the re¯ectance

spectrum, respectively.

4 Bruker Optik GmbH, Germany
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D I R E C T I O N A L R E C E I V I N G O F L I G H T W I T H

YA G I - U D A N A N O A N T E N N A S

4.1 introduction

An interesting antenna geometry is the Yagi-Uda antenna (Figure 14)

due to its directive properties [ 119]. It is unidirectional, which means

that the emitted radiation has a strong preference of one direction. This

is because of constructive interference in one direction and destructive

interference in the other directions. The interferences are achieved by

arraying dipoles of different lengths with sub-wavelength distance. The

mutual coupling between the elements determines the phase distribu-

tion across the elements, which results in a directional radiation pattern.

The antenna contains one active element, usually one long element and

several shorter elements. The shorter elements are termed directors, the

active element is the feed element, and the long element is the re¯ector.

The feed element is in resonance with the radiation ®eld. In terms of the

circuit theory, the directors are blue detuned and couple capacitively to

the radiation ®eld and the re¯ector is red detuned and couples induc-

tively. They therefore exhibit a negative and a positive phase shift of the

current, respectively.

Bringing this antenna geometry to the optical regime is an intrigu-

ing idea because plasmonic modes will be excited inside the antenna.

The plasmonic modes will be con®ned in a deep sub-wavelength vol-

ume and can thus enhance the light-matter interaction dictated by the

directive properties of the radiation pattern [ 29±32]. This is shown in

Figure 14 (b). The Yagi-Uda geometry is easy to fabricate using con-

ventional EBL fabrication technique. For achieving directive radiation at

optical frequencies, the challenge is to drive exclusively the feed element

so that the Yagi-Uda antenna works. Recently, directive radiation from

37
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�(�a�) �(�b�)�~�»

�<�»�<

Figure 14: Yagi-Uda antennas in the RF regime (a) and in the optical frequency

range (b). Consisting of multiple dipoles of different lengths, the Yagi-

Uda antennas can achieve directional radiation or receiving. The feed-

ing point at the resonant antenna element (feed element) is deeply

sub-wavelength, which enables enhanced light-matter interaction of

nanoscopic objects and the realization of directive single photon

sources in the optical regime. Adapted from [ 121].

optical Yagi-Uda nanoantennas was demonstrated by controlling the in-

cident polarization [ 33], positioning a single quantum dot at the feeding

point [ 85], or using the electron beam in cathodoluminescence (CL) to ex-

cite only the feed element [34]. These experimental studies investigated

the transmitting properties of optical Yagi-Uda nanoantennas.

In this chapter, we want to focus on the receiving properties of sin-

gle 2D optical Yagi-Uda antennas and 3D optical Yagi-Uda nanoantenna

arrays. Parts of the concepts presented here about the3D Yagi-Uda nano-

antenna arrays have been investigated during my diploma thesis [ 122].

However, with the experimental data of the planar 2D Yagi-Uda nano-

antenna obtained during my PhD thesis, we are able to understand the

complete picture of the receiving process in the 3D geometry. In addi-

tion, new experimental data and analysis on 3D Yagi-Uda antenna array

are also presented in this chapter.

The presented results are based on our publications of Ref. [123] and

Ref. [124].
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4.2 2d single yagi -uda nanoantennas

A planar optical Yagi-Uda antenna is a promising geometry for in-plane

directional receiving applications such as signal reception in a plasmonic

nanoantenna link which we will elaborate on in Chapter 6. We want to

analyze here the receiving properties and the supported antenna modes

when the structure is excited from the far-®eld under certain directions.

We use aSNOM, which allows us to assess the phase and the amplitude

of the electric ®eld distribution close to the antenna. Figure 15 (a) shows

the schematic of the measurement principle. A SEM micrograph of the
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Figure 15: (a) Schematic of the near-®eld measurement on optical Yagi-Uda an-

tennas. The incident light ( � = 1064 nm) has an angle of � = 20 �

with respect to the surface of the substrate. The optical near-®eld sig-

nal is picked up by an AFM tip and scattered into the far-®eld. (b) SEM

micrograph of the planar optical Yagi-Uda antenna. Only small length

deviations between the re¯ector, the feed, and the directors lead to op-

timal directivity. k fw and kbw are the wavevectors impinging from the

side of the directors (forward direction) or re¯ectors (backward direc-

tion), respectively.

optical Yagi-Uda nanoantenna is shown in Figure 15 (b), which has been

fabricated using standard EBL process (seeSection3.2). The antenna con-

sists of a resonant feed element, which is positioned between a slightly

longer re¯ector and two slightly shorter directors. The arrows in Fig-

ure 15 (b) indicate the wavevectors k fw for forward (from the director

side) incident radiation and kbw for backward (from the re¯ector side)

incident radiation. The height of the structure is 30 nm and the nominal
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width of the elements is 80 nm, with a nominal length of 229 nm, 198

nm and 168nm for the re¯ector, feed and directors, respectively. In this

case the antenna is resonant at the incident wavelength � = 1064 nm.

The distance between the feed element and the re¯ector is 210 nm and

the distances between the other elements are270 nm. We fabricate an-

tennas with different sizes by changing the length of all elements in 10

nm steps.

We excite the antenna structure, which is fabricated on a glass sub-

strate (n = 1.46) from the air side with an angle of � = 20� between

the substrate surface and the incident beam. The incident light is polar-

ized along the long-axis of the antenna elements (y-polarization). An

AFM -tip close to the antenna structure picks up the vertical near-®eld

component and scatters it back to the far-®eld where the detector is

placed [66, 125, 126]. The tip radius is typically around 10 nm, which

de®nes the imaging resolution. Raster-scanning the tip over the whole

antenna structure gives a complete near-®eld map. Mixing the back-

scattered signal with a reference beam allows in addition to the ampli-

tude measurement also the phase measurement of the electric near-®eld.

We use numerical simulations to design the Yagi-Uda nanoantenna

and to support our experimental ®ndings. We take into account the sub-

strate as well as the oblique incidence in the aSNOM setup. The material

properties of gold are described by the Drude model using the parame-

ters ! pl = 1.37� 1016 rad/s, 
 = 1.2 � 1014 rad/s.

4.2.1 Radiation pattern of planar Yagi-Uda antennas on a glass substrate

The far-®eld of a dipole emitter close to the interface of two media is

mostly emitted into the optically denser medium [ 53]. For optical Yagi-

Uda antennas the forward/backward ratio is maintained even though

the main lobe is de¯ected into the glass substrate [ 85]. Since we have

only access to the upper half-space of air in our experimental setup [see

Figure 15 (a)], we have to make sure that the directive properties of

the Yagi-Uda nanoantenna are preserved in the air halfspace and can

hence be measured with aSNOM. We therefore determine the radiation
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pattern of our optical Yagi-Uda antenna. In numerical simulations we

excite the feed element with a dipole emitter at � = 1064 and extract

the phase and the amplitude of the current densities in the individual

antenna elements. It allows us to calculate the far-®eld response by

replacing the antenna elements with single dipoles with the respective

phase and amplitude distributions on top of a dielectric half-space with

n = 1.5 [53].

In Figure 16 (a) we show the vertical cut ( xz-plane) of the calculated

emission pattern for the Yagi-Uda antenna oriented along the x-direction.

Most of the radiation goes into the glass substrate but a directive radia-

tion pattern is maintained in air. In Figure 16(b) we plot the 3D radiation

pattern in the air half-space illustrating a directive emission along the an-

tenna axis into the direction of the directors (positive x-direction). The

cone with an opening angle of 140� indicates the accessible wavevec-

tors in our experiment decided by the oblique incident light. We ex-

pect to observe the same receiving pattern as in the transmitting mode.

We check this assumption in numerical simulations where we simulate

plane waves incident onto the Yagi-Uda nanoantenna from directions on

the cone. We calculate the receiving pattern by extracting the electrical

near-®eld at the position where the dipole emitter is in the transmitting

mode [blue dots in panel (c)]. We observe very good agreement between

the receiving pattern and the conical cut of the emission pattern (red

curve). Both show strong directivity in the forward direction. Therefore,

we expect to observe the directivity of the optical Yagi-Uda antenna by

measuring a strong near-®eld enhancement at the feed-element for inci-

dent light from the director side.

4.2.2 Optical near-®eld measurement of planar Yagi-Uda nanoantennas

We investigate the near-®eld distributions of optical Yagi-Uda nanoan-

tennas. We tune their resonance by changing the size of the individual

elements. Figure 17 shows the near-®eld amplitude for a Yagi-Uda an-

tenna resonant to the incident wavelength � = 1064 nm (center), com-

pared to a blue-detuned (left) and a red-detuned (right) antenna. We
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Figure 16: Calculated emission pattern of the planar Yagi-Uda nanoantenna on a

glass substrate. (a) Sideview showing the radiation pattern in the up-

per (air) and lower (glass) half-spaces (xz -plane). (b) 3D radiation pat-

tern in the air half-space where the cone indicates the incident wavevec-

tors in the aSNOM setup (� = 20 � ). (c) Calculated emission pattern

(red) compared to receiving pattern (blue) for the accessible wavevec-

tors on the surface of the cone as shown in (b). The receiving pattern

is obtained by calculating the near-®eld enhancement at the feed ele-

ment (load) as a function of the incident angle. It demonstrates higher

directivity for the positive x -direction. Adapted from [ 123].

excite the antennas from the forward direction inducing a phase retar-

dation of the plasmon oscillation from the directors to the re¯ector. De-

spite the small length variations of only 10 nm, a pronounced difference

in the near-®eld amplitude is observed. For the blue detuned antenna,

the re¯ector shows a strong near-®eld response besides the feed element.

In the case of the resonant antenna, the near-®eld enhancement occurs
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Figure 17: (a) Amplitude measurements of the near-®eld distribution around

Yagi-Uda nanoantennas for forward incident light when blue de-

tuned (left), in resonance (center), and red detuned (right). A ®eld-

concentration to the feed-element is observed when the antenna is in

resonance with the incident wave from the forward direction. (b) Cor-

responding simulations of the electric-®eld amplitude on the plane 5

nm above the antenna.

solely at the feed element. Increasing the size of the antenna further

shifts the con®ned near-®eld to the ®rst director. One might suggest

that this is purely due to the individual plasmon oscillations tuned in

resonance with the ®xed incident wavelength, i.e., either the re¯ector,

the feed or the directors are in resonance by increasing the antenna size.

But in the case of the resonant antenna and better visible in the case of

the red detuned antenna, the ®rst director is brighter than the second

director even though they are equal in length. It indicates that there is a

strong mutual coupling between the elements besides the direct far-®eld

excitation. This observation is supported by near-®eld simulations from

which we can extract the near-®eld amplitude.

In order to investigate the near-®eld coupling further, we plot in Fig-

ure 18 the phase of the near-®eld distributions for the resonant antenna
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and the detuned antennas, where we change the lengths of the elements

by 30 nm. The retardation from element to element due to the oblique
�p�h�a�s�e

�s�i�z�e� �-�3�0� �n�m �r�e�s�o�n�a�n�t �s�i�z�e� �+�3�0� �n�m

�-�1�8�0�°

�-�9�0�°

�0�°

�+�9�0�°

�+�1�8�0�°

Figure 18: The phase distributions of blue-detuned (left), resonant (center) and

red-detuned (right) optical Yagi-Uda antennas are shown for forward

incident light. In the resonant case, a phase difference of the feed

element compared with the directors and the re¯ector is observed. For

the other two cases the feed element is in phase with the directors

(blue detuned antenna) and with the re¯ector (red detuned antenna),

respectively.

incidence is subtracted. The phase images therefore give us the informa-

tion how the individual elements couple to the surrounding electric ®eld

not including the retarded phase of the incident light. For the smaller

antenna (size - 30 nm) the two directors are in phase with each other

and as well with the feed element. The longer re¯ector is ahead of them

in phase. For this blue detuned antenna with respect to the incident

wavelength � = 1064 nm the short directors and feed element couple

capacitively to the surrounding ®eld whereas the re¯ector has already

picked up some phase since its plasmon resonance frequency is closer

to � = 1064nm. In the resonant antenna, both directors are oscillating

in phase but are retarded with respect to the feed element. The feed

element has itself a phase retardance compared to the re¯ector. The

phase difference between the directors and the re¯ector reaches nearly

180� , while the feed element has a phase in between the two. Hence, the

feed element is in resonance with the surrounding ®eld and the director

(re¯ector) couple capacitively (inductively). For the larger red detuned

antenna (+ 30 nm), the re¯ector and the feed element oscillate in phase
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leading the current oscillation in the directors. Similar as in the case of

the amplitude measurements, these observations might suggest that sim-

ply the length tuning of the individual elements through the resonance

leads to these phase distributions and hence near-®eld concentration at

the feed element. However, we will see in the next section that illuminat-

ing the sample from the backward direction leads to a complete different

near-®eld response. Such a difference proves that the ®eld distributions

do not simply result from the far-®eld excitation of uncoupled elements.

4.2.3 Directional receiving with optical Yagi-Uda antennas

We have seen in the previous section that for the resonant antenna light

incident from the forward direction is concentrated to the feed element

(seeFigure 17). This is associated with a phase retardation of the plas-

mon oscillation from the re¯ector to the directors. We now turn our op-

tical Yagi-Uda nanoantenna by 180� so that we illuminate the antenna

from the backward direction. Figure 19 shows a comparison between

the near-®eld amplitudes for forward and backward incident light. The

forward and the backward incidences result in completely different near-

®eld amplitudes. Therefore, the ®eld distributions cannot be explained

with purely length tuning of the different elements. The difference in the

excitation phase due to the opposite illumination directions and mutual

coupling between the elements is the reason for the different near-®eld

responses. Upon forward illumination, the scattered ®elds from the di-

rectors and the re¯ector add up constructively at the feed element. This

turns into a destructive interference for backward incident light, sup-

pressing the resonance of the feed element. The differences between the

near-®eld distributions for forward and backward illuminations of the

same structure is a clear proof of the antenna directionality. Our experi-

mental observations are in good agreement with numerical simulations,

which we plot in the bottom row of Figure 19. Overall the near-®eld in-

tensity is more homogeneously distributed among all elements for back-

ward incident light.
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Figure 19: The top row shows the experimental near-®eld distribution of the reso-

nant optical Yagi-Uda antennas for forward (left) and backward (right)

incident light. The energy is con®ned to the feed element for forward

incident light. The bottom row is the respective simulated near-®eld

distribution con®rming the directional receiving of optical Yagi-Uda

nanoantennas due to higher near-®eld concentration at the feed ele-

ment for forward incident light.

In experiment, we have tuned the size of the antennas in and out of

resonance for a given incident wavelength, as shown in Figure 17. In

simulations, we can analyze the spectral properties for a ®xed antenna

size. We calculate the near-®eld component normal to the substrate at

the feeding point close to the feed element and show the results in Fig-

ure 20. We use the actual geometric parameters of our resonant Yagi-Uda

antenna, which we obtain from electron microscopy. Again, we investi-

gate both the cases of the forward (red curve) and the backward (green

curve) incident light. A minimum is observed around 1050nm for the

backward incident light, which is a maximum for the forward incident
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Figure 20: The spectral response of the near-®eld enhancement at the feed ele-

ment is shown. At the incident wavelength � = 1064 nm the near-

®eld is resonantly enhanced for forward incident light (red curve)

compared to backward incident light (green curve). The blue curve

is the forward-backward ratio being a maximum around the illumina-

tion wavelength.

light. The forward-backward ratio with a peak value of more than 10

shows that we obtain highest asymmetry of the near-®eld enhancement

at about our illumination wavelength.

4.3 3d yagi -uda nanoantenna arrays

We have seen that the radiation pattern of a planar Yagi-Uda antenna

is strongly modi®ed by the presence of the glass substrate. The radia-

tion tends to be de¯ected into the substrate and it is therefore dif®cult

to make use of the directional properties in practical applications. Here,

we demonstrate how to achieve directive radiation out of the substrate

plane along the surface normal. We use an array of 3D optical Yagi-Uda

antennas, which we fabricate with our EBL stacking technique (seeSec-

tion 3.2). As in the previous section we investigate the optical properties

of the 3D antenna array as a receiver. It is done with conventional FTIR

spectroscopy since the forward and the backward directions of the 3D

Yagi-Uda antennas are along the optical path of the spectrometer. We



48 directional receiving of light with yagi -uda nanoantennas

use numerical simulations in order to illustrate the beamsteering out of

the substrate plane.

4.3.1 Directivity enhancement by nanoantenna arrays

We use a 3D Yagi-Uda antenna with its axis perpendicular to the sub-

strate (along the z-axis, as shown in Figure 21). Besides maximal di-

rectivity out of the substrate plane, the 3D geometry allows us to array

Yagi-Uda antennas along the other two dimensions so as to realize a 2D

antenna array with high directivity and beamsteering along the � - and

' -direction as introduced in Section 2.3.

In my diploma thesis we investigated the directivity pattern of the

antenna array. We used numerical calculations to determine the radia-

tion pattern by exciting the feed element with a dipole emitter with its

dipole moment oriented along the feed axis ( � = 1500nm) and at a dis-

tance of 5 nm. In Figure 21 (a) we plot the simulated radiation pattern

of a single gold Yagi-Uda antenna in the xz- (left) and yz-plane (right).

The antenna axis is along the z-axis, which is the substrate normal. The

antenna consists of three elements: a re¯ector, a feed and a director. To

take into account the dielectric matrix in experiment we set the refractive

index of the calculation domain to n = 1.55. In Figure 21, we compare

the radiation patterns of the Yagi-Uda antennas (colored curves) to the

emission patterns of the emitters without antennas (black curves). We

optimize the three-element structure to obtain maximum radiation into

the positive z-direction (forward direction) by varying the geometrical

parameters of the Yagi-Uda antenna. We start from optimizing the feed

to maximize the radiated power of the emitter-antenna coupled system.

The optimal length of the feed element is found to be 250 nm. In this

case the far-®eld radiation is completely determined by the dipole mode

of the plasmon resonance. By adding a slightly longer element below

the feed element, the re¯ector, the symmetry is broken and the directiv-

ity along the substrate normal is enhanced. We maximize the directivity

by optimizing the length of the re¯ector and its distance to the feed ele-

ment. The procedure is repeated for the shorter director, which is placed
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Figure 21: The radiation patterns in the xz - and yz -plane of (a) the single Yagi-

Uda antenna , (b) a2 � 2 array and (c) a 3 � 3 array are shown. To each

feed element we couple a dipole emitter ( � = 1500 nm). Increased

directivity is observed for increasing array size. Adapted from [ 124].

above the feed element. The red detuned re¯ector couples inductively

and the blue detuned director couples capacitively to the surrounding

®eld when the feed element is in resonance with the dipole emitter. The

induced current distribution across all elements leads to constructive

interference of the ®elds in the positive z-direction (forward direction)

and cancels out the radiation in the negative z-direction (backward di-

rection). For the single antenna in Figure 21 (a), a directivity of 6 in the

forward direction is observed (orange curves), which is an enhancement
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compared to the directivity of the dipole emitter (black curves), which

is 1.5.

We now consider a 2D antenna array of 3D Yagi-Uda nanoantennas. In

Figure 21 (b) and (c) we show the examples of a 2 � 2 array and a 3 � 3

array where each Yagi-Uda antenna is excited by in-phase oscillating

dipole emitters. As a reference, we always show in black the directivity

patterns of the dipole emitters. The radiation patterns in Figure 21 (b)

and (c) illustrate the advantage of higher directivity by using directive

antennas in the array. Importantly, the maximal directivity, which is

along the z-direction, becomes higher with adding elements to the array.

It scales from 6 for the single antenna to about 15 for the 2 � 2 antenna

array and reaches almost 25 for the 3 � 3 antenna array.

We want to note here that these directivities are obtained by coupling

the antenna structures to the dipole emitters that oscillate all in phase.

A phase-stable feeding circuit for nanoantenna arrays is very challeng-

ing and new concepts will be necessary for its experimental realizations.

Coherent nonlinear excitation and emission processes of nonlinear ma-

terials, which can be positioned at the feeding points of the individual

antennas, could be one solution.

4.3.2 Fabrication of nanoantenna array

During my diploma thesis, I was able to obtain ®rst results on the fab-

rication of the 3D geometry. In this thesis, I am able to achieve the

necessary accuracy in theEBL layer-by-layer stacking procedure (see Sec-

tion 3.2) and the new results are presented here. A SEM micrograph

together with a schematic is shown in Figure 22. The inset in (a) depicts

the geometry of the single Yagi-Uda antenna, consisting of a re¯ector,

a feed and a director, as it has been designed in the previous section

(resonant wavelength � = 1500nm). We choose the periodicity to be 450

nm in x-direction and 300 nm in y-direction, which is sub-wavelength,

to avoid opening of the diffraction channels due to the periodic arrange-

ment. The nominal lengths of the re¯ector, the feed and the director

are 300nm, 250nm and 230nm, respectively. The distance between the
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Figure 22: (a) Schematic of the 3D Yagi-Uda nanoantenna array. Px = 450 nm

and Py = 300 nm are the periodicities in x - and y -direction, respec-

tively. The inset is the single Yagi-Uda antenna consisting of a re¯ector

(length 300 nm), a feed (length 250 nm) and a director (length 230

nm). The distance between the layers is 100 nm. (b) SEM micrograph

of the fabricated structure. The antenna array is embedded in PC403

and the footprint of the array is 90 � 90 � m2 . Adapted from [ 124].

layers is estimated to be 100 nm from the spin-coating parameters (see

Section 3.2). The antenna array has a footprint of 90� 90 � m2 and, af-

ter fabrication of the third layer (director), we spin-coat another layer of

PC403to embed the structure completely in a dielectric matrix.

4.3.3 Receiving properties of the antenna array

We have seen previously that aSNOM can be used to map the optical

near-®eld distribution and also to demonstrate directional receiving by

changing the direction of incident light on the antenna. The technique

requires direct tip-sample interaction. Therefore, it cannot be used to

investigate the receiving properties of our embedded antenna structure.

In Chapter 5, we propose a novel technique, which is able to measure the

near-®eld distribution of 3D buried antenna structures and is suitable for

the IR and THz frequency region. Here, we use absorption as an indirect

measurement of the current distribution inside the antenna structure.
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The total loss of the antenna array Ptot can be expressed in terms of the

currents in the individual elements as

Ptot = ( Pdir + Pfeed + Pref) = mR(I2
dir + I2

feed + I2
ref) (54)

where m is the number of antennas in the array and Idir (I feed, I ref) is

the current inside the director (the feed, the re¯ector). R is the resistance

of the nanorods and assumed to be equal for all elements as the lengths

only differ by about 100 from each other. Equation 54 shows that the

antenna array has higher absorption when the currents in re¯ector, feed

and director are higher and not equally distributed over the elements.

We can characterize the receiving properties of the antenna array with

conventional FTIR spectroscopy since the antenna axes are along the op-

tical path in the spectrometer and the forward and the backward di-

rections can be assessed by ¯ipping the sample in the beam path. Fig-

ure 23 (a) shows the schematic with the de®nitions for the forward and

the backward directions. Figure 23 (b) shows the numerical calculation
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Figure 23: (a) Schematic showing that the forward notation is used for light im-

pinging from the director side ( + z) and the backward notation for

light impinging from the re¯ector side ( - z). The polarization is along

the long-axis of the elements. (b) Numerically calculated transmittance

and re¯ectance spectra for forward and backward incident light where

the transmittance is equal but a distinct difference occurs at the reso-

nance wavelength � = 1500 nm in the re¯ectance spectra. Adapted

from [ 124].

of the transmittance and the re¯ectance spectra for the two incident di-
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rections when the polarization is along the long axis of the antenna ele-

ments, which has also been investigated in my diploma thesis. The trans-

mittance is equal for incidence from both sides in contrast to a distinct

difference in the re¯ectance, which occurs at the resonant wavelength

� = 1500 nm. Almost no light is re¯ected at this wavelength for light

coming from the forward direction whereas only a small dip in the re-

¯ectance occurs for the backward incidence. This difference is attributed

to the resonant behavior of the single Yagi-Uda nanoantenna, which has

been designed to have maximum directivity in the forward direction at

this wavelength.

We show the transmittance and re¯ectance spectra from the experi-

ment in Figure 24 (a) and (b). In Figure 24 (a) the transmittance is equal
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Figure 24: (a) The transmittance is equal for forward and backward incident light.

(b) A difference at the resonant wavelength � = 1420 nm occurs in the

re¯ectance spectra for forward and backward incident light. Adapted

from [ 124].

when we turn the sample around in the beam path changing the incident

direction from forward to backward. It agrees very well with numerical

simulations. We want to mention here that three resonances are ob-

served in the transmittance, which are red- and blue-shifted compared

to the plasmon resonance of the single elements. This is an indication

of the near-®eld coupling between the layers due to hybridization [ 127].

What is also in good agreement with numerical simulations are the fea-

tures in the re¯ectance spectra. A signi®cant dip occurs at � = 1420nm
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for the re¯ected light at the forward incidence compared to a very small

modulation in the re¯ectance at the backward incidence at the same

wavelength. The slight blue-shift of the feature compared to the nu-

merical simulations is due to the fabrication tolerance of the plasmonic

structures and the deviation in the spacer layer thickness.

We can now deduce the absorption A from the transmittance T and

re¯ectance R, which becomes

A = 1 - T - R. (55)

We plot the absorption spectra calculated from the numerical simula-

tions in Figure 25 (a) and from experiment in Figure 25 (b). The ab-
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Figure 25: Absorption spectra deduced from simulations (a) and experiment (b)

are plotted for the forward and the backward incidence. The largest dif-

ference in absorption between the forward and the backward incident

light occurs at the resonance wavelength of about 1500 nm. Adapted

from [ 124].

sorption is signi®cantly higher around the resonant wavelength for the

forward incident light compared to the backward incident light. At the

resonant wavelength most of the power is dissipated in the gold struc-

tures for the forward incident light, which does not happen for the back-

ward incident light. Ptot in Equation 54 reaches its maximum at the

resonance wavelength for the forward incident light. We infer that the

high absorption is due to an uneven distribution of the current among
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the antenna elements upon illumination in the forward direction at the

resonant wavelength.

In Section4.2, we have shown that under excitation from the direction

of the maximum directivity, most of the energy is exclusively con®ned

to the feed element in a Yagi-Uda antenna (seeFigure 19). In order to

con®rm that this is the case as well in the 3D Yagi-Uda nanoantenna

array, we compare the simulated near-®eld distributions for the forward

and the backward incident light in Figure 26. The structure is excited by
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Figure 26: Near-®eld intensity distributions at the resonant wavelength, � =

1500 nm, for plane wave illuminations from the forward direction

(left) and the backward direction (right). Adapted from [ 124].

a plane wave at � = 1500nm. The strongest enhancement of the near-

®eld intensity occurs at the feed element under the illumination from the

forward direction. Another intensity enhancement is present at the tips

of the director whereas the re¯ector remains completely dark. The near-

®eld distribution is very different for the backward incident light where

the near-®eld intensity is evenly distributed among all elements with

an overall much weaker ®eld enhancement compared to the case with

the forward incident light. It proves that we have observed directional

receiving in the direction of the substrate normal of our 3D optical Yagi-

Uda nanoantenna array.
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4.3.4 Beamsteering with optical antenna array

We have seen earlier that feeding each element in the Yagi-Uda nanoan-

tenna array with the same phase leads to an enhanced directivity in the

direction perpendicular to the plane of the array. In Section 2.3 we have

introduced the concept of beamsteering, which is achieved by chang-

ing the phase between neighboring elements. In my diploma thesis, we

applied this concept in the optical frequency regime by feeding each

element in the 3D array with a different phase. Figure 27 (a) shows

how it could be realized as a device. Each row of antennas along the

�x
�y

�z

�x

�y
�z

�(�a�) �(�b�)

�”�Æ� �=� �1�2�0�° �”�Æ� �=� �-�1�2�0�°

Figure 27: (a) A 3 � 3 Yagi-Uda nanoantenna array is fed with nanoscale waveg-

uides. The feeding phase can be adjusted between adjacent nano-

antennas so that beamsteering is achieved. (b) Simulated radiation

pattern for the 3 � 3 array for a phase shift of �' = + 120 � and

�' = - 120 � along the x -direction between neighboring antenna

rows. Beamsteering from about - 30 � to + 30 � is realized. Different

peak directivities are observed as the feeding point is at one end of the

antennas. Adapted from [ 124].

x-direction is connected to a nanoscale waveguide, which is either a plas-

monic waveguide or a high refractive index dielectric waveguide. The

phase for each row can be adjusted by modulators so that in between

each two neighboring rows there is a phase shift. By assigning a phase

difference �' = - 120� to dipole emitters in adjacent rows and changing

it to �' = + 120� , we observe in simulation beamsteering over a range of
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60� . Figure 27 (b) shows the two radiation patterns when �' = - 120�

and �' = + 120� , respectively.

4.4 conclusion

We have shown in this chapter that directional receiving of radiation

at the nanoscale is possible with optical Yagi-Uda nanoantennas. We

have used aSNOM to analyze the modes of the receiving antenna and

the coupling mechanism between the individual elements in a planar

2D Yagi-Uda antenna. This antenna geometry and its directivity can

be easily tuned to different working wavelengths by just changing the

length of the elements. The directivity of the 2D Yagi-Uda antenna is

proved by measuring the near-®eld amplitude at the feed element under

forward illumination and comparing it to the near-®eld amplitude under

the backward illumination. The difference in the near-®eld distributions

is due to the directional properties of the antenna. It is a very promising

geometry for future applications, e.g., a nanoantenna link where the

transmitted energy scales with the square of the directivity, which is

studied in Chapter 6.

Furthermore, our measurement results demonstrate that the aSNOM

technique is an appropriate tool to measure the directive properties of

optical Yagi-Uda nanoantennas by assessing the near-®eld amplitude at

the feeding point for different incident angles. Deep sub-wavelength

resolution is achieved when mapping the amplitude and the phase. The

results give insight into the working principle of the optical nanoanten-

nas.

We have also realized 3D Yagi-Uda antennas with directive receiving

properties from out of the substrate plane. It allows to fabricate 2D an-

tenna arrays with the advantages of large enhancement of directivities

and beamsteering. We have investigated the receiving properties of such

Yagi-Uda nanoantenna arrays and have proved the ®eld con®nement at

the feed element under forward illumination by using conventional FTIR

measurement as well as numerical simulations.





5
S U B - WAV E L E N G T H L I G H T- M AT T E R I N T E R A C T I O N

I N T H E I N F R A R E D

5.1 introduction

Optical spectroscopy in the IR region is a powerful analysis tool to detect

and identify different kind of molecules. Molecules exhibit vibrational

excitations at energies which are characteristic to the nature of the oscilla-

tion. Therefore the optical response is unique for each kind of molecule

and its IR spectrum hence termed molecular ®ngerprint.

Nevertheless, huge quantities of molecules are needed for conven-

tional spectroscopy techniques such as FTIR spectroscopy since the ex-

citation of the vibrational resonances in the molecules is very inef®cient.

Seeingonly a few molecules or even single molecules and identifying

them via their molecular ®ngerprint plays a decisive role in health care,

e.g. for early disease diagnostics or in industrial applications, e.g. in the

detection of harmful substances or the detection of tiny concentrations

of explosive gas mixtures.

This goal can be achieved by enhancing the optical cross section of

molecular oscillations using surface-enhanced scattering techniques [128].

In surface-enhanced Raman scattering (SERS) the Raman signal is en-

hanced by several orders of magnitude, which was ®rst observed by

Fleischmann et al. on a roughened electrode surface [129]. Further

experimental work on the origin of the enhancement was performed

independently by van Duyne and Creighton [130, 131]. Over the years

the sensitivity of the technique was improved so that the Raman signal

of single molecules could be detected [80, 132]. Recently, sophisticated

plasmonic nanoantennas were designed to serve as ef®cientSERSsens-

ing platforms [ 64, 133] enabling a well-engineered optical response of

the adsorbed molecules [134±137].

59
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In surface-enhanced infrared absorption ( SEIRA) the interaction of mo-

lecular vibrations with incident IR light is enhanced using nanostruc-

tured metallic substrates, which exhibit plasmonic resonances in the IR

region. This effect was ®rst observed by Hartstein et al. [138]. In the

following years rough metallic ®lms [ 139, 140], metallic nanoshells [141]

or metallic nanoantennas [142±144] were used to increase light-matter

interaction in the IR region via SEIRA.

In this chapter we will use SEIRA to detect very few quantities of mol-

ecules down to monolayers adsorbed on metallic nanoantennas as it is

illustrated in Figure 28(a). The nanoantennas, generating high near-®eld

intensities shown in Figure 28 (b), are tuned in resonance or close to res-

onance with the vibrational oscillation. A typical infrared spectrum of

vibrational bands is shown in Figure 28 (c). For this speci®c case the

antenna in (b) is in resonance with the Amide I vibration of proteins

and could be used to enhance the vibrational excitation in close by posi-

tioned proteins. Numerical calculations are used to design the antenna

structures and also to predict the response of the coupled system, an-

tenna plasmon and vibrational band. We will in detail elaborate on the

mechanism of the light-matter interaction in this hybrid system introduc-

ing the concept of Fano-resonances [145]. The main part of this chapter

will deal with a new method, which we develop to map plasmonic near-

®eld intensities in the IR region based on SEIRA. For this we will use

the quantitative response of the SEIRA signal, which depends on the lo-

cal position of the molecules with respect to the nanoantennas. This is

in particular important for the design of novel plasmonic structures and

for the optimization of the coupling to molecular vibrations for detection

and identi®cation of trace substances. Moreover, our approach allows us

to identify the physical mechanism which leads to the SEIRA signal. Our

method is furthermore not restricted to planar surfaces but can measure

the near-®eld intensity of 3D complex antenna structures. We will use

a 3D plasmonic electromagnetically induced transparency ( EIT) structure

to demonstrate this. Our method is hence a complementary analysis

tool to state-of-the art near-®eld mapping techniques.
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Figure 28: (a) Artistic impression of molecules adsorbed on the gold surface of

plasmonic nanoantennas. (b) Numerically calculated far-®eld spec-

trum of an antenna array with a resonance frequency at the vibrational

excitation of the Amide I band around 1640 cm- 1 indicated by the

black dashed line. The antenna length is 2650 nm. The inset shows

the top-view of the near-®eld intensity at the resonance wavelength.

(c) Typical infrared spectrum of a protein layer ( GIPC1) on gold sur-

face. The gray area indicates the region of the Amide I and Amide II

vibrations. (Courtesy of Frank Neubrech).

5.2 theoretical background

In this section the interaction of molecular vibrations with the light ®eld

will be shortly introduced. Furthermore an introduction to the concept

of Fano-resonances is given, which describe the spectral response ofEIT-

like plasmonic structures and SEIRA. We ®nish this section with a short

discussion about the signal origin in SEIRA experiments.
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5.2.1 Molecular ®ngerprints

The number of degrees of vibrational motion of a molecule is 3N - 6 with

N the number of atoms in the molecule and N > 3 [146]. These vibra-

tional bands are associated with stretching, bending or rotational transi-

tions where only stretching and bending vibrations can be observed in

the condensed phase of molecules. They occur throughout the IR and

THz region and can be probed with IR spectroscopy. Each observed band

is characteristic for the vibration of a particular subgroup of atoms in

a many atom molecule. IR spectroscopy is hence a powerful tool for

structural analysis and identi®cation of molecules [ 146].

The frequency �� of the vibrational band is given by the energy dif-

ference

�E = h� f - h� i (56)

of the transition from the initial state i to the ®nal state f . Its intensity is

determined by the perturbation of the molecule by the electromagnetic

radiation. The perturbation is described in the quantum mechanical

framework and in the dipole approximation by the operator Ã � = q � Ãr,

q being the effective charge and Ãr the effective displacement operator

associated with the oscillation. The transition probability reads as [ 147]

Pif / j h	 f j Ã� j	 i i j2 . (57)

A vibrational transition is optically active and can be observed in the IR

spectrum if the matrix element in Equation 57 is not vanishing and a

change of the dipole moment is associated with the transition [ 146].

5.2.2 Fano-resonances

Fano-resonances are found in a multitude of physical phenomena [ 148].

Originally, Fano used his theoretical formula for explaining the lineshape

of the spectrum of inelastically scattered electrons by helium [ 145]. Gen-

erally, Fano-resonances appear in physical systems where a spectrally



5.2 theoretical background 63

broad resonance and a spectrally narrow resonance are coupled. Inter-

ference of the different excitation pathways of the broad resonance leads

to the typical lineshape, which furthermore depends on the energy over-

lap. It can be expressed as [148]

� =
(2(! - ! 0 )=
 + q)2

(2(! - ! 0 )=
 )2 + 1
. (58)

where � is the cross section with resonance frequency ! 0 and spectral

width 
 . The Fano-parameterq determines the asymmetry of the Fano-

resonance lineshape.

Recently, this intriguing phenomena was also observed in different

arrangements of plasmonic and metamaterial structures [ 96, 149, 150],

such as dimer structures [151±156], plasmonic oligomer structures [ 157±

163], hybrid material structures [ 164], as well as discussed in theoretical

investigations [ 165±169].

5.2.2.1 EIT-like effects in plasmonics

Fano+s theory can describe the physical phenomena ofEIT. EIT is a purely

quantum mechanical effect in an atomic three-level systems [170] where

destructive interference of two excitation pathways renders a dipole tran-

sition dark. The level scheme is drawn in Figure 29 (a). The transition

j0i ! j1i is dipole allowed and hence strongly radiation damped (large


 1 ). The transition j0i ! j2i is dipole forbidden and the decay rate


 2 is therefore small. Another laser is used to couple j1i to j2i , which

means that j1i can be populated via two excitation pathways: directly via

j0i ! j1i and due to the coupling � via j0i ! j1i ! j2i ! j1i . Destruc-

tive interference of the two pathways renders the transition j0i ! j1i

dark and leads to a narrow transparency peak in a broad absorption

dip where the linewidths are determined by the decay rates 
 2 and 
 1 ,

respectively. The detuning � in energy determines the symmetry of the

transmittance spectrum. A typical EIT spectrum is shown in Figure 29(b)

for the perfect symmetric case when � = 0.

Even though EIT describes a coupling phenomena of quantum me-

chanical discrete states,EIT-like effects can be observed in classical sys-

tems, such as coupledLC resonators [172, 173]. In plasmonics, the con-
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Figure 29: (a) Three level scheme ofEIT. For switched on coupling � the excited

state j1i (bright state) is populated directly via the ground state j0i

and simultaneously via the dark state j2i following j0i ! j1i !

j2i ! j1i . Interference leads to a transparency window. In a classical

plasmonic EIT system the bright state can be a dipole (red) coupled to a

quadrupole (dark state, blue). 
 1 and 
 2 are the decay rates of bright

and dark transition with 
 1 � 
 2 and � is the detuning. Adapted

from [ 171]. (b) Typical EIT spectrum for � = 0 illustrating the EIT

effect.

cept of the coupling scheme in Figure 29 still holds true when one re-

places j1i with a metallic structure supporting a strong dipole moment

(e.g. dipole antenna), which couples effectively to the radiation ®eld. j2i

is then a structure with weak dipole moment (e.g. quadrupole), being

dark for the direct excitation via the radiation ®eld. The coupling of

bright and dark mode to each other in a plasmonic system is mediated

via the near-®eld and renders the dipole mode dark at the transparency

peak. The lineshape is narrow, which was recently harnessed in sensing

applications where the steep slope of the spectrum increases the sensi-

tivity on refractive index change of the environment [ 116, 174]. The high

Q of the resonator can also be used to enhance the ef®ciency of nonlin-

ear frequency conversion with plasmonic structures [ 170] and the strong

dispersion renders these structures promising for slow light applications

[175, 176] or reduction of losses [177].

The EIT effect depends crucially on the near-®eld coupling between

dark and bright mode. This becomes an issue in fabrication for 2D struc-

tures where one needs to put them very close to each other on the or-

der of several nm. This is hampered by the lateral size of the metallic

nanostructures together with proximity effects in top-down EBL process
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Figure 30: (a) Schematic of the3D plasmonic analogue of EIT structure. Incident

light is polarized along the long-axis of the bright dipole stacked on top

of a dark quadrupole. Near-®eld coupling leads to mutual coupling

between quadrupole and dipole. (b) Typical transmittance spectrum

with respective charge distribution at the different modes: Low energy

bright mode, dark mode, and high energy bright mode.

where small gaps are challenging to be realized. Stacking the structures

on top of each other using a two-step EBL process proximity effects are

avoided and the distance is tuned by the spacer layer (see Section 3.2).

For example, Liu et al. fabricated a plasmonic dipole antenna on top

of a plasmonic quadrupole [ 107]. A schematic of the structure is de-

picted in Figure 30 (a). The structure is embedded in a dielectric matrix

and incident radiation is polarized along the long axis of the dipole. The

dipolar charge distribution of the top wire leads to a quadrupole like

charge distribution in the two wires below when the dipole is laterally

displaced from the center position towards the tips of the quadrupole.

As shown in the transmittance spectrum of Figure 30 (b) the near-®eld

coupling results in two bright modes with excitation of charge oscilla-

tions in the dipole and the quadrupole, leading to Fano interference. It

can also be understood in terms of mode coupling by looking at the

charge distribution with the hybridization scheme for plasmonic struc-

tures [127, 178, 179]. For frequencies between the two modes the struc-

ture is transparent because the interference leads to canceling out of the

charge distribution in the dipole at this spectral position.
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Additionally, for larger distances between the two layers, retardation

has to be taken into account. The coupling � can now not only be

switched on or off but the phase can be tuned by increasing the dis-

tance between the layers where near-®eld coupling is still maintained.

For a properly tuned distance this can result in constructive interference

of the two excitation pathways of j1i , which was recently demonstrated

in plasmonic nanostructures and termed plasmonic analogue of electro-

magnetically induced absorption ( EIA) [109].

5.2.2.2 Fano-lineshapes in antenna-enhanced vibrational spectroscopy

Loosely speaking the plasmon mode in a metallic nanoparticle with

large dipole moment can be considered as a classical continuum. Re-

placing the narrowband plasmonic resonator (quadrupole in the previ-

ous section) by quantum systems with discrete states such as quantum

dots, atoms, or molecules, Fano interference occurs as well. This is par-

ticularly interesting since the coupling is mediated via the near-®eld and

is observed via the lineshape in the far-®eld. We obtain therefore insight

into light-matter coupling at the nanoscale by means of far-®eld spec-

troscopy. Furthermore these quantum transitions couple very weakly to

the external light ®eld and can be made visible via the coupling to plas-

monic antennas. Such quantum systems with narrow lineshapes are for

example vibrational transitions in molecules in the IR region. Recently,

rigorous electromagnetic calculation and a quantum mechanical model

were used to gain an understanding of the plasmon-molecule coupling

at a quantum level [ 180] following the approach of Fano [ 145].

On the other hand a purely classical description using coupled har-

monic oscillators can give an intuitive picture of the light-matter cou-

pling as it has been outlined in [ 181]. In this picture, Lorentzian oscil-

lators are coupled via a coupling rate to each other where only one os-

cillator experiences an external driving force. The absorption spectrum

exhibits a Fano lineshape describing the experimental observations. The

lineshape of the absorption spectrum in SEIRA experiments can there-

fore directly hint on the coupling mechanism of vibrational transitions

to plasmonic modes. SEIRA experiments are furthermore intriguing be-
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cause they make optically weak transitions of only a few molecules visi-

ble. Using plasmonic EIT structures for enhancing vibrational transitions

adds another twist and could be bene®cial for the signal enhancement

due to higher near-®eld intensities at the high- Q dark modes of the plas-

monic structure [ 149].

5.2.3 Signal enhancement

In SERS, the enhancement factor can be approximated to be proportional

to the fourth power of the near-®eld intensity enhancement [ 182]
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(59)

where Eloc is the local near-®eld amplitude at the laser frequency ! L

and the Raman frequency ! R. E0 is the near-®eld amplitude without

plasmonic scatterer and the second approximation is valid for a small

Raman shift due to the vibrational excitation.

In SEIRA, the antenna is resonant in the infrared to the vibrational

transition of the close-by molecules. The excitation rate depends on the

local near-®eld intensity. It can be shown in ab initio calculations for

typical antenna-molecule geometries that the reemission of light by the

molecule is not prominent and the photon gets absorbed. A more hand-

waving argument for this can be made by considering the characteristic

size a of a vibrational dipole transition. It is much smaller than the

incident wavelength � in the IR and a simple comparison of the classi-

cal scattering cross sectionCsca / a6=� 4 and absorption cross section

Cabs / a3=� for small particles yields (see Equation 34):

Cabs

Csca
=

�
�
a

� 3

with � � a (60)

This suggests that in contrast to SERSexperiments, absorption and not

scattering is the dominant process in SEIRA. The channel scattering from

the antenna to the molecule and back into the far-®eld via the antenna is

a negligible process in SEIRA experiments [183] since the photon gets ab-
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sorbed via the vibrational transition. As a consequence the SEIRA signal

scales linearly with the local intensity:

f SEIRA /

�
�
�
�
Eloc

E0

�
�
�
�

2

(61)

This will be experimentally addressed in Section5.4 where sub-wavelength

volumes of molecules are positioned at different locations with respect

to plasmonic antennas to probe their local near-®eld intensity enhance-

ment.

5.3 detecting molecular monolayers with optical anten -

nas

The extinction of light by molecules in a homogeneous sample with con-

centration C and thickness d is described by the Lambert-Beer-law [ 146]

- ln
I
I0

= �Cd . (62)

It can be shown that the absorption coef®cient � is proportional to the

transition probability in Equation 57 [146], which is determined by the

small dipole moment associated to the vibrational oscillation. For con-

ventional IR spectroscopy long pathways d and high sample concentra-

tions C are therefore needed to detect the vibrational transitions. Yet,

for a large amount of applications in pharmaceutics or industry, it is

essential to do spectroscopy on low concentrated samples down to sin-

gle molecules. In this section we will show how to prepare monolayers

of molecules on metallic surfaces and use plasmonic antenna structures

with high local ®eld intensities to make these single molecular layers

detectable with antenna-enhanced spectroscopy.

5.3.1 Formation of monolayers on metallic surfaces

We use a self-assembled monolayer (SAM) to immobilize octadecanethiol

(ODT)1 molecules on a gold surface (seeFigure 31). Gold is a very good

1 Sigma Aldrich, Germany
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substrate for SAMs since its surface does not oxidize at ambient condi-

tions and can be cleaned easily. With a thiol group S- H at one end

the ODT molecules bind to the gold surface and form a homogeneous

monolayer where the orientation is well-de®ned due to van-der-Waals

interaction between the adjacent alkyl chains [ 184].
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Figure 31: The ODT molecules bind covalently to the gold and form a homoge-

neous monolayer on the surface.

ODT molecules adsorb from solution onto the surface. It is important

to keep the gold surface of the antennas clean after fabrication with EBL.

The PMMA residuals from the EBL process are therefore removed with O2

plasma etching. The sample is then immersed into a 0.1 mM solution

of ODT in at least 98 0 pure ethanol. The sample is removed from the

solution after 30 hours and rinsed off with pure ethanol.

5.3.2 SEIRA - Antenna-enhanced spectroscopy

It was recently shown that the vibrational transitions of a SAM of ODT ad-

sorbed on crystalline gold plasmonic antenna surfaces can be enhanced

up to the order of 105 [142]. Also, vibrational bands in proteins, which

are adsorbed on antenna structures, could be enhanced [26, 143, 149, 185,

186].

Here, we use EBL fabricated arrays of dipole antennas to observe vi-

brational transitions in a monolayer of ODT. Figure 32 (a) depicts the

symmetric and asymmetric vibration of the C - H2 bond in ODT. The

length of the antennas were tuned so that the plasmon oscillation is in

resonance with the vibrational bands. In this case the electric near-®eld

intensity is enhanced by more than two orders of magnitude as it is
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shown with numerical near-®eld calculations in Figure 32 (b). The po-

larization of incident light is along the long-axis of the antenna and the

sideview shows that most of the near-®eld intensity is enhanced at the

ends of the dipole antenna and con®ned to the surface. It is important

that the distribution is not signi®cantly altered by the presence of the

substrate, which is in this case CaF2 .
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Figure 32: (a) ODT exhibits a symmetric and an asymmetric stretch vibration of

C - H 2 at 2855 cm- 1 and 2927 cm- 1 , respectively. (b) Sideview

of the numerically calculated electric near-®eld intensity enhancement

I=I 0 of a plasmonic gold antenna on a CaF 2 substrate resonant at

the stretch vibrations of ODT. I (I 0) is the near-®eld intensity with

(without) antenna.

Figure 33 shows the measured transmittance spectra for ®ve different

antenna lengths with the polarization set along the long axis. The plas-

mon resonance is the broad peak shifting to lower energies with increas-

ing antenna length. For all antenna lengths the plasmon resonances ! pl

are red-shifted compared to the vibrational bands ! vib indicated by the

black dashed lines. At the spectral position of the vibrational bands of

ODT a dispersive feature is visible (zoom-in shown in the right panel) cor-

responding to the IR absorption of the monolayer. One can approximate

a SEIRA enhancement factor due to the presence of the resonant antenna

by taking as a reference the signal in infrared re¯ection absorption spec-

troscopy (IRRAS) measurement of ODT on a continuous gold ®lm. Only

the antenna ends where the near-®eld intensity is strongest are consid-

ered as interacting area. This means that the signal from about 150,000

molecules is considered ([142] and references therein). Figure 34 shows

a comparison of the enhancement factor for single crystalline gold an-
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Figure 33: Transmittance spectra for different antenna lengths with a SAM of ODT

on top of the gold antenna surface (left, spectra shifted for clarity by

0.1). The right panel shows a zoom-in of the transmittance spectra

at the symmetric and asymmetric vibration of C - H 2. Black dashed

lines indicate the vibrational bands. Spectra are shifted vertically for

clarity.

tennas (data partially taken from [ 142]) to the enhancement factor for

EBL fabricated antenna arrays as a function of the detuning of the plas-

mon resonance ! pl with respect to the vibrational band ! vib . Largest

enhancement is achieved when the two resonances are spectrally over-

lapping where also the near-®eld intensity is largest. It is shown that the

same order of magnitude enhancement is achieved with non-crystalline

antenna structures in an array con®guration. This suggests that the

larger surface roughness of thermally evaporated gold does not have
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Figure 34: (a) Sketch of a single crystalline gold antenna (top) and an array of

EBL fabricated gold antennas (bottom) on CaF 2 substrates used for

enhancing the vibrational excitation. (b) Enhancement factor for the

different antenna lengths as a function of the detuning ! pl =! vib .

Black squares are the estimated enhancement factors for the crystalline

gold antennas (data taken partially from [ 142]) and the gray line is a

Lorentzian ®t. Red circles are the enhancement factors for the EBL

fabricated arrays of gold antennas. (Courtesy of Frank Neubrech.)

major in¯uences on the adsorption process of ODT molecules and the

near-®eld enhancement associated with the plasmon resonance.
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5.4 mapping plasmonic near -field intensities using molec -

ular nanoprobes

In the previous section it was demonstrated that vibrational transitions

in molecules adsorbed on a plasmonic antenna surface exhibit orders

of magnitude enhancement due to very high near-®eld intensities as-

sociated with the plasmon resonance. The ®eld distribution of these

antennas suggest that the enhancement only stems from speci®c loca-

tions in the near-®eld of the antenna (seeFigure 32 (b)). It is therefore of

interest to assess these enhanced near-®eld intensities selectively. These

will help to design novel plasmonic antenna structures resonant in the

IR and optimized for coupling to vibrational transitions. Especially, 3D

antenna structures exhibting EIT-like resonances are intriguing systems

to enhance light-matter coupling in the IR as it has been outlined in Sec-

tion 5.2.

So far, two-photon luminescence (TPL) microscopy was used to map

plasmonic near-®eld intensities, which is limited by optical diffraction

[40, 187]. Techniques with sub-wavelength resolution, such as electron

energy loss spectroscopy (EELS) [65, 188], CL [163, 189], and photoemis-

sion electron microscopy (PEEM) [190, 191] require more complicated se-

tups. They are nevertheless mostly restricted to the visible or near- IR

region. High-resolution setups would be required to extend these tech-

niques to the IR region. Also, accessing the hot-spots of3D antenna struc-

tures which are buried in a dielectric matrix gets very dif®cult. Addition-

ally, in the case of EELS, the samples need to be prepared on ultrathin

membranes so that transmission electron microscopy (TEM) technology

can work. Another technique is SNOM, which has been routinely used

to map plasmonic near-®elds in the visible as well as in the IR spectral

region [49, 66, 72, 75, 123, 125, 183, 192±194].

However, mapping the electric near-®elds of complex 3D embedded

antenna structures [124, 195, 196] or plasmonic cavities [ 120, 197±199],

remains very challenging for EELS, PEEM, and CL. For SNOM, mapping

deeply below the surface is impossible because a direct tip-sample in-

teraction is mandatory and the near-®eld intensity decays exponentially
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with distance to the antenna surface. A further technique for plasmonic

near-®eld mapping is local refractive index sensing, which was used to

derive the local near-®eld intensity [ 200, 201]. Nevertheless, it is dif-

®cult to draw a quantitative conclusion from the spectral shift on the

actual near-®eld intensity. In addition, photosensitive molecular probes

around plasmonic structures were exposed via the plasmonic near-®eld

intensity and subsequently imaged with SEM or AFM , which is an indi-

rect measurement [202, 203].
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Figure 35: Molecules (blue) are positioned in the vicinity of plasmonic antennas

(gold) at well-de®ned locations. IR radiation ( x -polarized) is incident

on the antennas along the - z-direction exciting the plasmon reso-

nance. The molecular vibrational excitation depends on the spatial

overlap of the molecules with the plasmonically enhanced near-®eld in-

tensity. The spectrum is measured with conventional FTIR spectroscopy

in the far-®eld. A narrow extinction feature, the SEIRA-signal, is ob-

served on top of the broad extinction peak of the plasmon resonance.

In this section we present a new approach where a vibrational transi-

tion is used to directly map the near-®eld intensity of plasmonic nano-

structures. A schematic of the measurement principle is shown in Fig-

ure 35. Molecular patches are positioned with an accuracy of 10 nm

at different locations with respect to plasmonic antenna structures. The

probe volume is deeply sub-wavelength, namely 1.4 � 10- 5 the volume

of the free space wavelength cube. We measure the transmittance spec-
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tra of the antennas in the far-®eld with conventional FTIR spectroscopy

and extract the antenna-enhanced molecular vibrational strength as a

function of the patch position. This is illustrated in Figure 36 where a

typical extinction spectrum is shown. The broad peak is the plasmon

resonance and the dispersive feature stems from the vibrational transi-

tion in the molecules, which is enhanced via the plasmonic near-®eld.

A baseline correction where the spectrum is divided by the lineshape

of the plasmon resonance gives a Fano-lineshape (seeSection 5.2) [204].

This is the vibrational signal. The strength of this signal is de®ned in

the right part of Figure 36. It is a quantitative measurement of the local

near-®eld intensity since the vibrational strength scales directly with the

overlap of the local molecular probe with the local plasmonic near-®eld

intensity. This method works for plasmonic antenna structures resonant

in the IR or THz spectral region. We show that molecular probes can be

incorporated into complex 3D stacked plasmonic nanostructures, which

allows to measure their near-®eld intensity. This is not possible with the

aforementioned alternative methods and hence a stand-alone property

of the technique.
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Figure 36: The far-®eld extinction spectrum (left) is baseline corrected around the

vibrational resonance. The resulting spectrum ( SEIRA signal, right) is

a Fano-resonance due to coupling of the narrowband vibrational res-

onance to the broadband plasmon oscillation. The strength of the vi-

bration is de®ned as the maximum minus the minimum of the SEIRA

signal. Adapted from [ 78].

The presented results in this section are based on our publication of

Ref. [205].
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5.4.1 HSQ - the molecular probe

The probe molecules that we are using are patches ofHSQ with a volume

of 200� 200� 30 nm3 . HSQ is a high-resolution negative resist where

small volumes at well-de®ned position with our EBL stacking process

can be fabricated (seeSection 3.2).

On the other hand the patches are large enough that the optical prop-

erties of the material can be described with macroscopic material param-

eters. We follow here the derivation in [ 206].

The general wave equation in a conduction free medium is (see Equa-

tion 6)

r � (r � E) +
1
c2

@2E
@t2

= - � 0
@2P
@t2

. (63)

The polarization P of the material induced by the propagating incident

®eld vector E is described with a Lorentz model. It becomes for a har-

monically time varying ®eld with time dependence e- i!t

P =
ne2=m

! 2
0 - ! 2 - i!


E = � 0� M (! )E (64)

with the resonance frequency ! 0, the damping 
 , the density of electrons

n, and the massm and charge e of the electron. � M (! ) is the frequency

dependent susceptibility relating the polarization of the molecules to

the incident electric ®eld. Inserting Equation 64 in Equation 63 gives a

differential equation for the electric ®eld vector E where

E = E0ei ( kz - !t ) (65)

is a plane wave solution propagating along the z-direction provided that

the wavevector k becomes

k2 =
! 2

c2 (1+ � M (! )) . (66)

The wavevector is a complex number k = K + iA and the solution of

Equation 65 can hence be written as

E = E0e- A z ei ( K z- !t ) . (67)
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The extinction then becomes

- ln
I
I0

= - ln

�
�
�
�

E
E0

�
�
�
�

2

= 2Az, (68)

which becomes the Lambert-Beerlaw describing the intensity decay in

the medium (see Equation 62). In Section 5.2 we found that in a quan-

tum mechanical picture the absorption coef®cient is proportional to the

transition probability ( Equation 57) whereas here a classical expression

for the attenuation coef®cient A is found:

k = K + iA =
!
c

p
1+ � M (! ) �

!
c

�
1+

1
2

� M (! )
�

A =
!
2c

Im( � M (! )) =
!ne 2

2cm� 0


!
(! 2

0 - ! 2 )2 + 
 2 ! 2
. (69)

� M (! ) is the complex expression in Equation 64 and a Taylor-expansion

was applied.

In Figure 37 the black curve is the extinction spectrum of a 30nm thick

HSQ ®lm. Three absorption bands can be identi®ed: two overlapping

extinction peaks around 1100 cm- 1 and one peak at 2252 cm- 1 . To

describe the spectrum we can sum up the different resonances and weigh

them with an oscillator strength f i , which gives the following expression

for A

A =
!ne 2

2cm� 0

X

i

f i 
 i !
(! 2

i - ! 2 )2 + 
 2
i ! 2

. (70)

Inserting this expression in Equation 68 gives us the ®t-function to de-

scribe the experimental extinction spectrum. The ®tting parameters are

given in Table 1 where the vibrational bands are identi®ed [ 207]. The

different vibrational bands are shown with the red dashed lines in Fig-

ure 37 (a) and the total ®t to the experimental extinction spectrum is

shown in (b). It is important that the HSQ ®lm is patterned with EBL

before measurement since theSi - H band at 2252cm- 1 is degrading

with increasing electron dose in the exposure [ 207]. Therefore, in all our

processing steps we were always using the same exposure conditions.

With the ®tting parameters of the experimental extinction spectrum

and

k =
!
c

n and � = n 2 (71)
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Figure 37: (a) Three Lorentz oscillators (red dashed curves) are ®tted to the exper-

imental extinction spectrum (black curve) of a 30 nm thick HSQ ®lm.

(b) Experimental extinction spectrum (black curve) and the complete

®t (red curve) are shown.

we can now extract the complex dielectric function � of HSQ and imple-

ment it as material parameters into our numerical simulation domain

of CST. Real and imaginary part of � are shown in Figure 38 (a). The

numerical simulated extinction of a 30 nm thick HSQ ®lm shows very

good agreement with experiment [ Figure 38 (b)].

5.4.2 Sample design, fabrication and FTIR spectroscopy

We use CST to design the antenna structures numerically. In our experi-

ment we use gold nanostructures. The optical properties of gold in the IR

can be well described with a Drude model, which we can implement into

simulations. We use ! plasma = 1.37� 1016 rad/s for the bulk plasma

frequency and 
 = 1.4 � 1014 rad/s, which accounts for the damping.

As a substrate CaF2 is suitable since it is transparent throughout the

IR region from about 1100 to 10000cm- 1 . We set the refractive index

to nCaF2 = 1.4. For the optical properties of HSQ we use the dielectric

function shown in Figure 38 (a), which we obtained from measurement.

With this we are able to simulate the optical response of our plasmonic

antennas coupled to the molecular HSQ probe. As it is seen in Figure 37,

HSQ exhibits three vibrational bands in the given spectral region. Since



5.4 mapping plasmonic near -field intensities with seira 79

vibrational resonance damping oscil l .

band frequency ! 0 const . 
 strength f

Si - H 67.5 THz 1.99 THz 1.60 � 1013

stretching

Si - O - Si 40.0 THz 2.49 THz 2.45 � 1013

stretching

Si - O2 31.7 THz 1.99 THz 3.64 � 1013

vibrations

Table 1: Table of the HSQ parameters obtained from the ®t shown in Figure 37

[207].

we want to extract a quantitative response of the antenna-enhanced vi-

brational excitation we focus here on the well-separated Si - H band at

2252cm- 1 .

To fabricate the antenna samples we use standardEBL fabrication pro-

cess as explained inSection 3.2. Typically, 100� 100 � m2 large antenna

arrays are fabricated on a CaF2 wafer. We evaporate 2 nm of chromium

as an adhesion layer and 50 nm of gold, which gives the antenna height

after lift-off. Together with this ®rst antenna layer we additionally fab-

ricate gold markers for later alignment of the coordinate system. Subse-

quently a 30 nm thick HSQ ®lm is spin coated with spinning speed 6000

rpm for 60 seconds. For all samples we use the same exposure condi-

tions for patterning the HSQ to make sure that the vibrational transitions

are not altered from exposure to exposure. We use the gold markers

to align the coordinate system to the ®rst antenna layer. With this we

achieve 10 nm accuracy in positioning 200� 200� 30 nm3 HSQ patches

at different locations with respect to the plasmonic antennas. In order to

enhance the vibrational band in HSQ with 3D antenna structures we use

our stacking procedure explained in Section 3.2 with an additional EBL

step in between for positioning HSQ patches. The spacer layer isPC403,
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Figure 38: (a) The dielectric function � of HSQ as a function of wavenumber is

shown. It is extracted from the ®t to the extinction spectrum shown

in Figure 37. (b) The dielectric function is implemented as material

properties into the numerical simulation domain of CST. The numerical

simulation of a 30 nm thick HSQ ®lm (red curve) agrees very well with

the experimental extinction spectrum (black curve).

which works for our vibrational spectroscopy since no vibrational bands

of PC403are overlapping with the vibrational band of HSQ at 2252cm- 1 .

We record transmittance spectra with our FTIR spectrometer. We mea-

sure 50 scans on sample and subsequently50 scans next to the ®eld as a

background measurement. This yields one spectrum and we repeat the

procedure 50 times and average the 50 spectra to reduce the in¯uence of

the vibrational bands of CO2 and H2O in the atmosphere.

5.4.3 Quantitative near-®eld measurements

In this part we discuss the use of HSQ patches as molecular nanoprobes

of the plasmonic near-®eld intensity. We therefore position them at dif-

ferent locations with respect to different antenna structures and extract

the vibrational strength as it is exemplary shown in Figure 39.

First, we investigate molecular patches at the end of plasmonic dipole

antennas. As shown in the inset of Figure 28 (b) this is the location

where the highest near-®eld intensity occurs. In Figure 40 (a) the SEM

micrograph shows two exemplary antennas in an array with the mol-
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�5�0�0� �n�m

Figure 39: SEM micrographs of antennas with molecular patches (green) at differ-

ent positions.

ecules in the patch at the left end. We use two incident polarizations,

one along the long axis of the antenna (x-polarization) and one perpen-

dicular to it ( y-polarization). In the given frequency range around 2252

cm- 1 x-polarized incident light excites the plasmon oscillation along

the long axis of the antenna whereas y-polarization is off-resonant. This
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Figure 40: (a) SEM micrograph of two antennas in an antenna array is shown

where the HSQ patch is positioned at the left end of each antenna.

The volume of the patch is 200 � 200 � 30 nm3 . The incident IR

light is either polarized along the long axis of the antennas (resonant

x -polarization) or along the short axis of the antennas (off-resonant

y -polarization). (b) Transmittance spectra of the antenna array. The

broad dip for resonant polarization (orange curve) is the plasmon res-

onance where a tiny feature is observed on top of it at 2252 cm- 1

at the vibrational resonance (black dashed line). No resonance is ob-

served for the off-resonant polarization (green curve). Adapted from

[205].

is demonstrated in Figure 40 (b) where a broad dip in the experimen-

tal transmittance spectrum is observed for resonant polarization along

the x-axis and the resonance being absent for the perpendicular polar-
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ization. Furthermore the length of the antenna is designed to be res-

onant at 2252 cm- 1 , which is marked with the black dashed line. A

closer look at the plasmon dip of the transmittance reveals a disper-

sive feature exactly at the vibrational band. A zoom-in of this spectrum

is shown in Figure 41 (a) together with the lineshape of the plasmon

resonance (black curve). Now, the dispersive feature is clearly visible.

We perform the baseline correction by dividing the transmittance spec-
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Figure 41: (a) A zoom-in of the transmittance spectrum for x -polarized incident

light is shown (orange curve) together with the baseline (black curve).

(b) Baseline correction of transmittance in Figure 40 gives the vibra-

tional signal. A Fano-resonance is observed for x -polarized incident

light (orange curve) and no feature is present for y -polarization (green

curve). The black dashed lines in (a) and (b) indicate the vibrational

resonance at2252 cm- 1 . Adapted from [ 205].

trum with the lineshape avoiding the vibrational band (orange curve and

black curve, respectively) and plot the result in panel (b) of Figure 41 for

both polarizations. For x-polarization a clear feature in the spectrum is

observed, which we term vibrational signal. It is important that no sig-

nal is present for the other polarization where no plasmon oscillation is

excited in the antennas. This means that an observed signal is originat-

ing solely from the enhanced near-®eld intensities associated with the

plasmon resonance. The asymmetric lineshape of the vibrational signal

can be explained with Fano interference (seeSection 5.2). The spectrally

broad plasmon resonance is coupled via the enhanced near-®eld inten-
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sity to the spectrally narrow molecular vibration resulting in the Fano

lineshape.

It is interesting to not only investigate the coupling of the molecu-

lar probe at the point of highest near-®eld intensity, but perform the

nano-spectroscopy at different locations exhibiting different near-®eld

intensities. Therefore, nine different patch positions are fabricated along

the long-axis of the antenna, which is shown in the SEM micrographs

in the right panel of Figure 42. The shift s is de®ned as the distance

of the patch center to the left end of the antenna where negative val-

ues correspond to locations outside the antenna. In the left panel of
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Figure 42: The measured vibrational signals for different patch position shifts s

are shown. The spectra on the left are shifted for clarity and the vi-

brational resonance is indicated by the black dashed line. The SEM

micrographs of the respective patch-antenna con®guration are shown

to the right. A patch shift s of only 10 nm in the near-®eld close to

the antenna can be distinguished via the strength of the far-®eld vibra-

tional signal. Adapted from [ 205].

Figure 42, the vibrational signals for the different patch locations are

plotted and shifted vertically in accordance with the SEM micrographs.
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Each vibrational signal exhibits a Fano resonance and its strength shows

a strong dependence on the actual position of the patch. It is observed

that the signal increases from s = - 125nm to the left end of the antenna

(s = + 25 nm) but then decreases again with shifting the patch further to

the center of the antenna. Shifts of only 10 nm difference can be exper-

imentally realized, which is demonstrated for the two patch positions

s = - 75 nm and s = - 65 nm. Even though the difference is barley

visible in the SEM images, a difference in the vibrational strength of the

spectrum can be observed. This means that changes of the near-®eld in-

tensity close to plasmonic antennas on a10 nm scale lead to a difference

in the light-matter coupling, which can be detected in the far-®eld.

The strength of the vibrational signal, as de®ned in the right panel

of Figure 36, is used to measure the plasmonically enhanced near-®eld

intensity of the dipole antennas. We extract the strength from each vibra-

tional signal in Figure 42 and plot it as a function of the patch location

in Figure 43 (a) (red circles). The error of the signal strength is smaller

than the size of the red circles. We support the experimental data (red

circles) with numerical simulations. Transmittance spectra for antennas

in resonance with the vibrational transition and patches at 19 different

positions along the x-axis are calculated. In the next step the vibrational

strength is extracted from our simulations for each patch location. The

data is normalized to the experiment (factor 0.85) and plotted as blue

crosses together with the measured datapoints. Very good agreement is

observed. A numerical simulation in Figure 43 (b) shows the typical en-

hanced near-®eld intensity distribution of the resonant dipole antenna.

From the considerations for conventional IR spectroscopy in Section5.2

an intensity dependence of the vibrational signal is expected (see Equa-

tion 61). There, we have concluded from the small size of the vibra-

tional dipole moment that absorption is dominating scattering. Here,

we want to address this issue experimentally and answer the question:

What is the in¯uence of the antenna on the emission of the excited vi-

brational state? If the presence of the antenna provided enhanced scat-

tering channels of the vibrational excitation similar to SERSan intensity

squared dependence would be expected (seeEquation 59). With our ex-
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Figure 43: (a) The experimental vibrational strength (red circles) are extracted

from the signals in Figure 42 and plotted for the different patch posi-

tions along the x -axis. The same is done in simulations for more patch

positions along the x -axis (blue crosses). Very good agreement of the

far-®eld data is obtained with numerical near-®eld simulations of the

integrated electric-®eld intensity in the probe volume ( 200 � 200 � 30

nm3 ) along the x -axis. (b) Numerically calculated near-®eld intensity

10 nm on top of the plasmonic antenna resonant at the vibrational

band of HSQ (2252 cm- 1 ). Adapted from [ 205].

periment we measure the vibrational signal where its strength depends

on the overlap of the molecular probe with the antenna generated near-

®eld. We can now understand what near-®eld quantity exactly causes

the enhancement if we compare numerical near-®eld simulations with

the vibrational strength data. This is shown with the green curve in Fig-

ure 43, which is the ratio of the near-®eld intensity I along the x-axis

of the resonant antenna and the near-®eld intensity I0 with no antenna

present. To be comparable to our experiment we integrate over the vol-

ume of the patch and shift this volume in 10 nm steps along the x-axis.
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Very good agreement with the behavior of the vibrational strength is ob-

tained, which proves that the vibrational enhancement scales with the

near-®eld intensity as originally expected and not the near-®eld inten-

sity squared. To support this fact we add in Figure 44 the near-®eld

intensity squared (pink curve) illustrating the deviations from far-®eld

experiment and far-®eld simulations. This means that ef®cient scatter-
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Figure 44: Very good agreement for the near-®eld intensity (green curve) with

experiment and far-®eld simulation (red circles and blue curve) is ob-

tained which is not observed for the intensity squared (pink curve). In

fact, absorption is the dominating process over scattering contributing

to the vibrational signal. The asymmetry between left and right edge

of the antenna is due to numerical errors causing nonphysical high

individual pixel values at the edge of the antenna.

ing channels are not provided due to the presence of the antenna, which

would alter the intensity dependence of the vibrational strength. Small

differences for patch positions x > 0 nm (inside the antenna) can be ex-

plained with modi®ed probe volumes in the fabrication process when

the patch is positioned on top of the antenna.

Chemical adsorption effects, such as the formation of metal-molecule

complexes at the interface can be excluded, since most of the molecules

in the patches are far away from the metal surface. For some patch posi-

tions the molecules are even not in contact with the metal. As discussed

above, experimental and simulation results show excellent agreement

where chemical adsorption effects are not taken into account in simula-
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tion. Furthermore, chemical adsorption leads to a spectral shift of the

vibrational band ! vib , which we do not observe in our experiment.

From the experimental data we ®nd that the vibrational strength is

8.4 � (0.9) higher at the end of the antenna compared to when the patch

is located at s = - 125nm, which means that also the near-®eld intensity

is that much higher. This method is able to accurately map plasmonic

near-®eld intensities and allows to resolve differences on a 10 nm scale,

which is only limited by the positioning accuracy of the EBL. Neverthe-

less, the near-®eld intensity is convoluted with the patch volume, which

means that the lateral resolution is determined by the patch size. This

can be improved by reducing that patch size but would lead to a worse

signal to noise ratio, which is discussed later in this chapter.

The absolute enhancement factor of the signal strength is estimated

to be 270. It is obtained by comparing the plasmonically enhanced vi-

brational signal when the patch is at the end of the antenna to the non

antenna-enhanced vibrational signals of the HSQ ®lm and taking into

account the probe volume. Compared to the enhancement factors we

observe in Section 5.3 and reported in other experiments [ 142, 208], the

enhancement observed here is signi®cantly smaller. The hotspots lo-

cated at the antenna ends are not completely covered with HSQ, since

the patch height is 30 nm compared to the 50 nm high gold antennas.

Furthermore, the signal is integrated over the patch volume and vibra-

tional transitions, which are further away from the antenna are excited

less ef®ciently. Smaller patches at the hotspot of the antenna would lead

to a larger enhancement.

5.4.4 Spectroscopy at the nanoscale

Light-matter coupling at the nanoscale is an intriguing topic of current

research. Gaining a deeper understanding of how we can ef®ciently ad-

dress light emission, absorption or scattering by nanosized objects could

give answers to open questions in fundamental science and allows for a

plethora of innovative technology in industrial applications. Radiation

engineering in the visible and near- IR region was already demonstrated
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in several experiments by coupling quantum emitters, such as quantum

dots [85, 87, 209], nitrogen-vacancy centers in diamond [ 210±214] or ¯u-

orescent molecules [41, 83, 84, 215, 216] to plasmonic waveguides and

plasmonic antennas. Our experiment, where we de®ne molecular nano-

probes at different locations with respect to plasmonic antennas gives

further insight into the coupling of molecular vibrations to the enhanced

antenna near-®eld in the mid- IR and THz region. Nanospectroscopy in

the IR and THz region with SNOM [183, 217±222] or tip-enhanced Raman

spectroscopy (TERS) [223±225] already allow to enhance the transitions

via the plasmonic oscillation in the tip from a sub-wavelength volume

de®ned by the tip apex. Our method allows for the design of more com-

plex plasmonic antennas to tailor the near-®eld intensity and enhance

the vibrational excitations. From this perspective, our method gives be-

sides quantitative information about the near-®eld intensity new possi-

bilities in antenna-enhanced nanospectroscopy, which we will elaborate

in the following.

5.4.4.1 Dispersive probe

The molecular patch has a strong dispersive response due to its narrow

absorption bands [see Figure 38 (a)]. The measurement of the vibra-

tional signal is therefore not only a probe for the near-®eld intensity as

investigated before but also gives directly information on the plasmon-

molecule coupling on the nanoscale. Usually, in SNOM experiments the

tip has a rather ¯at spectral response and is a strong scatterer, which

mediates the near-®eld intensity into the far-®eld. Therefore the de-

tected signal would not represent directly the spectral response of the

antenna-molecule coupled system but is altered by the necessary scat-

tering channel provided by the tip. With our method we can directly

measure the plasmon-molecule coupling with conventional FTIR spec-

troscopy, which we investigate here with plasmonic dipole antennas. We

change the length of the dipole antennas, which shifts the plasmon res-

onance ! pl with respect to the vibrational band ! vib . The experimental

vibrational signals are shown in the left column of Figure 45. The patch

is here positioned at the left end of the antennas. One can observe that
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the Fano-resonance changes its symmetry from asymmetric to symmet-

ric when the antenna length is increased from the bottom to the top

spectrum. The ®t of the Fano-formula (see Equation 58) to the ex-
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Figure 45: The patch is positioned at the left end of the antennas. The vibrational

signal of experiment (left), ®t of the Fano-resonance (center), and vi-

brational signal of numerical simulation (right) are shown for different

antenna lengths. The antenna length increases from bottom spectrum

to top spectrum, which tunes the plasmon resonance. A change of the

strength and the lineshape of the vibrational signal is observed. The

parameters are shown in Table 2.

perimental data is shown in the center column of Figure 45 where the

Fano-parameter q is written in Table 2 together with the antenna length

and the corresponding detuning ! pl =! vib . The detuning shows that we

investigate plasmon-molecule coupling from a blue detuned plasmon

(! pl =! vib > 1) to a red detuned plasmon ( ! pl =! vib < 1). This results in

the symmetry change, which is associated with the sign change of the

Fano-parameter at perfect resonance overlap ! pl =! vib = 1. The right

column in Figure 45 shows the numerical calculations as a comparison
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length (exp.) fano - length (sim.)

and ! pl =! vib parameter and ! pl =! vib

1600nm + 0.01 1625nm

0.99 0.98

1550nm - 0.21 1575nm

1.02 1.01

1500nm - 0.58 1525nm

1.04 1.04

1450nm - 1.05 1475nm

1.07 1.07

1400nm - 1.37 1425nm

1.10 1.10

Table 2: The ®ve different antenna lengths in experiment (left) and simulation

(right) together with the detuning ! pl =! vib are shown. The center col-

umn is the Fano-parameter extracted from the ®t shown in Figure 45.
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to experiment for antenna lengths written in Table 2. The lineshape and

amplitude of the vibrational signal are in very good agreement.

We fabricate for each patch position ®ve antenna lengths. In Fig-

ure 46 (a) we show four examples of positioned patches with respect

to plasmonic dipole antennas. In the left panel of Figure 46 (b) the vibra-

tional strengths are extracted from the ®ve different antenna lengths for

each patch position and plotted as a function of the detuning ! pl =! vib .

We compare it to numerical simulations where the result is shown in

the right panel of Figure 46 (b). We simulate more antenna lengths

than we realize in experiment. In the simulations we observe that the

highest enhancement occurs for almost perfect overlap of the plasmon

resonance frequency! pl with the vibrational resonance ! vib whereas in

experiment we observe a maximum for a slightly blue detuned plasmon.

Furthermore the signal decreases with shifting the patch away from the

left end, which is due to a decrease of the near-®eld intensity. For the

patch at the center no signal is detected. In this representation it is

clearly observed that a patch shift of only 10 nm has an in¯uence on the

vibrational signal strength and can be resolved experimentally (orange

curve vs. blue curve).

Figure 47 (a) is the same representation asFigure 46 (b) for all patch

positions in experiment and simulation. Since the strength is a direct

measure for the near-®eld intensity, each data point represents the near-

®eld intensity enhancement for a given detuning ! pl =! vib at a certain

location probed by the sub-wavelength volume of the patch. From Fig-

ure 47 (b), where the simulated data points are represented in a color-

plot as a function of patch position x and detuning ! pl =! vib , it becomes

clear how the near-®eld intensity is enhanced at different locations and

different frequencies.

5.4.4.2 Probe volume

In this section we investigate the in¯uence of the probe volume on the vi-

brational signal and test the resolution limit of our current experimental

con®guration.
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Figure 46: (a) SEM micrographs of four different patch locations along the x -axis

of the dipole antenna. (b) Experimental vibrational strengths of ®ve

different antenna lengths as a function of detuning ! pl =! vib (left)

compared to 14 antenna lengths in simulation (right). The four dif-

ferent curves correspond to the different patch positions s as shown

in (a) with respective color-coding. The highest vibrational strength is

observed when the plasmon resonance is close to the vibrational tran-

sition (detuning ! pl =! vib around 1) where the near-®eld intensity is

highest. Adapted from [ 205].

At ®rst, we fabricate two patches, which are symmetrically positioned

with respect to the center of the antenna as shown in the SEM micro-

graphs in Figure 48 (a). In the left panel we plot the respective vibra-

tional signal for the resonant antenna length ( ! pl =! vib � 1). Consid-

ering the different scale compared to the one patch experiment in Fig-

ure 42 we observe double the signal. Also, in Figure 48 (b) where the

spectral dependence of the signal strength is plotted we obtain similar

behavior as in the one-patch experiment but double the strength. Here,

the color-coding corresponds to the colors of shift s labeling the different

patch positions. This is of course a well-expected result since the near-

®eld intensity is symmetrically distributed with respect to the center of

the antenna. Nevertheless, it proves that our method is giving accurate

insight into the near-®eld distribution. Furthermore by increasing the

probe volume we obtain a better signal-to-noise ratio at the disadvan-

tage of lower resolution, which we will investigate in the following.
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Figure 47: (a) All experimental (left) and simulated (right) vibrational strengths as

a function of detuning ! pl =! vib are plotted. The color coded spectra

are the vibrational signals for the four patch positions shown in Fig-

ure 46 (a). The lines with circles correspond to negative patch shifts s,

and the lines with crosses correspond to positive shifts s. (b) Different

representation for the simulated vibrational strenghts in (a). The color

encodes the strength as a function of the patch position (x -axis) and

detuning ! pl =! vib (y -axis). The maximum occurs for the left antenna

end (x = 0 nm) and ! pl =! vib around 1.

Figure 49 (a) shows SEM micrographs where we position HSQ patches

at the left end of the dipole antennas and decrease the lateral size of

the patches (200� 200 nm2 , 100� 200 nm2 , and 100� 100 nm2 ). Even

for the smallest patch size we observe a signal, which is plotted in Fig-

ure 49 (b) (green curve) giving higher resolution when mapping the

plasmonic near-®eld intensities. The drawback is that the signal-to-noise

ratio is decreased and it would be more dif®cult to detect the enhance-

ment when the patch is shifted away from the optimal position at the tip

of the antenna. Yet, for all these experiments the band at 2252cm- 1 is

used, which is a rather weak vibrational transition of HSQ compared to,

e.g., the transitions around 1100 cm- 1 . Choosing a strong vibrational

absorption could improve the signal-to-noise ratio by orders of magni-

tude, which would allow for much smaller probe volumes. The limit is
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Figure 48: (a) The measured vibrational signals for different patch position shifts

s are shown similar to Figure 42, but with two symmetrically posi-

tioned nanoprobes. The spectra on the left are shifted for clarity and

the vibrational resonance is indicated by the black dashed line. The

vibrational signal is two times larger than for one patch (compare Fig-

ure 42). The SEM micrographs of the respective patch-antenna con®g-

uration are shown to the right. (b) Vibrational strength measured for

®ve antenna lengths for each patch position as a function of detun-

ing ! pl =! vib . Each colored curve corresponds to the respective patch

position in (a).

the resolution of the EBL process to fabricate such small volumes on the

order of only several nanometres [ 226±228].

5.4.5 Plasmonic gap antennas enhancing vibrational transitions

A promising geometry to further enhance near-®eld intensities are an-

tennas with small gaps, so called dimer antennas. In Figure 50, SEM
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Figure 49: (a) SEM micrographs for three different molecular probe volumes po-

sitioned at the left end of the antennas: 200 � 200 � 30 nm3 (red),

100 � 200 � 30 nm3 (blue), 100 � 100 � 30 nm3 (green). (b) Vibra-

tional signals for the different sized molecular probes in (a).

micrographs of dimer antennas with a 55 nm gap are shown. For such

small gaps, much smaller than the incident wavelength, the hybridiza-

tion scheme suggests that two new modes are formed, where one ex-

hibits a dipole moment, which can therefore be excited with incident

plane waves. This mode is lowered in energy due to the attractive interac-

tion of the induced current oscillations in the two arms. Large near-®eld

intensities in the gap are expected, which increase with decreasing gap

size. In order to measure these effects we position the molecular patches

�G�a�p

�B�o�t�h� �e�n�d�s

�O�n�e� �e�n�d �5�0�0� �n�m

Figure 50: Three different patch positions with respect to plasmonic gap antennas

are fabricated: one patch at the gap (top SEM micrograph), two patches

at both ends (middle SEM micrograph), and one patch at the left end

of the antenna (bottom SEM micrograph). Adapted from [ 205].
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in the gap of such antennas. Furthermore, we realize con®gurations

with patches at the ends of the antenna as a reference (seeFigure 50).

As for the dipole antennas we measure transmittance spectra and ex-

tract the vibrational signals and strengths. The vibrational signals for

the three different patch con®gurations are plotted in Figure 51 (a). We

observe an 5.9(� 0.2)-fold enhancement of the vibrational strength with

the patch at the gap compared to the patch at the left end of the antenna.

This translates in an equally enhanced near-®eld intensity in the gap.

The gap size of 55 nm is still rather large and the enhancement would

increase strongly when the gap is further reduced. When comparing the

one patch at the left end to the two patches at both ends a factor of 2 is

observed between the respective signal strengths. This is well expected,

since the probe volume is simply doubled for the two patches and the

near-®eld intensity is symmetric along the long axis of the antenna hav-

ing the same distribution at both ends.
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Figure 51: (a) Vibrational signals for the three different patch positions shown in

Figure 50 and a gap size of 55 nm. The strongest signal is observed for

the patch at the gap (red curve). Two patches at both ends (green curve)

show double the signal strength compared to one patch (blue curve).

(b) The vibrational strength for three gap sizes, ®ve antenna lengths,

and three patch positions as a function of the detuning ! pl =! vib are

plotted. Each set of curves corresponds to a patch position labeled

accordingly in the plot. The gray-scale color-coding indicates the gap

size as labeled in the plot. Adapted from [ 205].
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In Figure 51 (a) the detuning values ! pl =! vib are given. They indi-

cate the spectral shift of the plasmon resonance! pl with respect to the

vibrational band ! vib and can be modi®ed by changing the length of

the antenna arms. For the shown vibrational signals in Figure 51 the de-

tuning is smaller than 1, which means that the antennas are slightly red

detuned to ! vib . For each of the three different patch positions we fabri-

cate ®ve antenna lengths, varying the detuning. The vibrational strength

as a function of ! pl =! vib is plotted in Figure 51 (b). Additionally, three

different gap sizes for each patch position and each antenna length are

realized where the vibrational strengths are also shown in Figure 51 (b).

First, it becomes clear that the near-®eld intensity is highest at the gap.

Second, tuning the antenna lengths more in resonance with the vibra-

tional band leads to an increased strength and hence higher near-®eld

intensity. Third, decreasing the gap size leads to a higher strength hence

higher near-®eld intensity. It is important to note here that the gap size

shows no in¯uence on the strength when the patches are located at the

ends of the antenna, which demonstrates furthermore the accuracy of

the method. Also, only the 55 nm gap has an in¯uence on the signal

strength whereas it is equal for 65 nm and 75 nm. It seems, that in this

con®guration the near-®eld intensity only starts to increase for gap sizes

equal and smaller than 55 nm. Further experiments with additional gap

sizes should be performed to draw more quantitative conclusions.

5.4.6 Assessing near-®eld intensities of3D plasmonic antenna structures

Adding another dimension to planar structures leads to improved func-

tionalities, such as chirality [ 229±238], more ef®cient near-®eld coupling

with the possibility to induce retardation [ 109, 120], or novel concepts,

like out-of-plane beamsteering [ 124]. Especially for sensing applications

and Raman or IR spectroscopy, a3D arrangement interacts naturally with

incident light in common experimental setups where the light propaga-

tion direction is usually perpendicular to the substrate normal as we

have seen in Section 4.3 for 3D Yagi-Uda nanoantennas. Hence, sensing

platforms with 3D plasmonic structures as building blocks have a great


