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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL AND APPLIED SCIENCES

Physics

Doctor of Philosophy

ALL-OPTICAL CONTROL OF HYBRID PLASMONIC

SEMICONDUCTOR-METAL NANOSTRUCTURES

by Martina Abb

This thesis is dedicated to the study of linear and nonlinear properties of closely spaced

gold nanoparticle dimers, so-called nanoantennas, and hybrid nanoantenna devices con-

sisting of metals and semiconductors. Coupled nanoparticles are of particular interest

for nanophotonics because of their ability to focus light into subwavelength volumes and

the associated large field enhancement in the gap.

The samples used in this thesis are gold rectangles designed by electron-beam lithog-

raphy, with both symmetric and asymmetric arms, as well as symmetric closely spaced

100 nm disk dimers which were fabricated by colloidal lithography in combination with

angle-dependent evaporation. We investigate the linear interplay of modes in the two

arms with Spatial Modulation Microscopy, an experimental technique which results in a

measure directly proportional to the extinction cross-section. We find a variety of con-

structive and destructive interference between different order modes, which we can better

understand by comprehensive simulations of antennas, varying the parameter space of

gap size (coupling strength) and length-length ratio using advanced numerical methods

such as the Fourier Domain Time Difference and the Boundary Element Method. We

find that the presence of nonradiative modes is made visible by Electromagnetically

Induced Transparency.

In order to probe the nonlinear properties of the antennas and their interaction with

Indium Tin Oxide substrates, a pump-probe setup is used to get an insight into ultrafast

nonlinear response with picosecond resolution. These measurements (and corresponding

fits using numerical simulations) lead us to identify a new energy transfer mechanism

where fast electrons are injected from the nanoparticles into the semiconductor, resulting

in a refractive index change due to heating of the surroundings. In follow-up experiments,

we find this mechanism to be universal (and versatile) for other types of transparent

conductive oxides. These results open new avenues towards application of nanoantennas

for ultrafast switching.
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Chapter 1

Introduction

As we know from the Abbe diffraction limit, light cannot be focussed below roughly half

its wavelength [1]. While techniques have been developed to circumvent and breach this

limit, resonant metallic nanostructures already inherently offer a strong subwavelength

confinement of light in the near-field [2]. These field confinements entail large field

enhancements and are caused by the excitation of free electron oscillations (so-called

plasmons) in the particles by incident light.

This chapter begins with a historical perspective on metallic nanostructures and con-

tinues with a selection of recent developments and achievements in the relatively young

research field of plasmonics. Optical properties of metals and the concepts of surface

plasmon polaritons and nanoantennas are discussed in detail. An outline of this thesis

is presented in the final section of this chapter.

1.1 Plasmonics past and present

The scientific interest in optical properties of metal nanoparticles reaches far back in

history to Faraday who first investigated the colourful appearance of colloidal solutions

of gold nanoparticles [3]. These resonances are a result of induced surface charges caused

by the excitation of collective electron oscillations with respect to the lattice ions, as

shown in Fig. 1.1 a). Depending on size, material properties and shape, nanoparticles

scatter light at different wavelengths, as shown in Fig. 1.1 b), where a direct comparison

between scanning electron micrographs (SEM) and scattering is drawn. These scatter-

ing properties have been made use of long before there was any scientific interest in

nanoparticles and nanostructures – the Romans used nanoparticles to create dichroic

glass of vivid colours (as found in the Lycurgus cup exhibited in the British Museum

whose opaque green turns to ruby red when light is shone through it); many stained

glass windows found in churches (such as in the Sainte Chapelle in Paris) are equally

enriched with colloidal nanoparticles.

1



2 Chapter 1 Introduction

Figure 1.1: a) Schematics of the vibration of free electrons with respect to the
lattice for excitation of a localized surface plasmon. b) Nanoparticles of different
size and form absorb/scatter light of different wavelengths. a) is inspired by [4],
b) is taken from [5].

Modern microscopy methods have made it possible to image single nanoparticles (see

panel b) of Fig. 1.1) and to characterise their optical properties. Single particle spec-

troscopy allows the investigation of small shape variations, whereas spectroscopy of en-

sembles [6] results in an average of similar, but not completely identical particles. From

a theoretical point of view, analytical solutions have been found for the optical response

in a limited number of geometries with special symmetries, e.g. for nanospheres [7] and

nanorods [8]. Additionally, a number of approximations were found to yield excellent

agreement, such as for long nanowires (quasi-one dimensional systems) [9, 10]. To realis-

tically model more complicated geometries (such as nanorice [11], nanostars [12, 13] and

many more) and include the effects of adhesion to substrates as well as small form devi-

ations [14], a variety of numerical tools to solve Maxwell’s equations has been developed

which will be explained in more detail in the next chapter.

Localised plasmon resonances as sustained by nanoparticles are the subject of this thesis.

There is, however, another type of plasmons that needs to be mentioned: propagating

surface plasmon-polaritons which can be found on metal-dielectric interfaces and which

are also very useful, especially in the areas of sensing and information technology. Their

derivation from Maxwell’s equations will be one of the topics of the next section.

Nowadays, the original investigations into properties of nanoparticles have progressed

into further fundamental research as well as a vast range of applications, mainly in

communication and information technology as well as in the life sciences. In cancer

research for example, nanoparticles act as local heaters to concentrate radiation into

infected areas and selectively kill tumor cells [15]. This concept has been developed

in particular for core-shell particles consisting of different components [16] due to their

high tunability and absorption. Chemical functionalisation of nanoparticles allows for

specific targeting and gentle treatment. Several therapies based on gold nanoparticles

have already passed phase I clinical trials.
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Another already commercially exploited application of surface plasmons is “plasmonic

biosensing”. Plasmons are very sensitive with respect to their surroundings, so even

monolayers of molecules or proteins can lead to sizable shifts of the resonance. Such sen-

sors have been developed for testing for pregnancy, prostrate cancer or HIV-AIDS [17].

Hydrogen sensing has also proven a novel application for metal nanostructures. Sensing

of hydrogen is routinely done using Palladium, which selectively absorbs hydrogen gas

and forms a compound. Liu et al. have recently developed a sensor where a palladium

nanoparticle is positioned in the hotspot of a gold nanoparticle, measuring changes in

molecular concentration in the system on the single particle level [18].

Another use of nanoparticles is for label-free imaging, where nanoparticles are used

instead of fluorescent markers. The particles can either be used in cells or samples,

or directly on the imaging device. In 2007, the group of F. Capasso used a dimer

nanoantenna on top of already well-established quantum-cascade lasers to create a sharp

focus of less than 100 nm in the near-field [19]. This device was then used for biological

imaging, opening up new insights at the nanoscale.

Near-field microscopy techniques can also be used to detect single molecules (first done

in 1994 by E. Betzig et al. [20]), where fluorescent molecules are detected and tracked

by collecting the emitted fluorescence with a near-field probe. Another way to detect

single molecules lies in Raman scattering. By itself, Raman scattering is a fairly weak

process, but it was found to be enhanced by several orders of magnitude in the presence

of hotspots generated by nanoparticles, thus allowing detection of vibrational modes of

a single molecule in such a hotspot [21]. This technique is called Surfaced Enhanced

Raman Scattering (SERS).

In recent years, plasmonics has also been discovered as a means to improve the efficiency

of solar cells. Positioning nanoparticles at the surface or further inside the solar cell is

predicted to enhance light trapping in thin-film solar cells and make solar cells up to

30% more efficient [22]. First plasmon-enhanced solar energy conversion devices have

already been demonstrated experimentally [23].

Photodetection with active optical antennas is another recent application of plasmonic

structures. Knight et al. recently demonstrated experimentally how fast electrons gen-

erated by plasmonic decay can be captured as a photocurrent [24]. This work allows to

build exquisitely sensitive detectors tunable to the desired range of wavelengths.

Nanostructured units can also make up what is referred to as metamaterials – engineered

materials that exhibit properties that do not occur in any known natural materials. For

example, it has been shown that negative refraction [25, 26] can be achieved this way,

and that light can be bend around objects in order to disguise and hide them [27, 28, 29].

Integrated plasmonic/photonic circuits [30, 31, 32] are another field that commands a

lot of public attention. Plasmonic devices are smaller than other photonic elements,
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and inherently much faster than any purely electronic technology. Waveguiding, all-

optical modulators and hybrid devices working with both photons and electrons [33] for

information processing are just some of the possibilites – the compatibility with standard

CMOS fabrication techniques makes the integration capabilites endless.

This section only lists a few of the countless applications of plasmonic devices - to present

a full list here would exceed the scope of this thesis. The different applications listed

here can only give a first impression of the many directions in plasmonics research.

From a more fundamental point of view, our understanding of the physics leading to

those applications continues to grow [34, 35]. New imaging techniques have been devel-

oped, and direct imaging of near-field enhancement (e.g. with scanning near-field optical

microscopy [36, 37]) and plasmonic propagation has been achieved. For example, the

resonant mode structure of gold nanostructures can be mapped out spectrally and spa-

tially using two-photon excited luminescence (TPL) [38, 39], where the incoming light is

strongly focussed into the hotspots, leading to two-photon absorption in gold and thus

to wide-band photoluminescence emission.

Both the surge in characterisation techniques, the additional computational power for

design and modelling that is available now and the rise of modern nanofabrication tech-

niques allow fast progress to ever smaller dimensions. First theoretical investigations of

“quantum plasmonics” [40] have already been conducted numerically a few years ago,

and more recently, first experimental progress towards the quantum regime has been

made [41] in plasmonic systems. To conclude, all these recent advances have led to a

rapid increase of knowledge and a tremendous growth of the field of plasmonics [42] –

and it continues to grow.

1.2 Optical properties of metals

The optical properties of nanoparticles differ from those of the corresponding bulk mate-

rial by displaying non-propagating plasmonic resonances, depending on shape, size and

material. However, one cannot describe the interaction of light and nanoparticles with-

out taking into account the optical properties of the bulk material [8], which are fully

described by its complex frequency-dependent dielectric function ε(ω) = εreal +iεim. The

real and imaginary part of the dielectric functions of gold and silver, the two materials

commonly used to fabricate plasmonic structures, are shown in Fig. 1.2, as given by

experimental data taken from Palik [43]. In the following subsections, the behaviour of

bulk metals is explained first by the Drude model approximation before we take a closer

look at propagating and localized surface plasmon-polaritons.
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Figure 1.2: Dielectric functions of the two most common materials used for
plasmonic structures: gold (a) and silver (b), as provided by Palik [43]. The
imaginary part of the dielectric function is depicted in red, the real part in
black.

1.2.1 The dielectric function of metals

The dielectric function describes the frequency-dependent behaviour of the material. For

metals, the typical behaviour can be seen in Fig. 1.2: At long wavelengths in the IR,

metals can be regarded as perfect conductors with infinitely large negative permittivity

ε. In the visible region, on the other hand, the real part of the dielectric function even

reaches positive values, and the imaginary and the real part are similar in magnitude.

The optical behaviour of metals is often described by a model developed in 1900 by

Paul Drude, the so-called Drude model. For example, the optical properties of gold

are very well described by the dielectric function of the Drude model [44], ideally with

additional terms accounting for the interband transitions at 330 and 470 nm [45]. Not

unlike kinetic theory, the Drude model assumes that the electrons in the valence band of

such materials behave as a free electron gas, oscillating around the fixed lattice of ions.

The electrons themselves neither interfere with each other nor are there any long-range

interactions with the positively charged fixed ion lattice. The only possible interactions

are quasi-instantaneous collisions between the free electrons and the ions, which are

assumed to happen at a fixed rate γ = 1/τ , with τ the average time between collisions.

The corresponding equation of motion is therefore

mer̈ +meγṙ +meω
2
0r = eE(t), (1.1)

with me the electron mass, e the charge and ω0 the eigenfrequency. In metals, there

usually are no restoring forces acting on the electrons, which means the eigenfrequency

can be set to zero and we lose the linear term. As a solution of this differential equation

for an external oscillating field E(t) = E0e
−iωt, we obtain:
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r(t, ω) = − e

me(ω2 + iγω)
E(t). (1.2)

This displacement results in the macroscopic polarization P = −Neer, where Ne de-

scribes the electron density. Inserting this into the well-known combination of electric

field E and polarization P that make up the dielectric displacement D = ε0E + P , we

find for the frequency-dependent dielectric function

ε(ω) = 1−
(ωpl

ω

)2 1

1 + i 1
ωτD

. (1.3)

Here, ωpl denotes the plasma frequency, ωpl =
√
Nee2/ε0me, and τD the relaxation

time. Despite its simplicity, the Drude model gives surprisingly good agreement with

experimental data [45]. In this thesis, we will use the Drude model not only to describe

the optical properties of metals, but also for semiconductors (e.g. in chapter 4): Light

with energy below the bandgap is able to excite free electrons in the semiconductor,

which in turn behave as a free electron gas and can thus be modelled by the Drude

model.

1.2.2 Propagating surface plasmon-polaritons

Plasmons, as already mentioned, are the quantised plasma oscillations of the free electron

gas in metals. Incident photons can couple to plasmons and create plasmon-polaritons.

Surface plasmon-polaritons (SPPs) are a solution of Maxwell’s equations at the interface

of a metal and a dielectric material [46]. Let us have a closer look at a SPP mode prop-

agating in x-direction between a metal with the dielectric function εm and a dielectric

medium with εd. As a solution to Maxwell’s equations, we find the SPP:

Ex = Aeikx1xekz1z, Ez = Beikx1xekz1z for z < 0. (1.4)

Ex = Ceikx2xe−kz2z, Ez = Beikx2xe−kz2z for z > 0. (1.5)

This wave is the propagating plasmon-polariton, which propagates along the x-direction[
see Fig. 1.3a)

]
. The fields perpendicular to the surface decay exponentially with dis-

tance and are said to be “evanescent”
[
shown in Fig. 1.3b)

]
. Assuming that the parallel

and perpendicular electric fields are continuous on the interface, we can derive the dis-

persion relation for the SPP, where kx1 = kx2 = kSPP:
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Figure 1.3: a) Schematics of a propagating SPP. The interaction between light
and electrons leads to a propagating charge oscillation at the interface between
metal and dielectric. b) The evanescent fields in the perpendicular direction de-
cay exponentially and limit the propagation length of the SPP. c) The dispersion
curve of a SPP mode. The mode clearly lies below the light line ω = ck, which
means that the momentum mismatch has to be overcome in order to couple to
the mode.

kSPP = k0

(
εmεd
εm + εd

)1/2

. (1.6)

On plane metal films, SPPs can thus propagate in parallel to the interface with a k-

vector larger than that of light in vacuum, which is one of the reasons for the increased

popularity of SPPs [47]. This mismatch between incoming light and the propagating

plasmon mode [48] can be overcome by using a grating to match the k-vectors to each

other. Other ways to achieve the momentum matching are prism coupling directly to a

thin metal film (Kretschmann-Raether geometry) or by prism coupling through a small

gap onto the underlying metal layer (Otto geometry) [49].

The propagation length
[
see Fig. 1.3b)

]
can be estimated by looking at the imaginary

part Im(kSPP) of the surface plasmon vector:

δSP =
1

2Im(kSPP)
=

1

k0

(
εm1εd
εm1 + εd

)3/2 ε2m1

εm2
, (1.7)

where εm = εm1 + iεm2 is the dielectric function of the metal. Silver is the metal which

has the lowest losses in the visible and reaches typical propagation distances in the range

of 100 µm, which makes the integration of SPP-based elements into circuits possible.

In this thesis, propagating suface plasmon-polaritons are only discussed for reasons of

completeness – the topic of this thesis are localised surface plasmons, which will be

discussed next.
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1.2.3 Localised surface plasmons (LSP)

The coupling issues of propagating plasmon-polaritons are of no concern to the non-

propagating localised surface plasmon polaritons that are observed when focusing light

on nanoparticles. One can consider an LSP as a standing wave constricted to the surface

of a nanoparticle that therefore interferes with itself. Obviously, this results in high

sensitivity with respect to the shape of the particle.

Particle plasmons are excitable by direct illumination of the particle with light of the

resonant frequency. For particles that are smaller than the skin depth of the electro-

magnetic field, the electric field can be considered as constant, and the nanoparticle acts

as a dipole. This is called the quasi-static approximation. Using this approximation [8],

the polarisability of a nanosphere with volume V becomes:

α = 3V ε0
εm − εe
εm + 2εe

, (1.8)

with εm the dielectric function of the nanosphere material and εe that of its environment.

The polarisability describes the change in electron distribution in response to the electric

field of the incoming light. The polarisability obtained here (also known as the Clausius-

Mossotti relation) is identical to the result one obtains from Mie theory in the small-

scatterer (Rayleigh) limit [7]. Both the scattering cross section σscat and the absorption

cross-section σabs can be written as a function of the polarisability [8]:

σscat ∝ |α|2, (1.9)

σabs ∝ Im[α]. (1.10)

These are general expressions and can be shown by applying the optical theorem. For

our example of the nanosphere, Eq. (1.8) means that there is a plasmon resonance for

εm = −2εe, assuming the imaginary part to be negligibly small (which is the case for

gold and silver in the visible range of the spectrum where the resonance condition is

fulfilled). Negligibly small still means larger than 0, however, resulting in absorption

being the dominant process for small particles. For larger particles (bigger than 50 nm),

it is the scattering that dominates, due to the square dependency in the scattering cross

section. The extinction cross-section is the sum of both:

σext = σscat + σabs. (1.11)

For large particles, the quasistatic approximation (1.8) fails, since the electric field af-

fecting the particle cannot be considered as uniform across the particle. That means
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Figure 1.4: a) Full electromagnetic calculations of the far-field spectra in de-
pendence of the length of the single nanorod antennas, from [50]. Copyright
(2005) by the American Physical Society. b) Schematic rendition of an antenna
as used in the derivation of the effective scaling law.

retardation effects have to be taken into account, and full electromagnetic numerical

calculations have to be used for realistic results, as dicussed in the next chapter.

1.3 Nanoantennas - design and functionality

Antennas as we find them on our roofs were first developed at the beginning of the 20th

century, with the most common the Yagi-Uda antenna - our stereotypical TV antenna.

Since then, research into antenna characteristics such as directivity of reception and

emission as well as bandwidth has taken conventional antenna designs to smaller and

smaller dimensions. The length of the elements of a macroscopic antenna such as those

used to receive radio or TV is usually half the wavelength of the signal they are intended

to receive. Whereas TV and radio typically work in the range of 40 - 1000 MHz and are

thus of the order of meters, antennas used in mobile phone and wireless networks are a

lot smaller.

The size of the antennas is obviously its most crucial design parameter. For ideal anten-

nas where we assume perfect conductivity for cylindrical rods as well as no penetration

of the electromagnetic radiation (this also means that the negative real part of the di-

electric function is infinite), the following relation holds true for the length L of the

antenna:

L =
λ

2n
l, (1.12)

where n is the refractive index of the surrounding medium and l the order of the mode.

l = 1 is the fundamental resonance, larger l-values stand for higher order modes.
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However, these are not conditions that we can easily assume for very small antennas.

For visible light and NIR, we need antennas of the order of nano- to micrometers, where

the penetration is no longer negligible. As we can see in Fig. 1.4a), antennas in this part

of the optical spectrum do not adhere to the half-wavelength rule anymore: We find that

the length of the antenna is quite a bit smaller than half the wavelength of its resonance.

This means that the resonance condition is not fulfilled for λ/2 = λres, but instead for

a shorter effective wavelength λeff . Novotny developed an analytic approximation to

describe this effective wavelength scaling for nanorods and showed that a linear scaling

applies, with λeff = n1 + n2λ/λp. A detailed derivation can be found in Ref. [51].

Novotny assumes a metal as described by the Drude model and as metal antenna a cylin-

drical nanorod of length L and radius R � λ
[
see Fig. 1.4b)

]
, with R � L sufficiently

small. The approximation then yields

λ ≈
(

λpεs

0.12
√
ε∞ + 141.04εs

)
·
(
nL

4πR
(1.13)

−13.74− 0.12

εs

[√
ε∞ + 141.04εs

]
− 2

π

)
.

Here, λp ≈ 138 nm is the plasma wavelength of gold, ε∞ ≈ 11 the infinite frequency

limit of the dielectric function for gold, εs the surrounding medium, n is the order of the

mode and L the length of the nanorod including endcaps.

This analytical approximation for the optical frequency regime where metals behave as

strongly coupled plasmas shows good agreement both with full electromagnetic simula-

tions [50, 51, 52] as well as with experimental data in the IR [53, 54, 55]. We will make

further use of this effective scaling law in chapter 3 in order to get a better overview of

higher order modes in asymmetric dimers.

The wavelength scaling holds true as a good approximation for plasmon resonances

along the long axis of a nanorod of reasonable length. However, this is not the only

resonance that a nanorod sustains: Apart from the higher order modes mentioned earlier,

we also find a transverse mode along the short axis of the nanorod. Both resonant

modes depend crucially on the length and width of the nanorod in question. Another

strong influence on the resonant wavelength is the dielectric function of the surrounding

medium. For example, a nanorod in water (refractive index of 1.33) has a redshifted

resonance compared to one in air (refractive index of 1). This property is used in

sensing, where even small refractive index changes in the surrounding medium may shift

the resonance wavelength.

Another redshift occurs when nanorods are placed in close vicinity of each other and

their resonances couple, which we will investigate in more detail in chapter 3. This

coupling in dimers leads to a sizable redshift of the resonance for small distances [50],
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Figure 1.5: A variety of optical antennas, here from left to right: A gap antenna,
a Hertzian antenna, a bowtie antenna and a Yagi-Uda antenna. The scanning
electron pictures are taken from [37]. Reprinted with permission from [37].
Copyright (2011), American Institute of Physics.

and in monolayers of nanoparticles to a number of effects which can be described by

effective medium theories [56]. Additionally, the field is enhanced by several orders of

magnitude in the gap between particles, which is of great interest for sensing, fluorescence

measurements, and Raman spectroscopy [57].

The tremendous advances in nanofabrication during the last decades have made it pos-

sible to manufacture such antennas on the nanoscale. They are routinely fabricated

using a number of different methods, such as electron beam lithography [58], focussed

ion beam (FIB) milling [59] and electrochemical growth [60, 61, 62]. These nanoscale

devices are often referred to as “optical antennas” [37, 63, 64] since they work in the

visible and NIR part of the spectrum.

Optical antennas convert incident optical radiation into localized energy very efficiently.

When properly configured (for example as a so-called Yagi-Uda antenna), they can also

work the other way round and direct the emission of light from an emitter positioned

with nanoscale accuracy next to the antenna [65]. Another concept using antennas for

emission is that of the spaser (surface plasmon amplification by stimulated emission of

radiation), the plasmonic equivalent of the laser [66], with a nanoparticle as the resonant

cavity and surface plasmons instead of photons. This concept has yet to be proven

successful in experiments, but demonstrates just one aspect in which nanoantennas hold

great potential for future applications.

In practice, there is an endless number of antenna designs, ranging from simple nanorod

antennas to complex fractal patterns [37]. We will briefly introduce the most common

designs for nanoantennas here. For corresponding SEM pictures of lithographically

designed structures, see Fig. 1.5. On the left, we find a gap antenna that scatters as an

effective linear dipole. This kind of dimer antenna is what will be used and referred to

throughout this thesis as a nanoantenna. Next to it is a Hertzian antenna consisting of

two closely positioned spheres, which provides superior radiation efficiency [37]. Third is

a bowtie antenna, where the tapered geometry is ideal for broadband reception and/or
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transmission. On the right is a Yagi-Uda antenna, the most complicated structure of

the designs presented here. It provides highly directional emission due to the interplay

between its components. The yellow dots indicate where receiver or transmitter (for

example in the form of a fluorescent molecule or a quantum dot) would be placed.

1.4 Outline of this thesis

This thesis is structured into seven chapters. After the introduction in this chapter,

chapter 2 provides the basics in the form of the three pillars used for most nanophotonics

research: simulation, fabrication and characterisation. We will look at solving Maxwell’s

equations for nanoparticles by advanced simulation methods such as Boundary Element,

Finite Element and Finite Difference Time Domain calculations. Next, we look at how

the nanostructures used in this thesis are fabricated using either colloidal lithography

or electron-beam lithography, as well as at a variety of deposition techniques such as

sputtering, evaporation and atomic layer deposition for cover layer deposition. Last but

not least the experimental techiques are introduced: Spatial Modulation Microscopy for

the linear spectral characterisation and pump-probe spectroscopy to probe the nonlinear

response.

Chapter 3 looks at the behaviour of localised surface plasmons in coupled dimers, first

in the case of coupled symmetric dimers, looking at both gap dependence and field

enhancements in coupled symmetric structures as well as the higher order modes they

sustain. Next, we look at coupling in asymmetric dimers, where the coupling of higher

order modes is of great interest because nonradiative modes can be detected due to

their interaction with radiative modes, as we will show with Spatial Modulation mea-

surements. The underlying interaction is further invested in detail by looking both at

near- and far-field simulations.

In chapter 4, the concept of using plasmonic nanoantennas as all-optical and potentially

ultrafast switches is introduced, exploiting the dependence of the plasmon resonance on

the coupling. By locally inserting a semiconductor junction in the gap, we show that

the capacitive coupling of closely spaced antenna arms can be “switched” to conductive

coupling by exciting free carriers in the gap through optical pumping below the bandgap,

effectively bridging the gap. The merits and possibilities of experimental realisations

are also discussed. We also look at gaploading for configurations exhibiting destructive

interference in asymmetric dimers, where the aforementioned interplay between modes

of different orders makes for more complex switching dynamics.

Chapter 5 looks at a first experimental realisation of the concept of nanoantenna switches.

We choose Indium Tin Oxide (ITO) as a nonlinear material to fully cover the antennas.

The nonlinear optical response of ITO is more than an order of magnitude smaller than

the response we observe for antenna-ITO hybrids. Unlike for pure gold antennas, we
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find a characteristic bipolar response which corresponds to a redshift of the plasmon res-

onance. When compared to numerical simulations, this cannot be accounted for by free

electrons generated in the ITO. What we discover instead is that the ITO around the

antennas is locally heated by fast electron injection from the illuminated gold antenna,

causing a sizeable shift in the refractive index of the surroundings.

In chapter 6, we further expand on this: Using a large-area dimer metamaterial as a

basis, we use different conductive oxides such as ITO and aluminum doped zinc oxide

(AZO) as cover layers. We observe the same nonlinear response as in Chapter 5 – a

bipolar signal much bigger than the response of just the conductive oxide. This further

indicates that the gold antenna acts as a local sensitizer for the nonlinear response of

the cover material.

In chapter 7, we present a summary of the results obtained in this work and look at

future plans and realisations of the concepts and ideas introduced in this thesis. In

particular, the energy transfer mechanism by hot electron injection followed by local

heating has been shown to be extremely versatile and universal, which opens up further

investigations in several veins that are discussed and expressed more thoroughly in this

section.





Chapter 2

Simulation, fabrication and

characterisation of nanostructures

In this chapter, we introduce the three pillars necessary on which the research results

shown in the following chapters are build: Simulation, nanofabrication and character-

isation of nanoantenna dimers. The simulational tools presented here are the Finite

Element Method (FEM), the Boundary Element Method (BEM) and Finite Difference

Time Domain (FDTD) simulations, which were all used in this thesis. The BEM cal-

culations presented in this thesis were done with the code provided by J. Aizpurua in

San Sebastian, and N. Large ran the simulation for gap-loading of symmetric dimers

(published in [67]). Similarly, all the FDTD (Lumerical) calculations were done by

P. Albella of the same group. All the FEM calculations as well as the BEM simulations

of chapter 3 and section 4.2 were done by myself.

The section on nanofabrication is divided into three parts. First, the electron-beam

lithography of nanoantenna dimers is presented. Nanoantennas were fabricated in the

Rapid Prototyping Facility (RPF) of the School of Physics (cf. chapter 5 and partially

chapter 3). Other samples were fabricated by Y. Wang in the Mountbatten Cleanroom,

where the resolution of the e-beam (JEOL JBX-9300FS) is much better due to its 100

keV emission gun. Second, the colloidal lithography combined with angle-dependent

evaporation is presented. This process is being developed to high sophistication at the

moment [68, 69, 70, 71] and holds great promise for the cheap fabrication of large-

area metamaterials. The samples which were used for the work presented in chapter

6 were fabricated up to lift-off by Dr Borja Sepúlveda in the cleanroom at Chalmers

University, and then handed over to me for further processing. This leads us to the

nanofabrication part three, the deposition of conductive oxide layers. Before the new

Mountbatten cleanroom facilitiy was opened, r.f. sputter deposition in the RPF was

used and optimised which therefore takes up a large part of this section. Later, ITO

evaporation and subsequent annealing as well as atomic layer deposition of Al-doped

15
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zinc oxide in the Mountbatten Cleanroom were used for some of the samples in chapter

6.

All characterisation was done in the spatial modulation and pump-probe microscope

setup build with a ps Fianium supercontinuum laser in our labs.

2.1 Simulation

All simulation techniques that are presented in this section are based on numerically

solving Maxwell’s classical equations. As a reminder, the differential equations describing

all electromagnetic interaction of light and matter are as follows:

∇ · ~E =
ρ

ε0
, (2.1)

∇ · ~B = 0, (2.2)

∇× ~E = −∂
~B

∂t
, (2.3)

∇× ~B = µ0
~J + µ0ε0

∂ ~E

∂t
. (2.4)

Maxwell’s equations can also be expressed in integral form by using the divergence the-

orem and the Kelvin-Stokes theorem, respectively. Both forms are equivalent, and some

of the simulation methods use one form, some the other. For example, the Boundary

Element Method uses the integral form to calculate fields from given charge and current

distributions.

2.1.1 Finite Element Method (FEM)

The Finite Element Method was first developed in the 1940s and has been used for almost

every research field imaginable, demonstrating its great versatility [72] from applications

in architecture to climate and weather simulations. It is a sophisticated numerical tech-

nique that finds approximate solutions of partial differential equations for a discritised

mesh of a continous domain, which divides the domain into a set of discrete finite sub-

domains, so-called mesh elements. The developed meshing techniques are what makes

FEM so generally applicable: It is easy to use a finer mesh for critical points, such as a

strong bend in the geometry. In this thesis, we use the FEM software Comsol 3.5 [73].

Comsol provides a graphic interface as well as a connection with Matlab for scripting,

which can for example be used to generate large numbers of scatterers [74].
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Figure 2.1: a) Comsol geometry for a single gold disk on a two-layer substrate.
The disk is coloured blue here, as well as the Perfectly Matched Layers (PMLs)
at the ends. b) Geometry for modelling of a coupled disk dimer. Using symmetry
considerations allows us to use only one fourth of the computational resources.
In the bottom picture, the geometry is meshed.

The Finite Element Method is a very powerful tool to solve partial differential equations

at specific node points of a volume. These nodes are determined by the chosen mesh

which may restrict resolution. Obviously, a simulation with fewer mesh elements is going

to solve faster than one with a finer mesh. It is very important to make sure the mesh

is chosen detailed enough in order for the solution to converge. On the other hand, a

finer mesh than necessary for convergence will take an unnecessarily long time to solve.

In Fig. 2.1, an example of the modelling geometry most commonly used in this thesis

is given. On the left, we see a rectangular geometry for simulation of a single gold disk

on a substrate. The excitation here is defined as a plane wave moving in positive z-

direction, with polarisation in x-direction. Two Perfectly Matched Layers (PMLs) limit

the geometry at the ends (shaded). Coarsely explained, PMLs are absorbing layers and

will attenuate any wave passing through them. They absorb both propagating as well as

evanescent fields. In the right-hand panel of Fig. 2.1, we use a spherical geometry with

a spherical PML around it to model a nanodisk dimer in vacuum. Since the problem is

symmetric both in y- and x-direction (but not in z), we can use symmetry planes and

only simulate one quarter of the geometry, which is very useful to save on computational

resources.

As for all simulational methods, it is important to make sure the solution is convergent

and can be trusted. This is most easily done by comparing simulation results with
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analytical solutions for simple well-explored particles such as spheres. It can also be

useful to compare the results obtained from using different simulation tools. In the

following section, an overview is given of how to calculate absorption, scattering and

extinction cross sections to retrieve the relevant data from a solved model. This is not

restricted to Comsol, but can be used for other simulation methods, too.

The absorption cross section σabs is calculated either by integrating the resistive heat-

ing over the surface area of the nanoobject [75] or by using energy conservation and

integrating over the total normal flux on spherical interior boundaries. Likewise, the

scattering cross section σscat is calculated from the near-fields, by integrating the nor-

malized scattered flux on spherical interior boundaries.

The extinction cross section is then indirectly retrieved by adding the scattering and

absorption cross section together. It can also be derived from the optical theorem [8]

that states that the extinction depends only on the scattering amplitude of the electro-

magnetic wave in the forward direction. We can thus obtain the extinction cross section

σext,OT by evaluating the following expression on a point along the symmetry axis of our

structure:

σext,OT = −4π
Im(Efar,x)

E0k0
, (2.5)

where E0 is the amplitude of the incoming plane wave and Efar,x the x-component of

the electric far field. The extinction cross section can also be calculated by integrating

the square of the normalized far-field over a sphere of interior boundaries. However, this

is an extremely inefficient method, since it involves the integration of a variable that in

itself is already a surface integral, which means two surface integrations every time the

expression is evaluated.

Although for our purposes we are mainly interested in the extinction cross section of

our nanoantennas (due to their size, the main contribution here is scattering anyway),

we also check the remaining cross sections to make sure that our results are reliable and

reproducible. All these different ways to calculate the cross sections were found to yield

results that were in excellent agreement with each other.

2.1.2 Boundary Element Method (BEM)

The Boundary Element Method is a numerical method for solving linear partial differen-

tial equations formulated as integral equations [76, 77] and is equally versatile as FEM.

Like all other numerical methods to simulate nanoscale scattering of electromagnetic ra-

diation, BEM is based on solving Maxwell’s equations self-consistently in homogeneous

media, including retardation. This is done by calculating the surface charge densities and

surface currents on the nanoobject that are affected by the incoming field [78, 79, 50].
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Figure 2.2: Schematics of an arbitrary interface between medium 1 (charge
density σ1, current density ~h1) and medium 2 (σ2, ~h2). s and s′ are typical
discretisation points. ~G1(r− s) is the Green’s function that describes the inter-
action between two points.

In the following, we will give a brief introduction into the theoretical background used

for electromagnetic BEM simulations.

Expressing the electric field ~E(~r) and the magnetic field ~H(~r) in terms of the scalar

potential φ and the vector potential ~A as induced by the external radiation source, we

can then proceed to describe φ(~r) and ~A(~r) inside the surrounding medium j as resulting

from an external source in the same medium and the equivalent boundary charges σj(~s)

and currents ~hj(~s) at a point ~s on the nano-object boundary. This can be written with

the Green’s function Gj(r) = eikjr

r (for illustration, see Fig. 2.2), where kj = k
√
εjµj :

φ(~r) = φe(~r) +

∫
sj

ds Gj(|~r − ~s|)σj(~s), (2.6)

~A(~r) = ~Ae(~r) +

∫
sj

ds Gj(|~r − ~s|)~hj(~s). (2.7)

By discretising the surface boundaries in N such representative points si and ensuring

the continuties of the parallel and perpendicular electric and magnetic fields, we obtain

a system of 8N linear equations with 8 unknown surface charges and currents that can

be solved. The equations for the polarisability (see previous chapter) then yield the

near- and far-fields of the structure which can be calculated in a straightforward way.

The BEM code used in this thesis was provided by the Aizpurua group and is based on

axial symmetry, making it one of the most efficient ways to calculate nanorod geometries.

The boundary surfaces between different materials are discretised (see Fig. 2.3a) and the
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Maxwell equations are solved in integral form at these discrete points. BEM is often

more efficient than other methods for modelling the interaction of light with particles

with a small surface/volume ratio, since it only solves for discrete points on the surface.

For larger or more complex geometries, however, it is often less efficient than volume-

discretising methods such as FEM or FDTD.

2.1.3 Finite Difference Time Domain method (FDTD)

The FDTD method, first proposed by Yee in 1960 [80] is based on solving Maxwell’s

equations on discretised volumes and its use has dramatically increased for plasmonic

modelling in the last decade. This method makes use of the fact that the time derivative

and thus the evolution of the electric field is dependent on the spatial change of the

magnetic field as described by Maxwell’s equations. Iteratively solving for E- and H-

fields thus simulates the propagation in the system. This is most often done on a so-called

Yee-lattice (see 2.3b) with staggered cells for electric and magnetic field components due

to its proven robustness, and solved in a step-by-step manner: First, at one point in

time, the electric field vector components are solved for the grid, and in the next instant

in time, it is the magnetic field components that are solved. This is repeated until the

desired field behaviour has fully converged.

Figure 2.3: a) Typical discretisation scheme using BEM for an axially symmet-
ric structure such as a nanorod here. The red dots are the discrete points used
for solving, the green arrows indicate the normals in these points. b) Schematics
of a standard cartesian Yee-lattice used for FDTD meshing, where electric and
magnetic fields are arranged in lattices with different offsets.
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As for FEM, meshing is a critical component of FDTD modelling. The whole structure

is meshed in a space grid, and an electromagnetic wave is launched in the direction of

the structure, most often a Gaussian pulse. The electromagnetic interactions are then

calculated along the grid and result in a modified pulse in the time domain, which can be

Fourier transformed into the frequency domain for direct comparison with the spectrum

of the incoming wave as it was before encountering the nanostructure. This way, both

incoming, outgoing and relative spectra can be calculated.

FDTD is a versatile simulation technique and is very intuitive since it simulates the

temporal propagation as we are used to expect it. Animated displays of the propagating

light and its interaction with nanostructures can easily be generated using FDTD, and

are very useful for our understanding. Since it is a time-domain technique, it is possible

to cover a wide range of frequencies with a single simulation run. Additionally, FDTD

has the advantage of treating nonlinear properties in a natural way, which is often

problematic with FEM and BEM.

2.2 Nanofabrication

In this thesis, we use two different kinds of nanoantennas: Lithographically designed

nanorod antennas and disk dimers fabricated by colloidal lithography and angle-controlled

deposition. These two techniques will be discussed in detail in this section, as well as

deposition techniques to cover them with thin semiconductor layers for activation.

2.2.1 Nanoantenna fabrication by e-beam lithography

In order to fabricate plasmonic nanoantennas, a working and reproducible process had to

be developed in the Rapid Prototyping Facility in the School of Physics. This involved

optimisation of the different sensitive parameters (such as photoresist treatment and

exposure voltage) and resulted in well-resolved nanoantennas of the size of 100 nm ×
180 nm, and a gap of 20-60 nm for the individual antennas (see Fig. 2.5). The quality is

sufficiently homogenous on a µm scale and the process itself is reproducible. Adjusting

the dose allows for tiny variations in size. In this section, a detailed description of the

established fabrication process is presented.

Glass slides covered with ITO were used as a substrate, preventing a charging of the

sample during the writing process. The crucial steps are shown in Fig. 2.4. First, the

sample was cleaned by sonication in acetone, isopropanol (IPA) and deionised water for

20 minutes each. It was then blow-dried with an air gun. Next, approx. 100 nm methyl

methacrylate (MMA) EL6 (6% in ethyl lactate) was spincoated onto the sample and

baked for one minute at 150◦C. After allowing it to cool down to room temperature,

another 50 nm layer of poly-methyl methacrylate (PMMA) A2 (2% in anisole) was



22 Chapter 2 Simulation, fabrication and characterisation of nanostructures

Figure 2.4: a) A bilayer of photoresist is spin-coated onto an ITO-covered glass
slide. b) Exposure to the electron beam breaks up the molecules of the photore-
sist. The affected molecules are dissolved by the developer and any remains are
stripped off by plasma-ashering with O2. c) A thin layer of gold is evaporated
onto the sample. d) After the lift-off with acetone, only the gold structures
remain and can be coated in the semiconductor (e).

spincoated onto the sample and baked for another minute at 180◦C. Using a bilayer of

positive photoresist (such as our MMA and PMMA) with different molecular weights (=

different sensitivities) is necessary for good resolution. This circumvents the so-called

proximity effect (backscattered electrons widening the exposed pattern) and makes it

possible to obtain sharp edges [81]. On the other hand, the bilayer restricts the size of

the gap between the two nanorods forming an antenna to 20 – 30 nm (again due to the

proximity effect, see Fig. 2.4 b).

For electron beam lithography, the highest possible EHT voltage of 30 kV and a spot

size of 10 nm was used to expose the resist, which also ensured high resolution and

Figure 2.5: a) A pseudorandom array of uniform nanoantennas of the size
100 nm × 180 nm with a gap of 30 nm. b) A single nanoantenna, charged up
by exposure during characterisation by SEM. In the background, it can be seen
that the highly conductive ITO (8-12 Ω/square) forms crystalline areas.
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reproducibility. An exposure dose of 130 µAs/cm2 was found to produce the best results.

The exposed bilayer was then developed in the developing solution MIBK : IPA (methyl

isobutyl ketone : isopopropyl alcohol = 1 : 3) at room temperature for 40 s, forming

an undercut especially in the bottom layer of photoresist. The development is stopped

by rinsing the sample in IPA for 60 s. Before evaporating the gold onto the sample, we

plasma asher the sample with O2 for 10 s to rid it of any residual resist in the developed

parts. This step is crucial to ensure a good adhesion of the gold to the ITO. After the

remaining photoresist is removed, a 20-30 nm layer of gold is deposited onto the sample.

The final step consists of the lift-off in acetone. The sample was left to soak in acetone

for a couple of minutes and cleaned in IPA afterwards, allowing the photoresist covered

with gold to come off easily. To obtain hybrid semiconductor-metal nanoantennas (see

chapters 5 and 6), the antennas were burried in a matrix of semiconductor. The thin

films of approx. 25 nm thickness were deposited by r.f. sputtering, which is described

more closely in the following section. The results of the nanofabrication process are

shown in Fig. 2.5 for a pseudorandom array, with randomness an a scale of several µm

of antennas and, at larger magnification, a single nanoantenna on highly conductive

ITO, used for single antenna spectroscopy.

2.2.2 Nanoantenna fabrication by colloidal lithography

Nanofabrication methods using colloids have been developing at a rapid pace during

the last 10 years. Colloidal nanofabrication methods have the unique advantage of

providing large area coverage, high fabrication speed (unlike e-beam or FIB), uniformity

Figure 2.6: Schematic overview of large-area dimer fabrication using colloidal
hole-mask lithography combined with angle-controlled evaporation. Deposition
of sacrifical photoresist layer and masking colloids

[
a)
]

is followed by evaporation
of the hole-mask

[
b)
]
. After tape-stripping the colloidal spheres, holes are etched

into the resist
[
c)
]
, which is subsequently followed by evaporation at different

angles
[
d), e)

]
. In the end, the mask is lifted off together with the resist in

acetone
[
f)
]
.
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Figure 2.7: a) FEGSEM picture of randomly distributed disk dimers with
radius of approx. 100 nm and a gap of 20 nm. b) A single disk dimer in high
magnification.

and reproducibility. The simplicity of colloidal fabrication techniques and their economic

viability make them highly appropriate for routine nanofabrication. Using self-assembled

colloids for mask production coupled with angle-dependent evaporation, a number of

different nanostructures have been demonstrated to be manifacturable: splitrings [71],

bowtie antennas [70], random disks [82], disk dimers consisting of gold, silver or with

arms of different materials (so-called heterodimers) [69] are just some of many examples.

Here, an overview of the nanofabrication of closely spaced disk dimers is given.

The basic fabrication steps are presented in the schematic overview in Fig. 2.6, following

the description from Ref. [68]: First, a sacrificial PMMA film was spin-coated onto the

substrate. Charged polymer spheres were then deposited onto the photoresist, which

was made hydrophilic by a short oxygen plasma etch. Due to the electrostatic repulsion

between the spheres, a random deposition of colloids is achieved, on which the hole-

mask made of a thin gold layer is then evaporated. The polymer spheres were stripped

away with tape. The spacing and diameter of the holes is determined by the separation

distance and size of the polymer spheres. The photoresist below the remaining holes was

etched away in an oxygen plasma, resulting in an undercut of the gold mask not unlike

after e-beam exposure and development. This hole-mask could then be used to deposit

gold at different angles to achieve dimers. This was done at very small angles and in

several steps, depositing 5 nm in one direction, 5 nm in the other, and so on. Otherwise,

the deposited gold starts to obstruct the holes and deposition of first one dimer arm and

then the other would lead to differently sized disks. The last step is lift-off, were the

gold on top is disposed of together with the sacrificial resist. The samples were delivered

to us before the final lift-off step, so we could do another evaporation step ourselves in

order to deposit one more semiconductor disk in the gap (see chapter 6).

2.2.3 Deposition of conductive oxide layers

For hybridisation of our nanoantennas, we deposit thin layers of conductive oxides on

top [83, 84, 85, 86, 87, 88]. The antennas used in the experiments in chapter 5 were

covered with sputtered ITO after being already fabricated on ITO substrates, thus
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allowing coverage from all sides. For the activation of the dimer disk metamaterials in

chapter 6, we compare sputtered ITO layers with evaporated and post-annealed ITO

and atomic layer deposited aluminium-doped zinc oxide (AZO).

2.2.3.1 Fabrication and analysis of thin r.f. sputtered ITO films

Radio-frequency (r.f.) sputtering is a popular means of depositing material onto a sub-

strate through the oblation of a target due to the impact of high energy ions, in our

case argon. With the help of a strong electric field, an argon plasma is created and

driven to strike the substrate with a high frequency. Sputtering allows the deposition

of not only metals, but also semiconductors and nonconducting materials. Mixing of

the inertial gas (Ar) with a reactive gas (e.g. oxygen) allows to deposit an oxide. Here,

we look at r.f. sputtering of Indium Tin Oxide (ITO), a n-type semiconductor of high

transparency and nearly metallic conductivity with a bandgap of 3.5 - 4 eV [43, 89].

Davenas et al. [89] report band-to-band transitions to be at the origin of the strong

absorption observed below 0.35 µm, whereas intra-band transitions resulting from free

carrier excitation occur above 1.2 µm.

Over the past few years, intensive research has been done into deposition of highly con-

ductive ITO, see [90]. A very effective technique to get low sheet resistance coupled with

good optical transparency has been found to be r.f. sputtering. Substrate temperature,

deposition rate, partial gas mixture and pressure have a strong influence on the qualities

of the resulting films [91, 90] and have to be chosen with care. In Table 2.1, an overview

of different parameters is presented together with the sheet resistivity of the resulting

films.

For ITO deposition, the target consists of a circular disk of an alloy with a (90 : 10)

mixing ratio of indium oxide : tin oxide. An argon flow of 136 sccm combined with an

oxygen flow of 1 sccm yields films with good electrical characteristics. This was found

by Dr Peter Ayliffe in the framework of the ‘mesophotonics’ spin-off. Optimising the

sputtering process with regard to temperature and time left for cooling of the sample,

values of up to 20 Ω/sq were achieved. The most critical parameter (apart from the

oxygen and argon flow ratio) appears to be the temperature. This is attributed to

some annealing taking place at high temperatures during the sputtering or during the

subsequent cooling down of the sample. The results for different conditions can be found

in Table 2.1. The resistivities were obtained using a 4-point probe setup (Jandel) that

sends a current through two metal tips and uses another two metal tips (all equally

spaced) to measure the induced voltage in between. The thickness of the films is 200 nm

(±5 nm) for all films.
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We have also tried to achieve even lower sheet resistances with the help of post-annealing.

According to literature, annealing conditions strongly affect the properties of the films.

Improved conductivity and optical transparency has been reported for annealing in

air [92], oxygen [93], hydrogen [94], and a variety of gas mixtures [90]. For anneal-

ing in air, we found the opposite to be true, i.e. a deterioration in conductivity (compare

Table 2.1). A likely explanation for this deterioration is that we are already depositing

the ITO in an oxygen/argon gas mixture at high temperatures. Waiting for the tem-

perature to drop below 130◦C takes approx. 1–2 h, leading to an annealing immediately

after deposition.

Best results in literature were obtained for annealing in a forming gas (a mixture of N2

and H2) [95, 96]. At the moment, there are no facilities in which to anneal a batch of

samples in forming gas; however, the Mountbatten Cleanroom has just begun to put

several furnaces into operation, one of which uses forming gas for annealing. Should

the conductivity of our ITO films need further improvement, that is one of the options

worth exploring in the future.

Making use of the UV/VIS Spectrometer in the Physics Cleanroom (Jasco), the reflec-

tivity and transmittance of the sputtered samples from Table 2.1 and of two batches

Figure 2.8: UV/Vis reflectivity spectra for Sample M (red), Sample S (magenta),
Sample A (olive), Sample 1 (green) and commercial samples of 100 Ω/sq (cyan)
and of 12.37 Ω/sq (black), as well as the transmittance for the 12.37 Ω/sq sample
(blue). The slight offset in the curves between 800 and 900 nm is due to the
gratings in the UV/Vis being changed.
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of commercially purchased ITO covered slides with resistivites of 8-12 Ω/sq and 70-100

Ω/sq were measured. The spectra are shown in Fig. 2.8. Using the Fresnel equation

with angle zero for the reflectivity between ITO and air as a rough approximation, we

can qualitatively describe the behaviour of the measured reflectivity curves:

R =
(n− 1)2 + k2

(n+ 1)2 + k2
(2.8)

For long wavelengths, the absorption coefficient k dominates the reflectivity spectra,

leading to an almost metallic behaviour of the ITO films. This behaviour is more

pronounced for higher free-carrier concentrations, as can be seen in Fig. 2.8.

2.2.3.2 Other deposition techniques

For coverage of the large-area dimer metamaterials in chapter 6, we also investigated

conductive oxide layers deposited by other techniques, in particular by evaporation and

subsequent annealing, and Atomic Layer Deposition (ALD), which offer advantages in

terms of control over dopants and uniformity.

For evaporation, ITO grains (90-10 wt%, 99.99 % pure from Testbourne Ltd.) were

heated in a ceramic crucible at 2×10−4 mbar partial oxygen pressure and subsequently

annealed in air for 1h at 200◦C. As can be seen in Fig. 2.9, the evaporated ITO forms a

smooth film on the gold dimers, whereas the sputtered ITO forms grains on the substrate.

These grains can be found next to the dimers, but also sometimes in the gap between

two disks which accounts for and explains the variety in the magnitude of the results

presented in chapter 5 and in [97, 98]. The stochiometry of ITO is crucial due to its

effect on electrical and optical properties, so smooth and uniform films are desirable.

For ITO, we optimised conductivity for both sputtering (see previous section) and evap-

oration and came to the conclusion that while both r.f. sputtering and evaporation allow

us to reach high sheet resistances of 20-50 Ω/sq for a 200 nm film of good transparency,

evaporated films show a much more uniform consistency. Evaporation also has the ad-

ditional advantage of being directional, unlike sputtering, which makes it possible to use

photoresist patterning.

This leads us to another candidate for conductive transparent oxides, Aluminum-doped

Zinc Oxide (AZO), which provides the best prerequisites in terms of uniformity. For

AZO films, we used ALD, a technique for deposition of thin films that is based on using

gas phase chemical processes sequentially. The chemicals are provided in the form of

so-called precursors that react with the sample surface to form a self-limiting deposition

layer of Å thickness. The precursor used for AZO deposition were DEZ (diethylzinc)

and TMA (trimethyl aluminum).
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Figure 2.9: FEGSEM pictures of dimer substrate covered in sputtered, respec-
tively evaporated ITO. It is clearly visible that the evaporated ITO forms much
smoother layers. The scale bars denote 200 nm. The difference in brightness is
simply due to different contrast settings.

For AZO deposition, we used a temperature of 150◦ and created a layer-by-layer structure

consisting of a ZnO matrix and Al2O3 dopant layers, with a mixing ratio of 20 cycles

of ZnO and 1 cycle of Al2O3 for each supercycle, as proposed for optimal resistivity

in [99]. ALD is by far the best controlled of the three processes with its controlled

growth of single atomic layers, guaranteeing large-area film deposition conformality due

to the self-limiting and surface-saturated reaction [100, 101]. Additional advantages

include the low deposition temperature and minute control of doping concentration by

adjusting the cycle ratio. The only real disadvantages of ALD are its inherent slowness as

well as the inability to use patterning by photoresist, since the ALD covers all available

surfaces equally.

2.3 Optical microscopy techniques

Two main spectroscopy techniques are used throughout this thesis: Spatial modulation

spectroscopy, like the more common darkfield spectroscopy, is used to characterise the

linear response of nanoantennas. It has the advantage of being very sensitive to even

very small nanoparticles and of yielding a measure directly proportional to the extinction

cross section. Pump probe spectroscopy, on the other hand, uses one pulse to excite

the antenna, and another one to probe its subsequent femto- to picosecond response,

which makes it an extremely sensitive technique for measuring nonlinear responses.

Both techniques will be explained in more detail in this section, after we have shortly

introduced their application in our setup.

For spectroscopy, we use a Fianium supercontinuum light source [102] with a dual output,

picosecond pulses (approx. 4 ps), a maximum overall power of 1 W and a repetition rate
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of 40 MHz. The first output generates light in the range from 407 – 2000 nm, which is

used for spectral characterisation. As shown in Fig. 2.10, the white light supercontinuum

from the probe beam is led through a double-prism subtractive mode monochromator,

where the beam is first dispersed by a prism and then focused onto a slit for selection of

a specific wavelength. Varying the slit width allows to tune the transmitted frequency

range with a resolution of up to 20 nm.

A second lens and prism in subtractive mode was used to recombine the different spectral

components after filtering. After the prism monochromator, a piezo-mirror was used to

spatially modulate the beam before it is thightly focused onto the sample with a NIR

objective with 0.5 NA from Mitutoyo.

For the second output, the pump beam, the beam is focussed onto a BBO crystal for

second harmonic generation (later substituted by a 5 mm thick KTP crystal for more

efficient transformation), generating a green beam of 530 nm. Another modulation, this

time of the pump beam, is introduced by a hopper in the pump beam. After the beam

passes a delay line in the form of a translation stage, it is focussed through a lens with

0.6 NA onto the sample from the backside.

Figure 2.10: Home-built optical setup for spatial modulation microscopy and
pump-probe measurements in either transmission or reflection (shown is reflec-
tion only since the data for this thesis was measured in reflection).
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The probe signal after reflection from the sample back through the objective is measured

by reflecting the signal off a beamsplitter in the probe beam path onto a photodetec-

tor. This setup allows to measure either in reflection or transmission, in which case the

beamsplitter and photodetector are transferred onto the other side of the sample, along

with various filters. The measurements presented in this thesis were almost all done in

reflection, due to the straightforward separation of pump and probe light components

and better signal-to-noise ratio compared to transmission. Both the spatial modula-

tion of the probe beam by the piezo-mirror and the integrated delay line in the pump

beam path for pump-probe measurements will be explained in more detail in the next

subsection.

For both techniques for linear and nonlinear characterisation, another chopper was used

in the beam path of the probe, see Fig. 2.10, in order to provide a reference signal and

normalise the differential signals obtained from spatial modulation and pump probe.

2.3.1 Spatial modulation spectroscopy

Spatial modulation microscopy is a tool for characterising single nanoparticles down

to a size of 5 nm [103]. This technique uses the modulation of the cross section of

the illuminated particle with respect to the incident beam. In our setup, the incident

beam is modulated instead and the sample kept fixed, see Fig. 2.10). The laser beam

is assumed to have a Gaussian profile I(x, y) and to be tightly focused, ideally of the

order of the amplitude of the modulation [103, 104, 105]. Using a lock-in amplifier, it is

possible to only detect the modulated light, which allows to extract information about

the wavelength-dependent extinction cross section σext(λ). To make this clearer, we

briefly revise the derivation from [104].

In a first approximation, we can assume the modulation amplitude in x-direction δx to

be sufficiently small (δx � FWHM). Therefore, it is allowed to expand the modulated

transmitted power, yielding

Pt = Pi − σext(λ)I[x+ δx sin(2πft), y] (2.9)

= −σext(λ)
[
I[x, y] + δxI

′[x, y] sin(2πft)

+
1

2
δ2
xI
′′[x, y] sin2(2πft) + ...

]
≈ −σext(λ)

[
I[x, y] + δxI

′[x, y] sin(2πft)

+
1

4
δ2
xI
′′[x, y]− 1

4
δ2
xI
′′[x, y] cos(2πft)

]
,

where the derivatives are all with respect to x and we only consider the first few elements

of the Taylor expansion.
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Figure 2.11: a) Principle of spatial modulation microscopy. Depending on the
position of the nanoparticle (here a nanoantenna) in the Gaussian intensity pro-
file of the beam, the transmitted/reflected light changes. This makes it possible
to detect the modulation with the lock-in amplifier. b) 1f spatial modulation
profile of a nanoantenna as used in chapter 5. c) 2f spatial modulation profile
of the same antenna.

Detecting a signal on the fundamental (1f) or harmonic (2f) frequencies with the aid of

a lock-in amplifier thus gives information about both extinction cross section, from the

amplitude of the detected signal, and the beam size, through the FWHM by way of the

derivatives of the Gaussian intensity profile. It is comparatively easy to determine the

spotsize of the beam that way, whereas for the extinction cross section it is essential to

carefully model Eq. (2.9) numerically to compare with the measured relative transmission

change, ∆T/T = (Pi − Pt)/Pi. The same applies for measurements in reflection, where

the signal-to-background ratio is approx. a factor of 10 bigger than in transmission

because of the lower background intensity.

In Fig. 2.11, we show typical scans as obtained with the Spatial Modulation method for

a single nanoantenna. For the 1f signal, we obtain the typical form of a first derivative

of a Gaussian, whereas for 2f , it is the second derivative. This is why 2f is the preferred

signal for spectral characterisation: To be positioned directly on top of the nanoparticle,

one only needs to maximise the signal by positioning, instead of at the zero crossing

as necessary for the 1f signal. Here in panel c), the negative troughs are not of the

same magnitude, which is typical if the beam is not perfectly Gaussian – however, this

does not have an effect on the maximum of the signal, which is directly related to the

extinction cross section. Once positioned at the maximum, it is easy to obtain the full

spectrum by scanning the different wavelengths, which is automated now in our setup.

We are able to achieve a sensitivity in ∆R/R of up to 10−3 with our setup, comparable

to the sensitivities reported in literature [104].

Spatial modulation microscopy is the only known far-field technique that extends to char-

acterising particles of sizes far beyond the diffraction limit. Although near-field methods

such as SNOM (scanning near-field optical microscopy) can easily reach comparable sizes
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when it comes to detection, they are also intrusive and rely on the interaction between

particle and environment and the tip. This makes it both harder to interpret the results

and fails when it comes to inaccessible geometries such as ours where the nanostructure

is embedded in a matrix of semiconductor.

2.3.2 Pump probe spectroscopy

For nonlinear pump probe experiments, we used the same spectroscopy setup (see

Fig. 2.10) in combination with a synchronized Ytterbium fibre amplifier, which was

frequency doubled to a wavelength of 530 nm. The pump beam is directed into a corner

cube in the delay line and then onto the sample from the back (see Fig. 2.10), where its

focussed spot is overlaid with the spot from the frequency tunable probe beam. After

filtering out the pump beam by a combination of filters and gratings either in trans-

mission or reflection, the signal is measured by a photo diode and fed into the lock-in

amplifier. The frequency reference for the lock-in is provided by the chopper in the path

of the pump beam.

The delay line consists of a translation stage in the way of the pump beam and allows

to change the relative time delay between the arrival of the pulses of pump and probe

beam on the sample. If they arrive on the sample simultaneously, the pump creates a

large population of excited carriers in the material, thus increasing the reflectivity of

the sample for the probe beam. Since both reflectivity and transmittance are functions

Figure 2.12: A typical pump-probe signal as obtained for ps pulses. The pulses
indicate in which order the pump beam (green) and the probe beam (red) arrive.
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of the carrier density, the detected power changes when varying the delay time. Taking

measurements for subsequent delay times creates a picture of the temporal evolution of

the carrier population, see Fig. 2.12.

Pump probe measurements are routinely used for investigations of the dynamics of

metals and semiconductors on a femto- to nanosecond timescale. For example, research

has been done with pump probe experiments on the recovery of saturable absorbers

after excitation, on the diffusion velocity of photoexcited carriers, on phonon modes and

coupling, etc. In our case, we do not directly measure the carrier dynamics, but rather

the influence of the carrier dynamics on the plasmonic resonance of our optical antennas.



Chapter 3

Localised surface plasmons in

coupled nanorods

In this chapter, the far-field and near-field optical response of coupled nanorods is in-

vestigated in detail, both in symmetric and asymmetric configuration. As shown in

the first chapter, there is a wide variety of plasmonic structures between the limits of

propagating plasmons on planar films and localised plasmons on small nanoparticles

where the electrostatic limit applies. Here, we present a systematic study of nanorod

dimers using BEM calculations and spectral spatial modulation (SM) measurements in

order to explore the effects of particle length and separation distance in nanorod dimers.

Recently, a lot of interest has also developed into dimers of other configurations, such

as nanoshells or nanorings. For example, particularly strong field enhancement in the

feedgap has been found in coupled gold nanoring dimers [106].

Capacitively coupled nanorods are of particular interest because of the high field en-

hancement generated in the gap, which can be used to enhance fluorescence or quantum

dot emission [107, 108, 109], for instance. This enhancement is caused by the interaction

of the localised plasmons along the rods on the one hand and the interference of the elec-

tromagnetic fields they generate on the other hand. A number of different geometrical

configurations has been explored in the past, such as putting one rod at an angle to the

other or aligning rods in parallel [110, 111, 112, 113]. More recently, coupling between

dipolar and quadrupolar modes of two nanorods has been shown to exhibit Electro-

magnetically Induced Transparency [114, 115, 116]. EIT is a well-known example of

destructive interference between excitation pathways in quantum and classical oscillator

systems. One such system will be explored in the second half of this chapter in the form

of asymmetric nanorod dimers, where higher order mode interference and EIT will be

demonstrated.

35
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Figure 3.1: Measured SM spectra in reflection of coupled dimers with increasing
arm lengths from 250 nm to 350 nm, a width of 100 nm and a fixed gap of 25 nm,
grown on a 20 nm ITO substrate, with corresponding SEM pictures of the 10
antennas with increasing lengths in the left panels. Each spectrum was shifted
vertically by approx. 10-20 nm.

3.1 Coupled symmetric nanorods

Nanorods sustain resonances along both axes [117] and exhibit higher order modes for

sufficient rod length [11, 118]. They have strong hotspots at the rod ends due to the

curvature compared to spheres of the same volume and are tunable over a wide range

by varying the aspect ratio.

In Fig. 3.1, we have measured spectra of coupled nanorod dimers designed by e-beam

lithography with increasing arm lengths. As for single nanorods, an increase in length

leads to a redshift of the resonance, as shown in Novotny’s effective wavelength scaling,

see chapter 1. For coupled dimers, there is an additional redshift due to the coupling

between the rods, depending strongly on the separation distance. For the 10 antennas

with increasing length shown in Fig. 3.1, we observe an overall spectral shift of more than

100 nm. The shift is more pronounced for the extinction cross-section than can be seen

for the differential signal ∆R/R, since it scales with an additional factor of λ2, leading

to a further increase of the spectra towards longer wavelengths. The spectra where

measured using the Spatial Modulation technique introduced in the previous chapter,

allowing us to spectrally characterise antennas over a wide wavelength range.
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3.1.1 The plasmon ruler equation

When two or more metallic nanoparticles are placed next to each other, their behaviour

changes from the individual to a collective response [119, 120, 121, 122]. The new cou-

pled structure exhibits its own plasmon modes due to the coupling between its compo-

nents [123]. These new plasmon modes differ from the plasmon modes of the individual

particles and can be understood in terms of the hybridisation model, which is explained

in more detail in the next section.

Here, we will look at the effects of coupling between two nanorods of equal length on the

resonance wavelength of the redshifted resonance. In Fig. 3.2a), we have calculated ex-

tinction spectra for coupled nanorods of 150 nm arm length, including the hemispherical

endcaps. We observe that both the cross section and the resonance wavelength increase

with stronger coupling. The same is true for the near-field enhancement at the resonance

wavelength, as plotted in panels b) and c) for gaps of 2 and 20 nm: We achieve field

enhancements up to a factor of 80 for a gap of 2 nm.

For big gap sizes, the shifts of the first order plasmon resonances follows the interaction

between dipoles and can be described by an inverse cubic law. For smaller gap sizes,

however, the redshift becomes much stronger and increases much faster due to higher-

order multipole interactions. The length scaling of the plasmon coupling for small sizes

Figure 3.2: a) Calculated extinction spectra for coupled nanorod dimers with
hemispherical endcaps and arm lengths of 150 nm respectively (including the
endcaps) and decreasing gap sizes from 200 nm to 2 nm, showing a distinct
redshift with decrease of the separation

[
see also inset, where the gap depen-

dence at larger gap sizes is fitted by the plasmon ruler equation (3.1)
]
. The

resonance for a single nanorod (dashed line) is shown as a reference. b) and c)
Near-field enhancement for 2 nanoantennas with gap length of 2 nm and 20 nm.
We observe a dramatic increase in field enhancement for decreasing gap size.
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of the feedgap is well described by a universal exponential dependence on separation,

also known as plasmon ruler equation [124, 125]:

∆λ/λ0 = σe−s/(τl) (3.1)

where λ0 is the resonance wavelength of an isolated rod, ∆λ = λ − λ0 the wavelength

shift of the nanorod dimer with respect to a single rod, l and s the rod length and gap

size, respectively, and σ and τ the two fitting parameters. Interestingly, this scaling law

was found to be valid independently of particle shape and size [111, 126, 127, 128, 129].

Even this universal exponential scaling law breaks down for very small gaps (roughly

s/l ≤ 0.1, which in our case means 15 nm), which indicates a different coupling behaviour

dominating the strong coupling regime. More elaborate plasmon ruler equations have

been introduced to describe the strong coupling between nanoparticles [124, 130, 131].

This regime has attracted great interest, but will not be discussed in more detail here,

since this regime is not addressed in this thesis.

For even smaller gap sizes (distances shorter than 1 nm), we enter the quantum regime

where deviations such as electron tunneling across the gap and screening [132, 40, 133]

occur – phenomena that have been investigated for the first time in a plasmonics context

in recent years.

3.1.2 The plasmon hybridisation model

Plasmon hybridisation is a theory that was developed about a decade ago by P. Nord-

lander and colleagues [134, 135] and which facilitates easy and intuitive understanding

of mode coupling in complex plasmonic nanostructures. Plasmon hybridisation is the

electromagnetic analogon to the molecular orbital hybridisation picture. The plasmons

are treated as incompressible deformations of the charged electron “liquid”, while the

ions are assumed to be fixed and uniformly distributed. With these approximations,

it is possible to get not only a qualitative, but also a first quantitative measure of the

plasmonic mode structure, not including retardation [136, 137]. Here, we will not go

into detail about the mathematical framework of this model, but simply use the model

to intuitively grasp plasmonic interactions in metal nanostructures.

The plasmon hybridisation model has been very successful in explaining the behaviour

of increasingly complex plasmonic structures such as, for instance, nanoshells, where the

energy splitting is the result of the hybridisation of the plasmon modes of a sphere and

a cavity [138]. In the following, we will look at the hybridisation picture for the case of

coupling between nanorods of the same arm length as explained in Ref. [139].
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Figure 3.3: Schematic illustration of the energy-level splitting and the corre-
sponding near-field intensity spectra, taken from [139]. Copyright (2010) Amer-
ican Chemical Society. The dependence on the feedgap is very clear in the
splitting between bonding and antibonding mode.

Placing two nanorods in close vicinity along their longitudinal axis, we observe a siz-

able redshift compared to the individual plasmon resonances (see Fig. 3.2). However,

there is also a second mode that occurs due to the coupling, which appears at smaller

wavelengths.

Fig. 3.3 shows the plasmonic energy-level diagram of two coupled nanorods excited

along the longitudinal axis in terms of the hybridisation picture combined with their

spectral response. As expected, we observe a splitting due to the mode coupling: At

lower energies, we obtain the bonding mode and at higher energies the antibonding mode,

referring to the electron oscillations in the nanorods with respect to each other. The

energy splitting in such a dipole antenna depends crucially on the size of the feedgap,

and increases with reduced gap size.

The antibonding mode is a nonradiative mode, which means that its net dipole moment

is zero. Nonradiative modes are also called dark modes, since they cannot be observed

in scattering experiments with normally incident plane waves. Radiative modes, on

the other hand, are called bright modes. Dark modes can only be observed once the

symmetry is broken, either by the excitation geometry or by the geometrical shape of

the structure. In order to see the antibonding mode in Fig. 3.3, the dimer is illuminated

with a source placed 100 nm above the center of the gap, and what is plotted in the figure

is the local normalised field intensity 5 nm away from the nanorod ends. Addressing and

functionalising dark modes in plasmonic structures is particularly attractive because of
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their relatively high quality factor due to their nonradiative nature, which is ultimately

limited by ohmic losses.

In most studies of coupling behaviour, the antibonding mode is neglected since it is non-

radiative. Another reason why the dark antibonding mode has rarely been observed ex-

perimentally is that the feedgap needs to be very small (below 20 nm) in order to observe

the splitting, which is hard to reproducibly fabricate with conventional nanofabrication

methods.

In Fig. 3.3, we only look at the first order modes of the nanorods. However, long nanorods

sustain a variety of higher order modes [11, 118], both radiative and nonradiative. This

will be of significance in the next section, where we look at coupling between nanorods

of different lengths.

3.2 Coupled asymmetric nanorods

Recently, coupling between two nanorods of different length has been proposed theoret-

ically [116, 120]. Here, we present a combined experimental and theoretical approach

to address the optical response of asymmetric dimers. In particular, we expand the

theoretical investigation of interference and coupling of higher-order plasmonic modes

corresponding to odd and even multiples of the plasmon wavelength [118, 50, 52, 140].

3.2.1 Higher-order mode interference

Theoretical model calculations were performed using full electrodynamical methods in-

cluding retardation. In order to obtain detailed agreement with experiments, including

effects of the substrate and of the rectangular antenna geometry, the FDTD method

was used (Lumerical). More extensive explorations of the parameter space for asym-

metric antennas were done using a model system of cylindrical rods in air employing the

boundary element method (BEM). For more information on simulation techniques, see

chapter 2.

Experimental extinction spectra of selected asymmetric dimer antennas are shown in the

right panel of Fig. 3.4, with corresponding FDTD calculations shown in the left panel.

The spectra show a marked dependence on gap position, with good agreement between

simulations and experiment. The typical resonant features haven been numbered from 1.-

5. to relate them with the modes obtained from the model calculations for coupled rods

in vacuum shown further below (Fig. 3.5). This comparison allows us to identify both

modes 5 and 2 as the fundamental dipole mode (λ/2) of the short rod, which splits up

into two parts (3.,4.) around 420 nm length of the long rod L2. For L2 = 460 nm, another

crossing of modes is observed without the splitting. The fundamental dipole mode for
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Figure 3.4: Theoretical FDTD (left) and experimental (right) spectra with
corresponding SEM images (center) for strong coupling (20 nm gap), with the
overall length of both antenna arms kept constant at 600 nm excluding the
gap. The length of the long rod varies from 360 nm (bottom) to 540 nm (top),
with the length of the smaller rod decreasing accordingly, as shown in the SEM
pictures.

the long antenna is located at a longer wavelength, i.e. outside of our experimental

window. Mode 1 corresponds to a higher-order bright mode of the long antenna (3λ/2).

3.2.2 Far-field interference

In Fig. 3.4, we have seen experimentally that the crossing of higher-order modes of the

individual nanorods results in a hybridisation of the asymmetric antenna modes. To get a

complete picture of the underlying interference and coupling, we numerically investigate

the interplay between different multipolar modes depending on the length-length ratio

using calculations of the far-field response of an asymmetric antenna surrounded fully

by air. Here, the dimer antennas are modelled with BEM as two cylindrical rods with

radius R = 15 nm with hemispherical endcaps. The total length, including endcaps but

excluding the gap, was set to 600 nm as in our experiments. Additional calculations

were done also for antennas with a total rod length of 1000 nm, since this reveals the

interferences of even higher modes up to 5λ/2.

As a first step towards the modelling of the mode interactions in the asymmetric dimers,

we start by individually looking at the modes of each rod. For an overview of the modes

present in the individual nanorods, we consider the effective wavelength scaling formula

given by Novotny [51] that was introduced in chapter 1.
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Figure 3.5: Position of the resonances for a dimer of overall length of 600 nm
(top left panels) and of overall length 1000 nm (bottom left panels). In panels
a) and b), we plot the resonances of order one to six for the individual long and
short rods making up the dimer without coupling, according to the scaling law
derived by L. Novotny. The modes of the smaller rod are shown in blue, the
modes of the longer rod in red. Bright modes are solid lines, dark modes dashed
lines. In panels c) and d), we show the results of BEM simulation for varying
length ratio between the two rods the dimer consists of. The gap size here is 100
nm (weak coupling), whereas for panels e) and f) the rods are strongly coupled,
with a gap of only 20 nm.

Fig. 3.5a) shows the calculated positions for the modes of the individual rods L1 (short)

and L2 (long) constituting the asymmetric dimer for the case of 600 nm total length.

We plot in solid lines the radiative modes and in dashed lines the nonradiative modes.

As mentioned before, modes are radiative if they have a nonzero net dipole moment.

The dipole moment depends on the order of the mode, i.e. odd multiples of λ/2 are

radiative, even multiples are nonradiative [50]. The modes corresponding to rod L1

blueshift as the rod length is decreased, while those of rod L2 redshift because of the

increase in length L2. This leads to the occurence of different order modes sustained

by the two nanorods at the same wavelength, which is expected to cause interference.

Various crossings between the fundamental mode of L1 with higher order modes of L2

are indicated by circles in Fig. 3.5a).

The lines obtained with Novotny’s scaling law do not take into account the effect of

coupling on the position of the modes, but give an approximate overview of the oc-

curing modes. These interactions are included in the full electrodynamical simulations.

Fig. 3.5c)-f) shows full calculation results for the two asymmetric dimer lengths and for
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two values of the gap between the rods of respectively 100 nm (c,d) and 20 nm (e,f). For

the 100 nm gap, where the interaction is weak, the calculations correspond quite well to

the expected positions of the individual modes using the simple model. As expected, the

dark modes (dashed lines) are not observed in the far-field extinction. Only a small dip

is observed around the first crossing point in Fig. 3.5c) and d), which is the first onset of

a hybridization between dark and bright modes observed more clearly in Fig. 3.5e) and

f). The splitting between points 3. and 4. can be interpreted as interference between

the first order mode of the smaller nanorod L1 and the second order mode of the longer

rod L2, which makes the nonradiative dark second order mode visible and results in

a dip in the spectrum. This interference is due to the bright mode being excited and

transferring energy to the dark mode of the longer rod, which returns the energy with

additional retardation. Both the direct and the indirect scattering paths then interfere

destructively and cause the splitting.

For the 20 nm gap dimers in Fig. 3.5e) and f), the most pronounced splittings appear

at roughly the length ratios of 1 : 2 and 1 : 4. Another spectral feature we observe

here is a coupling between two bright modes, the bright order third mode of the longer

Figure 3.6: a) Extinction cross-section depending on gap size for a dimer with
410 nm and 190 nm rod length. b) Experimental spectra for a corresponding
dimer with three different gap sizes. The dispersion at smaller gaps is clearly
visible. Below are near-field maps at 910 nm calculated for the same length
ratio as in a), with gaps of 200 nm (c) and of 2 nm (d). Even at long gaps
such as 200 nm, there is still an excitation of the second-order mode of the long
dimer. For very small gap sizes (d), we observe a quenching of the near-field in
the gap and a stronger excitation of the nearfield around the longer rod.
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rod L2 and the first order mode of the smaller rod L1. Unlike for the bright and dark

mode interference, however, there is no destructive interference here, since both modes

are radiative and can be excited. Thus, the coupling is completely symmetric and the

secondary excitation pathways cancel out – we only observe constructive interference,

which serves to make the third order mode more visible.

In Fig. 3.6, we show how strongly the EIT splitting is dependent on the dimer separation.

The splitting first occurs at a separation of 50 nm in our case. With decreasing separation

distances, we see that the splitting becomes more and more asymmetric. The bonding

mode redshifts in cubic dependence of the gap size, as expected for dipolar interaction.

The antibonding mode, however, blueshifts more slowly – this is caused by the interaction

of the plasmon in the shorter nanorod with plasmons of much higher order in the other

rod, as already found in the case of spherical nanoparticle dimers [135]. This behaviour

is confirmed experimentally in Fig. 3.6b) for antennas with different gap sizes of 10, 30

and 40 nm.

These splittings correspond to avoided crossings where the coupling between dark and

bright modes reveals the existence of dark modes through electromagnetically induced

transparency (EIT) [114, 115]. This phenomenon is based on a modification of the

radiative mode by the presence of a dark, nonradiative mode, which is excited through

near-field coupling with the radiative dipole.

3.2.3 Near-field interference

To investigate the EIT-induced splitting into more detail, we plot both field enhancement

and phase of the near fields in Fig. 3.7. The near-field maps clearly show the bonding

Figure 3.7: Near-field enhancement and phase profiles at the splitting (see
numbers 3. and 4. in Fig. 3.5e).
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nature of the mode at 950 nm, while the mode at 870 nm shows an anti-bonding profile

with zero intensity in the gap. Another feature visible in the phases is the induced

charge in the tip of the longer rod caused by the near-field coupling to the bright mode

of the short rod. In EIT, the coupling strength is tuned by the distance between the

two modes, as can be observed in Fig 3.6a), where we plot the extinction spectrum of

the L2 = 420 nm antenna versus gap size. The suppression of the bright mode through

coupling with the dark mode is illustrated in Fig. 3.6c) and d). For a large gap of 200 nm,

the short antenna shows a strong dipole mode; this mode is completely quenched for

a small gap of 2 nm by the coupling. We note that even for a 200 nm gap, the long

antenna is excited significantly through far-field dipole-dipole interaction. The influence

of this excitation back onto the short antenna requires another dipole-dipole coupling

which is concomitantly weaker.

In Fig. 3.8, we take a closer look at the near-field behaviour of our asymmetric antennas.

We plot the near-fields for weak coupling (100 nm, upper row) and strong coupling

(20 nm, lower row) in the center of the gaps and 5 nm from the endcaps on both

sides. Comparing A1) and B1), we see that the radiation of the smaller rod is very

much damped by close proximity to the longer rod. Instead of radiating, the energy

is transferred to the longer rod, which in turn radiates and retransfers energy back to

the smaller rod. The positions marked in these panels depict the further numbering of

the panels to the right. In panel A2), we see as expected the blueshift and decrease in

linewidth as the shorter rod gets smaller. For weak coupling, there is barely an effect in

the center of the gap A3). In A4), we observe the redshift of the long rod as well as the

Figure 3.8: Near-field maps calculated at 910 nm for dimers with arm lengths
190 and 410 nm and a gap of 100 nm (A1) and 20 nm (B1), respectively. The
top panels depict the near-field intensity for a weakly coupled antenna with gap
size 100 nm 5 nm from the short end (A2), in the center of the gap (A3) and 5
nm from the long rod of the dimer (A4). The bottom panels show corresponding
calculations for a strongly coupled asymmetric dimer with a gap of 20 nm.
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third order mode. There is also a slight increase in field enhancement where first and

second order modes meet, an indication that even at gap size 100 nm, our dimers are

not completely decoupled.

For strong coupling, the picture gets more lively: Where bright and dark modes meet,

we see avoided crossings (compare Fig. 3.5). This is most obvious at 5 nm distance from

the endcap of the short rod (B2), but also in the center (B3), where we observe both

near-field enhancement and interference from long and short rod. At 5 nm distance from

the end of the long rod (B4), the coupling between the dark, second order mode of the

long rod and the bright, first order mode of the small rod leads to field enhancement,

since the dark mode is excited through the coupling. It is observed that at positions

corresponding to the EIT crossing of bright and dark modes, energy is transferred from

the short rod to the longer rod. This is of interest for applications, e.g. it would be

possible to position a molecule at the end point of the long antenna B3) which will only

be excited through coupling of the long rod with the bright mode of the short rod at the

EIT condition. Interestingly, there is also an increase of field enhancement where the

bright third order mode of the long rod and the bright first order mode of the shorter

rod meet. This can be attributed to the larger cross-section of the first order mode and

the subsequent radiative coupling.

3.2.4 Conclusion

In this chapter, the coupling and hybridisation of coupled symmetric and asymmetric

nanoantennas was investigated. The plasmon ruler equation and the hybridisation model

were introduced for coupled symmetric nanorods in order to better understand the

coupling behaviour of nanorods. This toolkit is also applicable to asymmetric dimers as

investigated in the second part of this chapter. They are a relatively simple model system

for studying effects of electromagnetically induced transparency. Three dimensional

plasmon rulers consisting of oligomers with coupled dipolar and quadrupolar resonances

also exhibit EIT and have been suggested to measure nanoscale distances in chemical

or biological matter and resolve time-dependent nanoscale motions [141].

As an extension of the highly successful dimer gap antenna concept, asymmetric dimers

may also be of interest for a variety of applications, such as sum-frequency generation,

multi-frequency sensors, and Raman scattering [142, 143]. Coupled asymmetric dimers

as presented here are also highly suitable to LSPR sensing, due to the high sensitivity

of the coupled nanorods to the dielectric environment. Another application for asym-

metric nanoantennas which we will explore in the next chapter is that of asymmetric

trimer nanoantenna switches for controlling the near-fields, which holds great promise

for nonlinear optics and emission control.



Chapter 4

Photoconductively loaded

plasmonic nanoantenna switches

As we have seen in previous chapters, metal nanostructures are capable of concentrating

optical fields into subwavelength volumes by means of surface plasmon polaritons. Dimer

nanoantennas in particular are especially useful in that regard, since the strong capacitive

coupling between closely spaced antenna arms leads to strong local field enhancements,

easily reaching intensity enhancements of up to a factor 100 at the resonance [109]. The

exact position of the plasmonic resonance for nanoantennas is not only tunable by the

spacing of the antenna arms, but also depends critically on the dielectric environment.

Both influences have been extensively demonstrated experimentally, for instance for

vertically aligned nanorods embedded in materials with various refractive indices [144],

where the strong sensitivity of the collective plasmon resonances was attributed to the

capacitive interaction between the rods.

In this chapter, we propose and explore theoretically a new concept of ultrafast optical

switches based on nonlinear plasmonic nanoantennas, which operates on the transition

from the capacitive to the conductive coupling regime between the antenna arms by

varying the gap loading. This concept is then further developed for systems with in-

teraction between higher order modes, in particular in a trimer system including the

asymmetric antennas introduced in the previous chapter. All calculations in this chap-

ter were performed using the boundary element method (BEM) in a full electromagnetic

calculation including retardation (for further information, see chapter 2). Part of this

chapter is composed of the gap loading calculations in symmetric antenna switches run

by N. Large and used in his thesis [145] as well.

47
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4.1 Concept of the photoconductive switch

Active control over subwavelength optical fields is of crucial importance for optical com-

munication, sensing and quantum information technology. Physicists have been trying

to achieve all-optical control over plasmons for a long time using different means, such

as propagating surface plasmons on planar metal films [146, 147], hole arrays [148], and

gold gratings [149]. On a single nanoparticle level, ultrafast heating and coherent vi-

brations of metal particles have been reported and explained by a spectral shift and

broadening of the plasmon resonance [150, 151, 152]. However, these effects are small

compared to the resonance itself.

On the other hand, sizable tunability of the antenna by impedance loading of its gap

using a dielectric medium has recently been described theoretically [153] and experi-

mentally [154]. The principle is based on the transition from capacitive to conductive

coupling between two plasmon modes when bringing two nanoparticles into physical

contact [155, 131]. Near-field investigations have shown control over progressive loading

of a nanoantenna, which can be understood within the framework of circuit theory [36].

What we propose in this chapter is a related but conceptually very distinct approach

using photoconductive loading of the antenna gap. We use photoexcited free carriers

to short circuit the antenna arms, leading to a strong modification of both the spectral

resonance structure and the near-field mode profile. To that effect, we assume the

feedgap to be filled with a semiconductor such as amorphous silicon (a-Si), which allows

us to achieve progressive gap loading by varying the free-carrier density through optical

pumping. As the plasmonic antenna switch is based on a strong confinement of optical

fields in space rather than in time, the antenna switch can operate at a very low switching

energy while potentially reaching a much faster response than microphotonic switching

devices [156, 157].

The principle of operation of the nanoantenna switch is illustrated in Fig. 4.1. The

nanoantennas consist of two closely spaced cylindrical rods with hemispherical endcaps

aligned along the same axis as shown schematically. The interparticle gap is loaded with

a-Si.

In the unswitched case a), the antenna supports roughly half-wavelength resonances

over its individual arms. For antennas in the optical range with gap sizes below 50 nm,

these half-wave modes are hybridised into a symmetric combination by the capacitive

interaction between the two rods [134]. Fig. 4.1b) shows the response of the same

antenna above the free-carrier switching threshold. As the antenna arms are conductively

coupled, the antenna now supports a half-wave resonance over the full antenna length.

As we will show in this chapter, the conductive gap loading results in strong modifications

of both the far-field antenna response and the near-field mode profiles.
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Figure 4.1: Illustration of the principle of antenna switching using a photocon-
ductive gap, showing the fundamental mode of an unswitched (“OFF”) and a
switched (“ON”) nanoantenna. We observe a sizable shift of the resonance.

In the lower part of Fig. 4.1, the effect of photoconductive switching on the far-field res-

onances of a nanoantenna with 100 nm arm length and a gap width of 50 nm is shown,

resulting in a dramatic redshift. For this antenna, the capacitive interaction between

the two nanorods is relatively weak and the unswitched resonance resembles that of the

individual nanorods. Far-field extinction spectra were calculated for free carrier densi-

ties Neh below (0 cm−3, solid blue) and far above (1022 cm−3, dashed red) the switching

threshold. The unswitched antenna shows a strong resonance at a wavelength λ1 of

980 nm, which can be attributed to the fundamental dipole modes of the uncoupled

antenna arms [50]. Photoconductive switching induces a shift of the resonance position

from λ1 to λ′1 over 350 nm, or a relative shift (λ′1−λ1)/λ1 of 36%. This switching effect is

many times larger than that typically observed using dielectric loading [148, 154]. Calcu-

lated far-field radiation patterns corresponding to the two resonances of the unswitched

and switched antenna are shown in the inset of Fig. 4.1. As both resonances correspond

to a dipolar mode, no change is observed in the angular distribution pattern apart from

an overall increase in radiative efficiency. As the radiated power is roughly proportional

to the particle volume squared, this increase can be attributed to the addition of the

photoconductive segment to the total antenna size.
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4.2 The Drude model for semiconductors

The Drude model is routinely used to describe the optical behaviour of metals, as we

have seen in chapter 2. The model assumes that the electrons in the valence band of such

materials behave as a free electron gas, oscillating around the fixed lattice of ions. This

is also applicable to the description of semiconductors where big amounts of electrons

can be generated by optical excitation on the femtosecond to picosecond scale.

For use in our plasmonic nanoantenna switches, we choose amorphous silicon (a-Si) for

its large electronic bandgap of 1.6 eV, high free-carrier nonlinearity, and further for its

wide application range and compatibility with many technological processes [158]. The

nonlinear optical response of crystalline silicon has been shown to be dominated by free

carrier absorption, with a much weaker contribution from gap filling and band structure

renormalization [159, 160]. As similar arguments hold for a-Si, we have calculated the

dielectric function ε̃(ω) of photoexcited a-Si by combining the experimental dielectric

function ε̃exp taken from Aspnes et al. [161] with the free-carrier Drude response [159],

resulting in

ε̃(ω) = ε̃exp(ω)−
(ωpl

ω

)2 1

1 + i 1
ωτD

, (4.1)

Figure 4.2: Real (top) and imaginary (bottom) part of the refractive index (left)
and the equivalent dielectric function (right) for amorphous silicon depending
on the electron-hole concentration as calculated with the Drude model. The
relaxation time is τD ≈ 10−14 s and the optical mass is assumed to be close to
the one for crystalline silicion.
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where ωpl =
√
Nehe2/ε0m∗optme denotes the plasma frequency, with Neh the free carrier

density, m∗opt = (m∗−1
e + m∗−1

h )−1 the optical effective mass of the carriers, and τD ∼
10−14 s the Drude damping term. The optical effective mass for a-Si, m∗opt = 0.17, is

estimated to be close to the value of crystalline silicon [159]. The dielectric function

ε̃(ω) was calculated using Eq. (4.1) for values of the free-electron density Neh ranging

from 0 to 1022 cm−3. Fig. 4.2 shows the real and imaginary part of the refractive index,

respectively the dielectric function of a-Si depending on the free electron concentration.

For values of Neh above 1021 cm−3, a strong modification of the refractive index occurs

corresponding to the formation of a free-carrier plasma. A critical density N crit
eh can be

defined as the transition from primarily capacitive (dielectric) to primarily conductive

(metallic) loading of the antenna gap, given by the condition Im(
√
ε̃) > Re(

√
ε̃), or

equivalently Re(ε̃) < 0. This condition yields an expression for the critical density

N crit
eh (ω) =

Re[ε̃exp(ω)]ε0m
∗
opt

e2
(ω2 + 1/τ2

D) . (4.2)

The critical threshold depends quadratically on the optical frequency ω, while the in-

fluence of τD becomes prominent for τD < 1/ω ∼ 10−15 s, where it results in an overall

shift of N crit
eh to higher carrier densities.

4.3 Gap loading behaviour in plasmonic nanoantenna switches

As shown before, the idea of transforming nanoantennas into antenna switches is re-

markably simple: The interparticle gap is loaded with a semiconductor. We use the

Drude model from the previous section to obtain the dielectric function for different

concentrations of free-carriers in the semiconductor.

The nanoantenna used here consists of two closely spaced cylindrical rods with hemi-

spherical endcaps aligned along the same axis, as displayed in Fig. 4.1. We used dimen-

sions as follows: A length of 100 nm for each of the rods (not including the endcaps),

with a radius of 20 nm and varying gap widths (see simulations for different gap sizes

in Fig. 4.3). There is no substrate in any of the simulations presented here, since we are

looking at concepts primarily. Additional dielectric substrates are added easily enough

in the simulations, as done for the numerical simulations accompanying the chapter on a

realization of the antenna switches in the form of ITO-nanoantenna hybrid devices (see

chapter 5).

The progressive conductive loading is explored in Fig. 4.3 for antennas of increasing

gap dimensions. The horizontal dashed white lines show the position of the unswitched

and the fully switched antenna resonance, the dashed white curve indicates the strongly

wavelength-dependent switching threshold for the critical carrier density, which can be
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Figure 4.3: Colour density maps of the antenna spectral response as a function
of the photoexcited free-carrier concentration for antennas with gap sizes 2 nm
(a), 5 nm (b), 20 nm (c), and 50 nm (d).

obtained by the condition κ(ω) > n(ω). The biggest shift of (λ′1 − λ1)/λ1 = 36% is

obtained by the antenna with 50 nm gap width, which can be understood by the large

change in antenna volume caused by the photoconductive bridge. Also, the redshift of

the antenna arms in the unswitched state is only small, since the capacitive coupling at

a distance of 50 nm is comparatively weak.

The general behaviour of the dynamics with increasing free-carrier density can be un-

derstood using basic circuit theory [153, 36]: In the unswitched state, the positive and

negative polarisation charges act as a capacitor. As the carrier density in the feedgap

increases, the charges in the endcaps decrease (reduction of the Coulomb interaction),

leading to a blueshift of the mode. At some point where the current flow is so large that

the capacitive mode can no longer be sustained, the mode gets damped and dies out.

The appearence of a new resonance at longer wavelength above the critical density

line denotes the transition from the capacitive to the conductive regime in the cavity.

Starting from the fully switched antenna at Neh = 1022 cm−3, on the other hand, we see a

redshift and a noticable decrease in linewidth of the mode when the carrier concentration

decreases and the gap becomes less conductive. Since having positive charges in only

one of the uncoupled antenna arms (as expected for the carrier distribution of one long
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dipole antenna) and negative charges in the other is physically impossible, we observe the

mode redshifting dramatically before it dies out [131, 36]. The narrow spectral profile

indicates a reduced damping of this mode, which is interesting in itself. The strong

dispersion of the modes allows the antenna to simultaneously sustain the switched and

the unswitched mode at the same time in different parts of the spectrum, which holds

interest for potential device applications.

In Fig. 4.3, we show the gap loading in symmetric nanoantenna switches for 4 different

gap sizes: 2, 5, 20 and 50 nm. For an antenna with a very small gap such as 2 nm, the

unswitched capacitive state of the nanoantenna switch with its strong coupling already

causing a large redshift does not differ very much from the conductive switched state.

For a gap of 50 nm, on the other hand, the modes in the two nanorods are virtually

uncoupled, with the capacitive interaction being very weak. It is also for this reason

that the switching effect is the strongest here, since there is no initial redshift due to

capacitive coupling. Another reason is simply the overall length of the antenna once it

is switched, which is much larger with a 50 nm gap filled than, for example, a 2 nm gap.

The reported large shift between the original mode and the mode in the new, switched

Figure 4.4: Near-field intensity maps calculated for an antenna of L = 100 nm
arm length, radius R = 10 nm and S = 10 nm gap size, as function of wavelength
and free-carrier density, in the antenna midgap

[
a)
]

and 5 nm away from the
antenna arms

[
b)
]
. c)-f) Near-field intensity maps around the antenna of a)

for resonance wavelength λ′1
[
c) ,d)

]
and λ1

[
e),f)

]
, under unswitched (Neh =

0 cm−3)
[
c),e)

]
and switched (Neh = 1022 cm−3)

[
d),f)

]
conditions.
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configuration holds a lot of promise for a number of applications even beyond ultrafast

optical switching, the holy grail of nanophotonics at the moment.

In Fig. 4.4, the near-field intensity is plotted at two positions around an antenna with a

10 nm gap, in the center of the gap (position A) and 5 nm away from the end (position B).

This antenna sustains a fundamental mode at λ1 = 1100 nm and a high local intensity

enhancement of a factor of 35 in the center of the gap at that wavelength. In panel

a), the spectral dependence of the near-field enhancement on the free-carrier density in

the midgap is plotted. The original mode blueshifts and dies out, whereas the second,

switched mode is only sustained up to a density of Neh = 6 · 1021 cm−3, before the

midgap is completely shortcircuited. Here, the semiconductor is still partly dielectric,

as the fields in the gap would be completely suppressed otherwise. This transitional

regime exists above the critical density line and the near-field enhancement here even

exceeds that of the purely capacitively coupled antenna. The physical origin of this

strong enhancement lies in the peculiar charge distribution in the antenna during the

crossover from unswitched to switched state. In panel b), we observe the dispersion of the

modes and the switching behaviour to a longer wavelength λ′1, as we have seen it for the

far-fields. In panels c)-f), the mode profiles of the antenna at the two wavelengths λ′1 and

λ1 is plotted for the switched (Neh = 1022 cm−3) and the unswitched (Neh = 0 cm−3)

state. The mode at λ1 is strongly quenched in the midgap by the photoconductive

switching, due to the redistribution of charges associated with the suppression of the

gap capacitor. The newly formed mode at λ′1 has its near-field intensity concentrated

at the end points of the antenna and no intensity enhancement in the gap. Active

manipulation of the local near-fields around plasmonic structures as presented here will

be of interest for nonlinear optics and Surface Enhanced Raman Scattering (SERS) [162],

quantum emitters [163], and coherent control [164]. In order to still be able to use the

capacitive coupling between rods and the large field enhancement in the feedgap, it

might be useful to combine two plasmonic nanoantenna switches as presented here and

thus have a longer antenna in the fully switched state, which would leave the midgap

free for deposition of an emitter.

For the rational design of antenna switches we define figures of merit of antenna per-

formance for respectively far-field extinction and near-field intensity enhancements. For

applications requiring large spectral shifts and extinction contrast, we calculate the rel-

ative resonance shift (λ′1 − λ1)/λ1 and the on-off extinction ratio σon/σoff at λ1 and λ′1.

For the near-field switching, key parameters of interest are the on-off ratios of the local

intensity at the midgap and antenna end positions A and B, respectively. Resulting

values are shown in Fig. 4.5a),b) for the antennas with various gap sizes. The increasing

capacitive loading for decreasing gap width S drives the individual particle resonances λ1

towards that of the half-wave antenna λ′1 [162], resulting in a reduced far-field switching

performance. Therefore, for far-field switching, antennas with a large gap are favorable

for achieving a large spectral shift and high switching contrast. We should bear in mind
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Figure 4.5: Figures of merit for switching operation for operation in a) far-field
and b) near-field. Panel a): Relative resonance shift (λ′1 − λ1)/λ1 (left scale
bar) and on-off extinction ratio σon/σoff at wavelengths λ1 and λ′1 (inverse off-
on ratio), against antenna gap width S. Panel b): Near-field intensity off-on
ratios Ioff/Ion at λ1, point A (midgap) and λ′1, point B (5 nm from tip, inverse
off-on ratio).

though that antennas with a large gap require more energy for switching and do not

benefit as much from reduced switching thresholds at antenna resonances. For the near-

field switching, antennas with a narrow gap are more favorable as they produce higher

local field enhancements. As mentioned earlier, active manipulation of the local near-

fields around plasmonic nanoantennas will be of importance for applications involving

coherent control over local field amplitudes and phases [164] and for active manipulation

of quantum emitters [163].

4.4 Merits and practical considerations

The free carrier densities required for nanoantenna switching at near-infrared wave-

lengths are higher than those in the terahertz range [165, 166]. However such densities are

routinely achievable using ultrafast laser excitation of an electron-hole plasma [159, 160].

In order to compare the switching energies required for photoconductive antenna switch-

ing with state-of-the-art microphotonic devices, we estimate the pumping energies for

direct and 2-photon optical excitation. In this estimate, we do not consider dynamical

effects occurring on the timescale of the optical pump pulse, which will be discussed fur-

ther below. For pulsed optical excitation on a time scale much shorter than the carrier
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relaxation process in the system, the free carrier density Neh can be estimated from the

incident optical fluence F0 using [158]:

Neh =
F0

~ω

[
α0 +

βF0

2
√

2πt0

]
, (4.3)

where ω = 2π/λ, α0 and β are the linear and two-photon absorption coefficients, and t0

is the time duration of the pulse. For excitation of a-Si in the telecommunication range

using an ultrafast laser, a critical density N crit
eh of around 1021 cm−3 is achieved via

two-step absorption (β ' 120 cm/GW) at a fluence of F0 = 0.73 mJ/cm2 [158]. Two-

step absorption is an upconversion process where the electron is excited by two photons

through an intermediate state, which in a-Si can be a midgap defect state. Similar

switching fluences are obtained using linear absorption above the bandgap, where α0 >

105 cm−1 [160]. For excitation using a diffraction-limited spot of around 1 µm2 area, the

above fluence gives a switching energy of 7.3 pJ. This compares well to values achieved

using microphotonic ring resonators [156] and photonic crystal nanocavities [157], which

are however intrinsically several orders of magnitude slower than plasmonic devices [146].

The above switching energies are valid for ultrafast pulsed excitation. Under stationary

pumping conditions, the carrier density will be limited by different relaxation mech-

anisms such as surface recombination, Auger processes, and electron diffusion. The

ultrafast response of a-Si thin-films has been extensively studied by Esser et al. [160],

who have shown that carrier densities in the 1021 cm−3 can be achieved using ultrafast

laser absorption. Carrier-trapping into localized states leads to a considerable reduc-

tion of the free carrier lifetime for a thin film compared to bulk crystalline Si. Above

densities of 8 × 1019 cm−3 another contribution to the relaxation time appears due to

Auger processes involving spatially overlapping electron-hole pairs. The combined pro-

cesses result in a relaxation rate of the order of 1013 s−1 at carrier densities around

1021 cm−3 [160]. An additional limiting factor to the carrier concentration is carrier

diffusion out of the gap region. For an S = 20 nm gap region and a carrier diffusion

constant of De ' 40 cm2/s, electron diffusion will contribute to a relaxation rate of

around (S2/De)
−1 ∼ 1013 s−1, i.e. comparable to the Auger process.

In practice, these relaxation rates balanced against the pumping rate will determine

the stationary free carrier population that can be achieved. However, they also provide

the ultrafast time response of the nanoantenna switch desirable for many applications.

Eventually all the energy deposited into the system will be converted into heat by

electron-phonon relaxation on a time scale of picoseconds [167]. In the extreme case

that all this energy is dissipated entirely in the nanoantenna, it produces a temperature

rise of around 30 K. For this estimation we have used the lattice heat capacity of gold,

CL ' 2.5 × 106 J/m3K, and a total amount of 106 generated electron-hole pairs per

antenna and per pump pulse. This number of carriers follows from Eq. (4.3) for the

switching fluence of 0.73 mJ/cm2 and the antenna gap dimensions. Effects of overheating
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can be substantially reduced by embedding the antenna into an environment with a good

thermal conductivity.

The combination of strong optical resonances with a high local field enhancement in

the antenna gap opens up opportunities for optical pumping employing the mode struc-

ture and its dynamic modulation. Since only a nanometer-sized active volume has to be

pumped, which is strategically located in the antenna gap, the estimated pump intensity

required for switching can be significantly reduced through funnelling of pump energy

into the resonant antenna mode. Considering a typical 100-times resonant intensity en-

hancement in the antenna gap [50, 162], we estimate an ultimate switching energy of

around 100 fJ. In addition, it may be possible to employ the strong resonant enhancement

of nonlinear optical phenomena in the feed gap, such as second harmonic and supercon-

tinuum generation [162, 168, 142], to produce a nonlinear absorption complementary to

two-step absorption. The above resonant reduction of the pumping threshold assumes

that this energy can be deposited into the resonant mode before the switching itself

changes the antenna mode structure. In the other limit of stationary resonant pumping,

the dynamic switching of the antenna will result in optically bistable behaviour [169].

We propose that the nanoantenna switch can thus be used as a saturable absorber el-

ement. This application may hold substantial promise for semiconductor lasers, which

currently operate in the sub-100 fs pulsed regime [170]. The exact conditions for suc-

cessful operation of plasmonic saturable absorbers will require extensive modelling which

goes beyond this thesis.

4.5 Use of mode interference for switching

As shown in Fig. 4.4, plasmonic nanoantenna switches are very attractive because of their

capabilities of control over the near-fields. However, positioning a quantum emitter in

the gap is impossible because of the a-Si filling. This problem is circumvented by using,

for example, a nanoantenna trimer and switching only one of the two available gaps.

The idea is to switch into an EIT mode configuration sustained by the fully switched

trimer (then effectively a dimer) as explored in the previous chapter.

A trimer with a strategically placed photoconductive junction was used for gap loading

calculations. We look at a trimer with arms of 200 nm, 200 nm and 190 nm and gaps

of 10 nm, with the gap between the 200 nm arms filled with a-Si (see Fig. 4.7). In

Fig. 4.6a), we show the respective resonances of the 190 nm nanorod and the a-Si filled

dimer with 200 nm arm lengths, as well as the unswitched trimer. The resonances of the

components do not appear to overlap – there is, however, the dark antibonding mode of

the dimer to be considered. The interference between this dark mode and the bright first

order mode of the 190 nm nanorod causes another splitting, as shown for the unswitched

trimer. The other splitting occurs for the switched trimer, where we essentially have
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Figure 4.6: (a) Spectral extinction for a dimer with 200 nm arm lengths, a 190
nm nanorod and the complete trimer with different free carrier concentrations.
(b) Spectral response as a function of photoexcited free-carrier concentration
in the a-Si-filled gap. The trimer antenna has arms of two times 200 nm and
another arm of 190 nm length, with gaps of 10 nm between them.

a dimer with arm lengths of 410 nm and 190 nm. As shown in the previous chapter,

another splitting occurs at these arm lengths, due to the interference between the bright

first order mode of the short rod and the dark second order mode of the long rod. This

means that the switching in such a trimer will result in a progression from one initial

splitting to another, fundamentally different splitting.

The dependence of the extinction cross section on the free carrier density is displayed in

Fig. 4.6 on the right. Increasing the free carrier density in the gap, we see the expected

blueshift of the strong first oder mode of the dimer in the NIR. Above the critical density

which is again plotted as a dashed white line, we observe again the mode spectrum which

was discussed in the previous chapter for the asymmetric dimers. What is of particular

interest here is the behaviour at the criticial density line, where we go from one splitting

to another. Where the blueshifted fundamental mode reaches the critical density line,

it transforms into the dark λ-mode of the switched dimer, causing the splitting in the

switched asymmetric dimer configuration.

In Fig. 4.7, the near-field intensity maps show the switching at four different positions

along the trimer: at 5 nm from the ends as well as in the center of the feedgaps. At

point A1), we oberve the dispersion of the fundamental mode in our structure and the

reappearance of the new mode above the critical density, as well as the switching be-

tween the splitting. This is better visible in point A4), where the difference between the

splittings divided by the critical density becomes obvious. Near-field intensity enhance-

ments of a factor 30 are switched from 900 nm to 1000 nm, i. e. from the high-energy

part of the original splitting to the low-energy part of the second splitting. In the a-Si

filled midgap, the field enhancement is much the same as for the symmetric dimer of the

previous section. Of particular interest is position A3), where we have extremely high

field enhancements of up to 120 at all free-carrier densities, due to the strong capacitive
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Figure 4.7: Near-field intensity maps as a function of the free carrier density
for a trimer nanoantenna with arms of two times 200 nm and an additional arm
of 190 nm length, with gaps of 10 nm. The gap between the 200 nm arm is
filled with a-Si. A1) and A4) are taken at 5 nm distance from the endcaps, A2)
and A3) in the respective midgaps.

coupling. This position can also be exploited for switching between higher-order mode

interferences, as shown here.

Trimers and more complex structures hold great promise for applications as nanoantenna

switches, especially with regard to controlling the near-fields. What we presented here is

only a first step towards exploitation of the variety of dark and bright modes sustained

by these structures – more investigations are needed to improve near-field control by

varying different system parameters, such as the length of the third rod, or the length-

length ratio of the asymmetric dimer with the filled gap, as explored in the previous

chapter.

4.6 Conclusion

We have investigated a new class of nanoscale optical switches consisting of a plasmonic

nanoantenna loaded with a photoconductive semiconductor material. By short circuit-

ing the antenna gap using a semiconductor free-carrier plasma, we have shown that



60 Chapter 4 Photoconductively loaded plasmonic nanoantenna switches

the mode spectrum of the antenna shifts dramatically using only very modest pumping

energies. The nanoantenna switch can be used to control both far-field and near-field

properties. In addition, we have identified a regime of partially conductive gap where

a new plasmon mode is formed, which combines a narrow spectral profile with a large

local-field enhancement in the antenna gap. The nanoantenna switch combines large

modulation depth, low switching threshold, and potentially ultrafast time response. Al-

though the switching threshold is relatively high compared to terahertz photoconductive

devices, we expect that these carrier densities can be achieved using ultrafast optical

pumping. As the switching mechanism is universal to any photoconductive medium,

other semiconductors or semimetals such as ITO can be explored (see next chapter).

Further optimisation may be possible by considering antenna designs different from the

coupled-dipole configuration. As an example, we have explored trimer nanoantenna

switches sustaining EIT for near-field control, but many other configurations are also

feasible.



Chapter 5

All-optical control of single

nonlinear plasmonic

nanoantenna-ITO hybrids

In this chapter, a first attempt is made at realising a nanoantenna switch as introduced

in the previous chapter. We demonstrate experimentally picosecond all-optical control

of a single plasmonic nanoantenna embedded in indium tin oxide (ITO). We identify

a picosecond response of the antenna-ITO hybrid system, which is distinctly different

from transient bleaching observed for gold antennas on a nonconducting SiO2 substrate.

Our experimental results can be explained by the large free-carrier nonlinearity of ITO,

which is enhanced by plasmon-induced hot-electron injection from the gold nanoantenna

into the conductive oxide.

The main difference between the concept introduced in the last chapter and this first

implementation lies, for one thing, in the material itself – we use Indium Tin Oxide

(ITO) instead of amorphous silicon. We initially started our experiments with a-Si, but

soon found that the gold nanoantennas tend to diffuse into the silicon at even moderate

laser powers. ITO has recently become very popular as a transparent semiconductor in

micro- and nanoelectronics. There is also a difference in the material coverage between

this chapter and the previous one. Instead of depositing a semiconductor just in the

gap, ITO is used as a substrate and sometimes as a cover layer since for deposition in

the gap only, the necessary precision was impossible to achieve with the e-beam in our

cleanroom.

The gold nanoantennas were fabricated using standard electron-beam lithography on an

ITO-coated glass substrate, as described in chapter 2. Two types of commercial ITO

substrates (Sigma-Aldrich) were used: a 25-nm thick ITO layer with sheet resistivity of

70-100 Ω/sq (’low-conductivity’), and a 120-nm thick ITO with sheet resistivity of 8-12

Ω/sq (’high-conductivity’). Nanoantennas were fabricated using deposition of a gold

61
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layer of 25 nm onto patterned photoresist followed by liftoff. We produced samples of

nanoantennas on high- and low-conductivity ITO both with and without a cover layer

of ITO. For covered antennas, a 25 nm thick ITO layer was deposited with a sheet

resistivity matched to the respective ITO substrates. High conductivity ITO with a

sheet resistance of 20 Ω/sq was obtained by r.f. sputtering in an oxygen/argon plasma

with a mixing ratio of 1:136 at a temperature of 490◦. Low conductivity ITO with a

sheet resistance of 150 Ω/sq was obtained by r.f. sputtering in an oxygen/argon plasma

at a temperature of 300◦ using the same mixing ratio.

5.1 Linear and nonlinear optical response of ITO

Transparent conductive oxides have recently been identified as promising materials for

plasmonics and transformation optics applications in the near-infrared [83]. ITO is

a n-type semiconductor of high transparency and nearly metallic conductivity with a

bandgap of 3.5 - 4 eV [43, 89], see chapter 2. Davenas et al. [89] report band-to-band

transitions to be at the origin of the strong absorption observed below 0.35 µm, whereas

intra-band transitions resulting from free carrier excitation occur above 1.2 µm. Unity-

order changes of the refractive index of indium tin oxide (ITO) above its bulk plasmon

frequency have been demonstrated using voltage-controlled nanoscale space charge re-

gions [171]. The free carrier density of ITO can be varied through the concentration

of Sn4+ dopants and through oxygen vacancies introduced at higher deposition tem-

peratures [172, 173]. The plasmon frequency is directly proportional to the free carrier

density, and is located in the near-infrared range at a wavelength of ∼ 1 µm for carrier

densities around 1021 cm−3 [174].

Figure 5.1: a) Measured reflectivities of the high- (red circles) and low-
conductivity (blue triangles) substrates, fitted with the Drude model. b) Corre-
sponding slow nonlinear response to pumping at 532 nm with 180 pJ from the
ITO layers, again with corresponding Drude fits.
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To analyse the linear and nonlinear optical response of our pure ITO films, we performed

spectrally resolved reflectivity and pump-probe experiments at a distance 5 µm away

from the antenna structures. Fig. 5.1a) shows the experimental reflectivity spectra of

the low- (blue triangles) and high-conductivity (red dots) ITO layers. The reflectivity

can be modeled using a simple Drude model description [175] as used in the previous

chapter, including the experimental dielectric response of ITO [43]

ε̃ITO(ω) = ε̃exp(ω)−
(ωpl

ω

)2 1

1 + i(ωτD)−1
, (5.1)

where ωpl =
√
Ne2/ε0m∗ denotes the plasma frequency, with N the free electron density,

m∗ = 0.4me the effective electron mass, and τD = 5×10−15 s the Drude relaxation time

of ITO [174]. Fits to the experimental data were obtained using a multilayer reflectivity

model [176], where we consider the reflectivity of a system composed of two dielectric

interfaces. We therefore use the three-phase Fresnel equation [176]:

R =
r2

10 + r2
21 + 2r10r21 cos(2ψ)

1 + r2
10r

2
21 + 2r10r21 cos(2ψ)

, (5.2)

with r10 = (
√
ε − 1)/(

√
ε + 1) and r21 = (1.52 −

√
ε)/(
√
ε + 1.52) the two phase field

reflectances at the air-ITO interface and the ITO-glass interface, respectively, with the

refractive indices for glass (1.52) and air (1) already filled in. The phase ψ for an angle

of incidence of 0◦ is k
√
εl, with k the wavevector and l = 125 nm the thickness of the

ITO layer. These fits of the experimental data with both the Drude model and the

three-phase Fresnel equation yield electron densities of (9.6 ± 0.1) × 1020 cm−3 for the

high-conductivity ITO and (7.3± 0.1)× 1020 cm−3 for the low-conductivity ITO sample

(lines in Fig. 5.1a).

The ITO reflectivity shows a transition from dielectric to metallic response, defined by

the transition from positive to negative real part of ε. This behaviour is also observed in

the nonlinear reflectivity changes as shown in Fig. 5.1b), representing the slow, stationary

nonlinear component. The differential reflectivity ∆R/R can be calculated from the

Drude model Eq. (5.1) through the shift of the plasmon resonance frequency ∆ωp =

(ωp/2N)∆N for small changes in the carrier density ∆N . The general features of the

experimental spectra for both ITO layers are reproduced well
[
lines in Fig. 5.1a)

]
, apart

from some discrepancy at longer wavelengths. The bipolar shape is attributed to the

redshift of the bulk plasmon frequency, where the zero crossing in Fig. 5.1a) corresponds

to the minimum in the Fresnel reflection at the air-ITO interface, given by ε̃ITO ' εair.

The fitted spectra show a decrease of the electron density ∆N of (−2.1±0.1)×1018 cm−3

and (−5.4± 0.2)× 1016 cm−3 for the high- and low-conductivity samples, respectively,

at a pump energy of 180 pJ.
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Figure 5.2: Free-carrier nonlinearity as described by the nonlinear coefficient
for 20 nm low-conductivity (red) and 120 nm high-conductivity (black) ITO
substrates.

The nonlinearity of pure ITO is thus governed by the free carrier-density, as shown here

and in [97]. Similar to the instantaneous Kerr effect [177, 178], this noninstantaneous

third order nonlinearity can be expressed by a nonlinear coefficient n2, representing the

resulting refractive index modulation ∆n by optical pumping at 532 nm normalised to

the optical peak intensity I of the excitation beam: n2 = ∆n/I.

Resulting values of n2 for both the real and the imaginary part of this nonlinear refractive

index coefficient over the spectral range are shown in Fig. 5.2 for a 20 nm layer of low-

conductivity ITO (red curve) and a 120 nm layer of high-conductivity ITO (black curve).

These are obtained from fits to the experimental reflectivity data shown in Fig. 5.1. We

find a much larger nonlinearity (more than a factor 20) for the high-conductivity ITO,

due to the strong dispersion of the free-carrier nonlinearity near the plasma frequency

and the larger ∆N resulting from stronger pump absorption at 532 nm. Our values

for the Kerr-nonlinearity are of the same order of magnitude as values for the Kerr-

nonlinearity of ITO films with similar electron density [178], taken at a single wavelength

around 720 nm.

5.2 Optical response of single gold antenna-ITO hybrids

The plasmonic modes of individual nanoantennas are characterised using the method

of spatial modulation microscopy (SMM) [103, 104, 105], which was explained in more

detail in chapter 2. SMM produces very sensitive extinction measurements by detecting

a periodical modulation of the particle position in the laser focus using a lock-in am-

plifier. The nanoantennas are located using two-dimensional SMM scans. The spatial

modulation is chosen perpendicular to the antenna long axis to reduce finite-antenna

size effects in the SMM response.
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Figure 5.3: a) Fast component pump-probe scan of two antennas with the
thermal background subtracted. The black line indicates where the data for
b) is measured, both for the fast (black, blue) and the slow (red) component,
both clearly centered on the antennas. c) Time-resolved reflectivity at 910 nm
wavelength of the slow thermal (red) and the fast antenna-ITO hybrid response
(black, blue).

After identification of a single nanoantenna using its optical extinction signature, we

measured its picosecond nonlinear response following excitation by the pump laser. A

nonlinear response was observed from both the nanoantenna and the ITO substrate, as

illustrated in Fig. 5.3 for two symmetric nanoantennas. Spatial scans taken across the

antenna at pump-probe delays of −20 ps (red dots) and 5 ps (black diamonds) are shown

in Fig. 5.3b). These scans, as well as the two-dimensional image of Fig. 5.3a) showing

only the fast (blue) component, reveal that the fast pump-probe signal is only present at

the position of the nanoantenna. Figure 5.3c) shows the time-resolved nonlinear response

measured at the position of the nanoantenna, at a wavelength of 910 nm. The differential

reflectivity signal ∆R/R consists of a stationary, positive component characteristic for

the ITO, indicated by the red shaded area, and a fast, negative component with a decay

time of 500±30 ps, indicated by the blue shaded area. The stationary component agrees

well with the measurements for pure ITO as shown in the previous section and can be

attributed to the background signal of ITO in the focal spot, which is unrelated to the

nanoantenna. In the following, we will focus on the fast component of the antenna-ITO

response only.
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5.2.1 Symmetric nanoantennas on ITO

The spectrally-resolved nonlinear response of a typical symmetric nanoantenna-ITO

hybrid on and also covered by high-conductivity ITO is shown in Fig. 5.4b), where the

∆R/R amplitudes are plotted at a delay of 5 ps (black diamonds). A complete time- and

wavelength-dependent picture of the nonlinear modulation for the antenna-ITO hybrid

is shown in Fig. 5.4c). The dependence of the nonlinear signal on pump energy is shown

in Fig. 5.4d). Both the stationary (red dots) and the fast (black diamonds) components

show a linear dependence on pump power, indicating that the nonlinear response results

from single-photon absorption.

As already mentioned, the stationary component (not shown in Fig. 5.4) closely resem-

bles the pure ITO response without the nanoantenna. The fast component (blue area)

shows a bipolar shape centered at the antenna dipole resonance. Given that the antenna

covers a fraction of only several per cent of the probe spot, the equal magnitude of the

Figure 5.4: a) Extinction spectrum and b) Fast nonlinear response of a nanoan-
tenna with a 20 nm gap embedded in high-conductivity ITO at 180 pJ, with
the thermal background from the ITO subtracted. The inset in a) and b) show
an SEM picture of the antenna and a schematic, respectively. c) Time-resolved
spectrum of the nonlinear response. d) Dependence of the slow heat compo-
nent (red circles) and the fast component (black diamonds) of |∆R/R| on pump
energy, at 980 nm wavelength.
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Figure 5.5: a) Extinction spectra for an antenna with ITO only in the gap
with the same dimensions as the antenna in Fig. 2 with arm length 200 nm,
arm width 120 nm, height 25 nm and gap size 20 nm with FDTD simulations at
different carrier concentrations: 9.6 (black), 9.0 (red), 8.0 (blue), 7.0 (green), 6.0
(magenta) and 5.0 (orange) ×1020 cm−3. b) Corresponding differential signal.
c) and d) show the same as a),b), but for an antenna completely embedded in
ITO, comparable to the antenna in Fig. 5.4.

antenna and ITO signals (compare Fig. 5.3) shows that the antenna nonlinear response

is an order of magnitude larger than that of the pure ITO. This difference is even larger

for the antennas on low-conductivity ITO, which show a similar strong antenna hybrid

response. A similar response was observed for antennas on ITO substrate as for antennas

which were fully covered with an ITO top layer.

As a starting point in our analysis of the ITO-antenna interaction, we calculate the

response of a plasmonic nanoantenna to a modification of the ITO free carrier density

using FDTD simulations. We consider a rectangular dimer nanoantenna with dimen-

sions of 200×120×25 nm3 for the individual arms and a gap width of 20 nm. The effect

of the ITO distribution is assessed by comparing a geometry in which ITO is present

only in the antenna gap with one where the antenna is fully embedded in ITO
[
see

insets of Fig. 5.5a),c)
]
. Single-antenna extinction cross-sections are shown in Figs. 5.5a)

and c) for various ITO free-carrier densities between 5.0− 9.6× 1020 cm−3. A decrease

of the free-carrier density N is associated with a redshift of the antenna dipole reso-

nance. Notice that this happens in the regime in which the ITO is dielectric, where
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an increase in the free-carrier density results in an decrease of the refractive index, and

in addition a screening of the capacitive antenna interaction [67]. Starting from the

experimentally determined carrier density of 9.6 × 1020 cm−3, differential pump-probe

spectra are obtained as shown in Fig. 5.5b) and d) for pump-induced changes of the

carrier density. The magnitude and spectral shape of the theoretical curves matches

well our experimental data for a change in carrier density of ∆N = −6 × 1019 cm−3.

This carrier reduction is respectively one- and two-orders of magnitude larger than the

stationary variations measured for the high- and low-conductivity ITO substrates in

absence of antennas. While the antenna resonance clearly is sensitive to dielectric gap

loading [153], no qualitative difference is observed with the fully-embedded antenna,

which shows the largest resonance shift. We also performed calculations for antennas on

an ITO substrate, giving qualitatively similar results as for the two cases presented here.

We note that the increase of the extinction towards long wavelengths can be attributed

to absorption in the ITO substrate, which scales proportional to the amount of ITO

material present in the model. The oscillations in the pump-probe signal observed in

this region in Fig. 5.5d), which are also found in our experimental data of Fig. 5.4b),

result from the changes in the ITO free-carrier density.

5.2.2 Asymmetric nanoantennas on ITO

We now consider the effect of mode coupling and EIT as explored in chapter 3 on

the nonlinear response of the asymmetric dimers. In analogy to our results obtained

on symmetric antenna structures, we use the antenna-ITO hybrid system as a way to

achieve a large optical nonlinearity of the combined system [97].

We experimentally investigated one of the asymmetric dimer antennas of chapter 3

with long rod length L2 of 420 nm. The extinction spectrum obtained through the

spatial modulation method is shown in Fig. 5.6a) and shows the splitting of the bright

dipolar mode caused by the EIT effect. The fast, picosecond component of the nonlinear

modulation signal, i.e. after subtraction of a thermal background, is shown in Fig. 5.6b)

for a delay of 5 ps between the arrival of pump and probe pulses. This fast transient

modulation has a typical decay time of 200 ps as can be seen from the time trace

in Fig. 5.6e). For symmetric antennas, a redshift of the dipolar resonance was found

resulting from a reduction in the free carrier density of the ITO substrate [97] and

the resulting differential response ∆R/R was found to have a typical bipolar spectral

shape. The initial free carrier concentration was found to be N = 7.3 × 1020 cm−3,

with an induced change in carrier concentration of ∆N ≈ 6 × 1019 cm−3. Clearly, the

response of the asymmetric dimer shows at least four positive and negative contributions.

Comparison with numerical simulations in Fig. 5.6f) confirms this trend around the EIT

anti-crossing, where both the upper and the lower branches show a redshift. The BEM

simulation was run with ITO in the gap only. We find that the exact position and
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Figure 5.6: a) Experimental spectra acquired by spatial modulation spec-
troscopy for a dimer with higher order mode interference. b) Corresponding
nonlinear signal for pumping energy of 60 pJ at 5 ps delay after the pump
arrives, showing the complex dynamics taking place. c) and d) show the cor-
responding fit obtained with FDTD simulations. e) Time resolved trace of the
nonlinear signal. f) Difference in extinction cross-section for an asymmetric
dimer of varying lengths using BEM simulations for varying free carrier concen-
trations in the ITO.

magnitude of the positive and negative parts depend strongly on the exact antenna

length. The FDTD simulations in Fig. 5.6c),d) show the response of an optimised

antenna on low-conductivity ITO where indeed the observed trend is reproduced with

the change in carrier concentration found earlier.

5.3 Optical response of single gold nanoantennas on SiO2

In order to establish whether the pump-probe nonlinear response can be attributed to

a gold, ITO, or hybrid antenna-ITO nonlinearity, we performed additional experiments

using antennas which were separated from the ITO by a 100 nm SiO2 spacer layer. In

Fig. 5.7b), the fast (i.e. background subtracted) response of a nanoantenna grown on

SiO2 is measured. Corresponding optical extinction spectra are shown in Fig. 5.7a), for

polarisation parallel to the antenna axis. We find that antennas on ITO generally have a

smaller cross section compared to antennas on SiO2, which is attributed to the different

substrate permittivities in the spectral region of interest. Fig. 5.7b) shows a very dif-

ferent behaviour for the nonlinear reflectivity of the antenna on SiO2. A predominantly

negative ∆R/R is found, which corresponds to a decrease of the plasmon resonance and

is consistent with bleaching of the surface plasmon resonance by nonequilibrium heating
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Figure 5.7: a) Extinction spectrum and b) Fast nonlinear response of a nanoan-
tenna with a 30 nm gap on a SiO2 spacer at low-conductivity ITO at 180 pJ.
The inset in a) and b) show an SEM picture of the antenna and a schematic,
respectively.

of conduction electrons in the gold [151, 179, 180]. The open circles in Fig. 5.7b) indicate

slightly positive values which are caused by acoustic oscillations.

Transient bleaching as observed here is a well-known process where the heating of the

electron gas leads to a decrease and broadening of the plasmon resonance. The electrons

in the gold are excited by the pump pulse, the electron gas heats up and thermalises

through electron-electron scattering. The electron gaps cools down further by electron-

photon interactions until lattice and electron gas reach a thermal equilibrium, a process

that is well described by the two-temperature model [181]. In the end, the initially

absorbed photon energy is absorbed by the surrounding medium via phonon-phonon

interactions, causing the aforementioned acoustic oscillations.

5.4 Comparison of different substrates and conclusions

A full statistical analysis of the behaviour of a number of symmetric antennas on the

different samples is shown in Fig. 5.8, where we have plotted the maximum value of the

nonlinear ∆R/R signal at a pump energy of 80 pJ, normalised to the maximum of the

spatial modulation signal in order to normalise variations in antenna polarisability. A

positive value is reported for antennas showing a bipolar response, while a negative value

represents a unipolar bleaching signal. The statistical analysis confirms the observations

of Fig. 5.4 and Fig. 5.7 that a qualitatively different response is found for the antenna-

ITO hybrids as for the antennas on SiO2. Four antennas on high-conductivity ITO did

not show the reported resonance shift, but rather showed a transient bleaching response.

Although a detailed understanding of the variations observed in Fig. 5.8 is lacking, we

expect these may be related to local variations of the samples, including nanoantenna-

substrate attachment, roughness, and polycrystallinity of the ITO. We also note that
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Figure 5.8: Statistics of the maximum pump probe effect normalised by the
spectral maximum for a) high-conductivity (black circles) and low-conductivity
ITO (red circles) as well as for b) a SiO2 spacer between the antenna and
low-conductivity ITO. ITO layers have blue, SiO2 layers white colours. The
pumping energy is 80 pJ for all measurements.

the measurements do not show a dependence on antenna gap size, indicating that the

effects are not critically dependent on antenna gap filling [67]. This is consistent with

the limited effect of full ITO coverage on the nonlinear response. As we used relatively

moderate pump powers to obtain these statistics, the modulation depths will be 2.5

times larger for the higher pump power used in Fig. 5.4 and Fig. 5.7.

The experimental results indicate that the fast modulation of nanoantennas on ITO is

directly related to nonlinear refractive index changes in the ITO substrate. As seen from

the FDTD simulations in Fig. 5.5, the carrier reduction is orders of magnitude larger

than the stationary variations in the ITO substrates. The nonlinear coefficient n2 for

the antenna-ITO hybrid is found to be 5.9 × 10−11 cm−2/W, or 1.4 × 10−8 esu, which

is 36 times larger than that for ITO without nanoantennas in the high-conductivity

case. In the case of the low-conductivity ITO, we obtain an increase by a factor of 1475,

which makes the low-conductivity ITO-antenna hybrids even more remarkable. The

nanoantenna thus acts as a sensitiser for the ITO free-carrier nonlinearity. It should

be noted that the free-carrier nonlinearity of isolated gold nanoparticles can reach as

high as 10−7 esu [182, 183], which is however governed by its imaginary part resulting

in plasmon bleaching as observed in Fig. 5.7.

As explained, the order-of-magnitude difference in free-carrier modulation obtained for

the antenna-ITO hybrid as compared to pure ITO suggests an effect of the nanoan-

tenna on the local carrier density. Furthermore, the pronounced difference in the ∆R/R

pump-probe response for the antennas on ITO in Fig. 5.4 and on SiO2 in Fig. 5.7 in-

dicates a difference in the mechanism underlying the nonlinear antenna response. This
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Figure 5.9: Time-resolved reflectivity, at 1050 nm wavelength, of single nanoan-
tennas on a) high-conductivity ITO and b) on SiO2. Inset: mechanisms showing
fast electron injection from the gold into the depleted ITO in panel a); and en-
ergy relaxation in the isolated gold antenna on SiO2 in panel b), exciting the
coherent vibrational modes of the nanoparticle.

interpretation is supported by further evidence gained from the presence of vibrational

modes, as shown in Fig. 5.9. It is well-known that for colloidal gold nanoparticles, rapid

energy relaxation of photoexcited electrons to the lattice results in a coherent mechan-

ical oscillation of the nanoparticle. We observed these vibrational modes (see panel b)

in Fig. 5.9) for a large number of antennas on SiO2, as well as on low-conductivity ITO,

but not for antennas on high-conductivity ITO (see panel a) in Fig. 5.9). Of 17 antennas

on low-conductivity ITO, we found vibrational modes on 11 (64.7 %), while 15 out of

24 antennas (62.5%) of antennas on SiO2 showed acoustic vibrations. For antennas on

high-conductivity ITO, on the other hand, we found no vibrations for all 19 antennas

under study. A faster damping of the vibrational modes of the gold antenna on ITO

than on SiO2 would be expected given the acoustic impedances (ZAu = 6.2 × 107 kg

m−2s−1, ZITO = 5.6 × 107 kg m−2s−1, ZSiO2 = 3.5 × 107 kg m−2s−1). However, the

acoustic impedance cannot explain the incongruity between low- and high-conductivity

ITO.

The absence of vibrational modes supports our interpretation that there must be a

fundamental difference in the energy transfer mechanism for the two substrates. To

explain all the above observations, we propose a mechanism based on fast electron

injection from gold into ITO. This mechanism is facilitated by the high dc-conductivity

of the transparent conductive oxide, allowing electrons to flow between the plasmonic
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device and the substrate. It has been shown in gold films that the nonequilibrium

transport of hot electrons results in a substantial broadening of the energy deposition

compared to the optical skin depth. In the linearised regime of the two-temperature

model, the penetration depth ze depends on the thermal diffusion coefficient κe and the

electron-phonon coupling constant g as ze = (κe/g)1/2 [184]. The electronic thermal

conductivity κe is given by κe = κ0Te/Tl, with κ0 = 317 W m−1 K−1 the equilibrium

value for gold. For small temperature differences Te/Tl ∼ 1 and using g = 2.0× 1016 W

m−3 K−1, the resulting electron penetration depth is ze = 126 nm, which is substantially

larger than the thickness of the gold antenna. Assuming a good ohmic conductance of the

antenna-ITO interface, hot-electron injection within the electron-phonon relaxation time

thus results in a rapid energy injection into the ITO substrate. The deposition of energy

into the ITO instead of the gold lattice results in a suppression of the vibrational modes

of the nanoantenna-ITO hybrid. For the low-conductivity ITO, the film thickness of

25 nm probably limits the energy transfer into the ITO film, explaining the observation of

acoustic modes in this case. Fast local heating of the ITO surrounding the nanoantenna

will be accompanied by a net migration of free carriers due to thermal diffusion [185, 186].

The decay of the signal on a 500 ps time scale corresponds well with the expected cooling

of this zone using heat diffusion models [187]. The high repetition frequency of our

setup results in a stationary background temperature over a larger, micrometer-sized

area [186], which provides the pure ITO signal in Fig. 5.1.





Chapter 6

Large-area semiconductor-gold

dimer metamaterials for optical

switching

In the previous chapter, individual nanoantenna-ITO hybrids were investigated. In this

chapter, new materials to produce all-optical switching are explored. Metamaterials

are large-area materials patterened on a sub-wavelength scale which exhibit new prop-

erties. While ITO has already been shown to be a promising nonlinear material for

nanophotonic switches, another type of transparent conductive oxide, aluminum doped

zinc oxide (AZO), is explored as well as different deposition techniques for ITO. Es-

pecially evaporation and subsequent annealing hold great promise since this technique

allows for localised deposition and nanoscale patterning.

Dimer antenna substrates were produced using hole-mask lithography over a large sur-

face area (see chapter 2), which show a homogeneous effective medium response. Hole-

mask lithography is a versatile fabrication method which can be used to produce uniform

plasmonic metamaterial layers over a large surface area [68, 69, 82, 71]. Depositing con-

ductive oxide layers of 20 nm on top allows us to confirm the proposed mechanism in

a different plasmonic system, showing that hot electron injection by plasmonic gold

antennas is a universally applicable mechanism for producing active metamaterials.

6.1 Gold dimer substrate

The linear spectral response of the disk dimer antenna layer without metal oxide coverage

is shown in reflection in Fig. 6.1a). The presence of the plasmonic dimers is observed as

a peak in the reflection spectra and a dip in the transmission spectra. The longitudinal

mode of the particle dimers is redshifted in comparison to the transverse mode due

75
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to capacitive coupling between the disks of each dimer. Fig. 6.1a) shows nonlinear

pump probe spectra for the pure gold dimer substrate. The dimers exhibit a transient

bleaching response as expected, as shown in Fig. 6.1b). The negative nonlinear response

at the position of the peak corresponds to a decrease of the resonance, whereas the

positive signal at the sides (here observed at 780 nm, respectively 810 nm for the other

polarisation) corresponds to a broadening of the resonance.

In the current configuration which was also used for the measurements presented in

the previous chapter, the nanoantennas are pumped from the back and measured in

reflection from the front. In order to pump the substrate layers directly, the sample

is turned around and reflection was measured coming from the backside and pumping

the frontside of the sample. The linear spectral response of the plasmonic disk dimer

antenna layer without metal oxide coverage in this configuration is shown in Fig. 6.2.

The presence of the plasmonic dimers is now observed as a dip both in the reflection and

the transmission spectra. This can be understood by looking at the reflectivity which is

given by

R = |Esub|2 + |Escat|2 + 2EsubEscat cosφ , (6.1)

where Esub denotes the reflected field of the substrate, Escat the reflected field of the

nanoantenna layer, and φ the relative phase difference between the two components. The

field reflected at an glass-air interface experiences a phase difference of π when compared

to that reflected at an air-glass interface, which changes the sign of the interference term

in Eq. (6.1) and converts the previously seen peak into a dip in the spectrum.

Transient bleaching for a dip observed in reflection shows as a positive pump probe

signal centered at the plasmon resonance, which was indeed observed for pumping from

Figure 6.1: a) Reflection and b) nonlinear spectral response of the gold dimer
substrate without cover layer and pumped from the back. Transient bleaching is
observed, corresponding to a decrease and broadening of the plasmon resonance.
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Figure 6.2: a) Transmission and b) reflection spectra of the gold dimer substrate
in absence of any cover layers. We observe a dip in the spectra for both reflection
and transmission, which is redshifted for the longitudinal polarisation (black in
transmission and blue in reflection) with regard to the transverse polarization
(dark grey in transmission, violet in reflection) due to coupling between the
dimer disks. Inset: SEM image of the nanodisk dimers.

the front of the sample. For the cover layers investigated in the rest of this chapter, all

measurements will be performed by pumping from the front and measuring in reflection

on the back of the sample through the glass surface.

6.2 Gold-metal oxide hybrid metamaterial covered by lay-

ers of metal oxides

6.2.1 Gold dimers covered by an AZO layer

First, the effects are studied using a thin layer of AZO obtained by Atomic Layer Depo-

sition (ALD) as described in chapter 2. ZnO-based materials are of enormous interest

for novel electronic devices [188] for their favourable electronic, piezoelectric, and ther-

mal properties. ALD results in smooth layers of much higher quality than conventional

sputtering methods, which is favourable for obtaining reproducible devices. ALD results

in controlled growth of single atomic layers, guaranteeing large-area film deposition con-

formality due to the self-limiting and surface-saturated reaction [100]. This process is

ideal for growth of nm thick layers. However, patterning such as with e-beam or other

lithographic methods is difficult, since the chemical reaction takes place everywhere on

the sample.

The coverage with the various conductive oxide layers leads to a further redshift of the

resonances as is shown in Fig. 6.3a) showing the longitudinal polarisation component in

reflection. Compared to the uncovered antenna layers, the reflectivities show a slightly

higher overall value which can be explained by the larger refractive index of the cover



78 Chapter 6 Large-area switchable dimer metamaterials

layers. Additionally, the plasmon resonances show a slight asymmetry. This asymmetry

can be explained by the sensitivity of a reflectivity signal to small variations in the

distance between a scatterer and the reflecting substrate, a phenomenon recently referred

to as interferometric scattering [189]. The reflectivity is given by Eq. (6.1). For an

antenna layer positioned directly on top of a substrate, φ = 0 and the mixing terms

have zero phase offset. However, for a 20-nm top layer with refractive index around

2.0, the reflected field from the antenna layer perceives an 80 nm optical path length

difference or a ∼0.1π phase shift with respect to the air-conductive oxide reflection.

This additional phase shift results in a contribution of the real part of the polarisability,

resulting in the typical dispersive lineshape.

Nonlinear pump-probe spectra of the antenna-AZO hybrids are shown in Fig. 6.3b) for

a pumping energy of 30 pJ. Similar to the response of a single nanoantenna [97] in

the previous chapter, the total signal consists of a fast, picosecond contribution and a

stationary component due to heat pileup. All signals are bipolar, with a zero crossing

near or at the location of the minimum of the reflectivity curve, indicating a redshift of

the plasmon mode. It should be pointed out that the dispersive shape of the reflectivity

could also produce a bipolar nonlinear response in the case of pure plasmon bleaching,

as the scattered field Escat is reduced and therefore the interference term in Eq. 6.1

decreases. However, in such a case the zero crossing of the bipolar signal would be

positioned at the wavelength corresponding to the phase inversion of the asymmetric

profile, which clearly is not the case in our measurements.

The dependence of the optical modulation on the pulse energy of the pump laser is

shown in Fig. 6.4. Here, a 60 pJ energy corresponds approximately to a fluence of

Figure 6.3: a) Reflectivity and b) nonlinear spectral response for AZO. For the
nonlinear signal, we differ between 3 components: the stationary heat signal
(blue squares), the fast pump probe signal on top of the heat signal (red circles),
and the effective difference between both (black triangles). All signals were
measured at 30 pJ.
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Figure 6.4: Dependence of the slow heat component (blue squares), the fast
component (red circles) and their difference (black triangles) of ∆R/R on pump
energy, at the peak positions of the dipolar signal for AZO at 795 nm and
850 nm.

1.9 mJ/cm2. These results are of the same order of magnitude as the values obtained

for individual antenna-ITO hybrids, when we normalise the modulation amplitude to

the spectral maximum of the antenna-induced reflectivity (i.e. Fig. 5.8 in the previous

chapter. Some differences may be attributed to variations in doping density and antenna

geometry, the latter resulting in different amounts of absorption and carrier injection.

Regarding only the magnitude of the nonlinear response, however, the pump probe signal

of our metamaterial at 30 pJ is comparable to the magnitude of the response obtained

from a single nanoantenna at 180 pJ – the area in the beam spot is covered much more

efficiently. Looking at cross sections, a single antenna with arm length 200 nm, height

25 nm and gap size 20 nm has an extinction cross section of around 6×10−13 m2 at

the resonant wavelength, as reported in [97], whereas our disk dimers have a peak cross

section of 2×10−13 m2 at the resonance. However, the greater density accounts for

approximately 9 to 16 dimers to be in the beam at any time, which explains the much

larger nonlinear response.

In Fig. 6.5, we show the time-resolved reflectivity for different wavelengths for the AZO

hybrid metamaterial and for longitudinal and transverse polarisations. The thermal

background signals have been subtracted for displaying purposes. Cross sections of the

maps are shown in the bottom panel of Fig. 6.5 for three wavelengths corresponding to

the maximum, minimum, and zero crossing of the nonlinear signals. A large difference

is observed in the dynamics of the nonlinear signal: in the previous chapter, the single

nanoantenna-ITO hybrids were reported to show an approximately single-exponential

decay with a time constant of 500 ± 30 ps. For the AZO covered dimer metamaterial

sample, we find an additional component with a time constant of 21± 1 ps followed by
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Figure 6.5: Time-resolved spectral maps of the pump-probe signals ∆R/R for
both polarisations with the stationary heat components subtracted, for dimers
covered in AZO. Bottom panel: Cross sections of ∆R/R versus time at three
wavelengths corresponding to the spectra of Fig. 6.3. Fits using biexponential
decay are displayed as a green dashed line yielding time constants of 21± 1 ps
and 543± 14 ps.

a slower component of 543 ± 14 ps. We attribute this difference to different thermal

conductivities for the ITO and AZO. For the bulk materials, values for ITO of around

κITO = 5.9 W m−1 K−1 have been reported [190]. For AZO, values differ enormously

from κITO = 1000 W m−1 K−1 for single-crystal ZnO down to hundred times less

for polycrystalline thin films. It is well known that for polycrystalline materials, the

heat conductivity is limited by diffusion barriers over grain boundaries [191]. The high

quality of the AZO deposited using ALD is likely to result in better heat conductivity

properties than the polycrystalline sputtered ITO. Our results call for more systematic

studies of the properties of the layers produced by ALD. The similarity of the slow

decay component for both layers suggest that this contribution is associated to the

cooling down of the thin-film oxide through the glass substrate.

Another characteristic feature in the time-resolved maps is the fast blueshift of the

bipolar signal in the first tens of picosecond following the excitation. This transient

response is clearly observed in the time traces around the zero crossing of the spectral

profile (blue line at 820 nm in Fig 6.5). The exact origin of this recurrent feature is not
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yet understood at the moment. The blueshift seems to be related to the nonequilibrium

electron dynamics directly following the picosecond pump pulse. Alternatively, this fast

transient may be associated with the generation of a strain wavepacket in the 20-nm

thin oxide layer with frequency components up to several hundred GHz [192].

6.2.2 Gold dimers covered by sputtered ITO

A control sample covered in sputtered ITO as investigated in the previous chapter was

prepared with a 20 nm cover layer. The ITO (Indium 90% Tin 10%, target from Lesker)

was deposited in an oxygen/argon plasma of mixing ratio 1:136 at a temperature of

490◦C. As for the AZO, the cover produces a slightly dispersive lineshape in the reflec-

tion spectrum shown in Fig. 6.6a). As before, we find a bipolar nonlinear response of

the covered disk dimer antennas corresponding to a redshift of the resonance, compare

Fig. 6.6b). The zero crossing of the bipolar signal is clearly positioned at the minimum

of the reflection spectrum, fortifying the interpretation of a redshift.

Comparison between the signals shows that the modulation is higher for the antenna-

AZO hybrids than for disk dimers covered with a sputtered ITO-layer of similar thick-

ness. Additionally, the time-resolved reflectivity displayed in Fig. 6.5 is best fitted by a

single-exponential fit yielding a decay with a time constant of 450± 40 ps, which agrees

reasonably well with the decay times found for single antenna-ITO hybrids, keeping

in mind that we used commercially available high-conductivity substrates to grow the

antennas on in the previous chapter.

Figure 6.6: a) Reflectivity and b) nonlinear spectral response for a 20 nm ITO
layer sputtered onto our dimer substrate. For the nonlinear signal, there are
3 components: the stationary heat signal blue squares), the fast pump probe
signal on top of the heat signal (red circles), and the difference between both
(black triangles). All signals were measured at 30 pJ.
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Figure 6.7: Time-resolved spectral maps of the pump-probe signals ∆R/R for
both polarisations with the stationary heat components subtracted, for dimers
covered in sputtered ITO. Bottom panel: Cross sections of ∆R/R versus time
at three wavelengths corresponding to the spectra of Fig. 6.6. A fit using single-
exponential decay for ITO yields a time constant of 450 ± 40 ps, and is shown
as a dashed green line.

As shown in Fig. 2.9 in chapter 2, the surface of sputtered ITO even at high temper-

atures shows a very rough and grainy structure. This polycrystallinity limits the heat

conductivity and is responsible for the slow single-exponential decay. As observed for the

ITO, the bipolar signal displays a fast blueshift in the first tens of picosecond following

the excitation, which can be clearly observed in the time traces around the zero crossing

of the spectral profile.

6.2.3 Gold dimers covered by evaporated ITO

A sample of the dimer metamaterial covered by evaporated ITO was also fabricated.

Evaporation of ITO and subsequent annealing is an established technique to produce

ITO contacts [90], since it is directional and allows deposition on patterned photoresist,

which is neither the case for sputtering nor for ALD. Additionally, deposition temper-

atures can be kept low and the subsequent annealing can be done after lift-off of the

photoresist.
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Figure 6.8: a) Reflectivity and b) nonlinear spectral response for a 20 nm
ITO layer evaporated onto our dimer substrate. For the nonlinear signal, 3
components are shown as before: the stationary heat signal (blue squares), the
fast pump probe signal on top of the heat background (red circles), and the
difference between both (black triangles). All signals were measured at 30 pJ.

ITO grains (90-10 wt%, 99.99 % pure from Testbourne Ltd.) were heated in a ceramic

crucible at 2×10−4 mbar partial oxygen pressure and subsequently annealed in air for

1h at 200◦C, which is suffient to completely anneal a 20 nm film. For a 200 nm film, 2h

were necessary to reach optimum sheet resistivity.

Conductivity was optimised for both sputtering and evaporation and led to the con-

clusion that while both r.f. sputtering and evaporation allow us to reach high sheet

resistances of 40-50 Ω/sq for a 200 nm film of good transparency, evaporated films were

found to show a much smoother consistency.

As can be seen in Fig. 2.9 in chapter 2, the evaporated ITO forms a smooth film on the

gold dimers, whereas the sputtered ITO forms grains on the substrate. These grains can

be found next to the dimers, but also sometimes in the gap between two disks which

accounts for and explains the variety in the magnitude of the results presented in [97].

The stochiometry of ITO is crucial due to its effect on electrical and optical properties,

so smooth and uniform films are desirable.

In Fig. 6.8, linear spectra and nonlinear pump-probe spectra af the antenna-ITO hybrids

with evaporated ITO are shown, as before for a pumping energy of 30 pJ in order to

compare the different conductive oxides. The magnitude of the signal from the sample

covered with evaporated ITO is the biggest of our hybrid metamaterial devices, reaching

values of more than ∆R/R = 15 × 10−2. However, the thermal background for evap-

orated ITO is also much higher, leaving the effective difference between fast and slow

components comparable to that of AZO and sputtered ITO.

In Fig. 6.8, the time-resolved reflectivity of the disk dimers covered with evaporated ITO

is shown for different wavelengths for the two polarisations, with the thermal background
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Figure 6.9: Time-resolved spectral maps of the pump-probe signals ∆R/R for
both polarisations with the stationary heat components subtracted, for ITO
evaporated onto the dimer substrate. Bottom panel: Cross sections of ∆R/R
versus time at three wavelengths corresponding to the spectra of Fig. 6.8. Fits
using biexponential decay are displayed as a green dashed line yielding time
constants of 24± 4 ps and 480± 20 ps.

signal subtracted. In the lower panel where the cross sections are shown, the decay is

again fitted better by a biexponential than by a single exponential decay, yielding times

of 24± 4 ps and 480± 20 ps.

The similarity of the decay to AZO indicates that the structure of the evaporated ITO

films is reasonably smooth and uniform. The fast decay time is not as short as that of

the antenna-AZO hybrids, but no other deposition technique can yield films of similar

conformality due to its superior control of the deposition itself.

6.3 Conclusion

In this chapter, the use of different transparent conducting oxide layers for activation

of hybrid metamaterial devices was investigated. It was shown that the effect of fast
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electron injection from plasmonic structures into their immediate surroundings is a very

general effect that occurs in a variety of materials. Transparent conducting oxides such as

ITO and AZO form a group of promising nonlinear materials for use in hybrid metama-

terial optoelectronic devices. The availability of highly controllable fabrication methods

using Atomic Layer Deposition make AZO in particular an ideal candidate for device

applications where layers of conductive oxides are needed. The possibility to achieve

modulation with a 20-nm film as demonstrated here is a prerequisite for using this de-

position technique which is limited to relatively thin layers. Further optimisation may

provide even more sizeable changes in refractive index and therefore nonlinear response

of the hybrid devices.

Decay times for sputtered and evaporated ITO as well as for AZO are summarised in

Table 6.1. It was found that the response of the antenna-AZO hybrids gives both the

biggest as well as the fastest response, which can be ascribed to the superior electrical

and optical properties of atomic layer deposited AZO. The slow decay component found

for all layers deposited on the dimer metamaterial substrate is attributed to the heat

transfer from the conductive oxide layers to the underlaying glass. This heat pile-up

might be reduced in the future by using another layer on top which does not contribute

to the refractive index change, but provides good thermal conductivity, such as sapphire

(Al2O3), with a thermal conductivity between 5 and 30 Wm−1K−1 [194].

Table 6.1: Decay times

Sample fast decay slow decay

AZO 21± 1 543± 14
sp. ITO – 450± 40

evap. ITO 24± 4 480± 20

Concerning nanoscale patterning and strategic deposition of conductive oxides, first

steps have been taken with the directional evaporation of ITO to locally deposit ITO in

the gap. This will pave the road for further exploration and exploitation of the idea of

nanoantenna switches introduced in chapter 4.





Chapter 7

Conclusion

7.1 Summary

In this section, we briefly summarise the main points of the research done in the frame-

work of this thesis. To start with, the interference and coupling in symmetric and asym-

metric dimers have been investigated both experimentally and theoretically. Asymmetric

dimers in particular have been shown to provide a relatively simple model system for

studying effects of electromagnetically induced transparency. Their simplicity of design

in particular is of great interest, as the geometry in principle could be achieved using a va-

riety of techniques including both top-down lithography as well as bottom-up fabrication

methods such as colloidal chemistry or electrochemical templated growth [195, 196, 197].

Furthermore, we have explored theoretically a new concept of ultrafast optical switches

based on plasmonic nanoantennas. These antenna nanoswitches operate on the transi-

tion from the capacitive to the conductive coupling regime between two closely spaced

metal nanorods. By filling the antenna gap with amorphous silicon, progressive antenna-

gap loading can be achieved due to variations of the free-carrier density in the semicon-

ductor. Strong modification of the antenna response is observed both in the far-field

response and in the local near-field intensity. This concept was explored both for the

straightforward case of symmetric antennas as well as for asymmetric antennas, where it

is possible to switch from the EIT coupling between the antiboding mode of a nanoan-

tenna dimer with an additional nanorod to another destructive interference pattern of a

larger antenna by short-circuiting the gap between two of the three antenna arms. The

large modulation depth, low switching threshold and potentially ultrafast time response

of antenna switches holds promise for applications ranging from integrated nanopho-

tonic circuits to quantum information devices. Such nanoantenna switches can open up

new avenues to applications ranging from integrated photonics and ultrafast lasers to

quantum information devices and near-field control.
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As a first step towards the implementation of such devices, we have demonstrated

all-optical control of symmetric nanoantennas on low- and high-conductivity ITO. We

identify a hybrid picosecond nonlinear response involving rapid energy transfer via hot

electrons from the gold into the transparent conductive oxide that can be described

by an enormous corresponding Kerr-nonlinearity. Nanoplasmonic hot-electron injec-

tion provides new functionality in controlling the optical properties of materials at the

nanoscale, which is of fundamental importance as it opens a path for new ultrafast

devices and for exploring combinations of new materials to produce all-optical switch-

ing. By exploiting the large free-carrier nonlinearity of ITO around the bulk plasmon

frequency, hot-electron injection provides a large modulation of the antenna dipole res-

onance wavelength. The transparent conductive oxide ITO is shown to be a promising

nonlinear material for nanophotonic switches, supporting earlier work on electro-optical

modulation [171]. Apart from the nonlinear optical response of the symmetric dimers,

we have also demonstrated the signature of EIT-induced splitting in the nonlinear regime

through picosecond modulation of the refractive index of the ITO substrate.

In addition to this first device implementation, the use of different transparent con-

ducting oxides for activation of hybrid metamaterial devices has been investigated. It

was shown that the effect of fast electron injection from plasmonic structures into their

immediate surroundings is a general phenomenon that occurs in a variety of materials.

Transparent conducting oxides such as the investigated ITO and AZO form a group

of promising nonlinear materials for use in hybrid metamaterial optoelectronic devices.

The availability of highly controllable fabrication methods using Atomic Layer Deposi-

tion make AZO in particular an ideal candidate for device applications. The possibility

to achieve modulation with thin 20 nm films (or even films of less than 5 nm) as demon-

strated in this thesis is a prerequisite for using this deposition technique which is limited

to relatively thin layers. Further optimisation of the various deposition processes may

provide even more sizeable refractive index changes and therefore nonlinear response of

hybrid devices.

7.2 Outlook – ideas and perspectives

The work done in this thesis paves the road for a number of further investigations

into responses of hybrid devices and picosecond transfer mechanisms. Further work

into nanoantenna-conductive oxide hybrids needs to be done to optimise the nonlinear

modulation that can be achieved. For example, more complex structures with a multi-

tude of dark and bright modes such as oligomers [198, 199, 200] might prove suitable.

Additionally, the selective deposition of conductive oxides at strategic points needs to

be investigated in more detail. More complex structures are also very promising for

strategic gap loading, for example in the gap of a Yagi-Uda antenna, as proposed in

Ref. [201].
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Further optimisation of the deposition of conductive oxides might make it possible to

achieve the full transition from capacitive to conductive coupling for a symmetric an-

tenna. ALD deposition of AZO as used in chapter 6, for example, has been reported

to achieve carrier densities of up to several 1021/cm3 [202]. Optimised film deposition

with better crystalline qualities will also allow us to achieve a more uniform response of

single hybrid antenna devices.

Good crystalline structure will also be needed for electrically controlled devices. As

already mentioned, the Atwater group has recently shown that an order-unity refrac-

tive index modulation of conductive oxides is possible by applying a bias voltage [171].

Electrical control in the form of a nanoantenna-MOSFET device and a combined ap-

proach of electrical and optical control for gap loading of antenna devices are desirable

for integration with existing silicon technologies.

Another route to achieve fully controlled gap loading is via all-optical control using the

ultrafast response as obtained with femtosecond laser pulses. For the work in this thesis,

we used picosecond pulses. Femtosecond pulses make a whole new regime of ultrafast

control accessible and will open a window into femtosecond dynamics of carriers in our

antenna hybrid devices.

Investigating the ultrafast response and saturable absorption with femtosecond pulses

will also be a first step towards integration of plasmonic nanoantenna switches with

VECSELs (Vertical External Cavity Surface Emitting Lasers) which conventionally use

semiconductor saturable absorber mirros (SESAMs) [203]. Epitaxially grown quantum

wells are used as SESAMs so far, but gaploading antennas based on ultrafast switching

of conductive oxides in the gap might prove a feasible alternative plasmonic SESAM

with the added advantage of better tunability and reproducibility [67].

Another material of potential interest for gaploading is cadmium telluride (CdTe), de-

posited by electrochemical deposition. First steps have been taken by mixing a CdTe

deposition solution and depositing layers of different compositions to optimise the com-

posite ratio of cadmium and tellurium. Electrochemical growth of gold nanoantennas

with variable length inside of Anodised Aluminium Oxide (AAO) membranes has been

explored by many groups [60, 140]. With this knowledge, we have fabricated first nanoan-

tenna devices consisting of single gold nanorods, see Fig. 7.1, a first step towards dimers

with CdTe in the gap. It is also possible to electrochemically deposit nanorod dimers

with nm thin self-assembled monolayer (SAM) buffers in the gap [195, 196, 197, 204],

opening up possibilities for “barcode” oligomers with CdTe, Au and SAM segments

aligned along the same axis.

Once full switching with nanoantennas has been achieved, the integration of single

nanoantenna switches with a silicon photonic waveguide follows as a logical next step.

First results of linear coupling between antennas and waveguides have been reported re-

cently [205, 206] – integration with nanoantenna switches will allow all-optical nanoscale
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Figure 7.1: Gold nanoantennas of 500 nm length in an AAO matrix, fabricated
by electrochemical deposition.

control of transmission in silicon waveguides and mark an important step towards mini-

turisation of optical circuits.

Another direction is the further exploitation of our energy transfer mechanism by fast

electron injection, especially in conjunction with phase-change materials. Phase change

materials such as vanadium dioxide (VO2) have been of great interest for use in optical

and electronic nanodevices for the last thirty years [88]. There are two avenues to inves-

tigate here: The VO2 with its sharp transition from the insulating to the metallic state

just above room temperature could be used as a gaploading material in nanoantenna

switches as proposed in chapter 4. On the other hand, we could use nanostructures,

starting with simple gold disks resonant at different wavelengths, as nanoactuators to

drive the phase transition on the nanoscale. The fast electron injection that occurs on

the picosecond scale might thus enable picosecond for- and backwards switching of VO2.

Another point of interest is also the change in optical response of the nanostructure

due to the refractive index change in the phase-changed substrate, closing the circle to

nanoantenna switches.

The idea of an all-optical actuator can also be expanded to other phase-change materials

such as chalcogenides. All-optical writing and rewriting of GST (Ge:Sb:Te) is already

used in rewritable CD and DVD technology, where bit memory cells are addressed

individually. These addressed memory cells could be made even smaller by addressing

them via plasmonic actuators or even hotspots in optical gap antennas [207, 208], thus

achieving unprecedented areal densities and fast writing speeds.

In conclusion, I hope that I have been able to give a conclusive overview of a small

part of the exciting work that is being conducted to obtain fundamental insights into

the behaviour of structures on the nanoscale and to integrate plasmonic devices with

existing technologies. As shown in this section, there is a lot of further investigations
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still to be done and I firmly believe that we have only seen the beginning of “the golden

age of plasmonics”.
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[1] E. Abbe,“Beiträge zur Theorie des Mikroskops und der mikroskopischen

Wahrnehmung”, Arch. Mikrosk. Anat. 9, 413 (1873).

[2] M. Brongersma and V. Shalaev, “The case for plasmonics”, Science 328, 440 (2010).

[3] M. Faraday, “Experimental relations of gold (and other metals) to light”, Phil.

Trans. R. Soc. Lond. 147, 145 (1857).

[4] K. A. Willets and R. P. Van Duyne, “Localized Surface Plasmon Resonance Spec-

troscopy and Sensing”, Ann. Rev. Phys. Chem. 58, 267 (2007).

[5] W. A. Murray and W. L. Barnes, “Plasmonic Materials”, Adv. Mat. 19, 3771

(2007).

[6] U. Kreibig and M. Vollmer, “Optical Properties of Metal Clusters”, Springer Series

in Materials Science 25, Springer, Heidelberg (1995).
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[153] A. Alù and N. Engheta, “Tuning the scattering response of optical nanoantennas

with nanocircuit loads”, Nat. Phot. 2, 307 (2008).

[154] J. Berthelot, A. Bouhelier, C. Huang, J. Margueritat, G. Colas-des-Francs,

E. Finot, J.-C. Weeber, A. Dereux, S. Kostcheev, H. Ibn El Ahrach, A.-L. Bau-

drion, J. Plain, R. Bachelot, P. Royer and G. P. Wiederrecht, “Tuning of an Optical

Dimer Nanoantenna by Electrically Controlling its Load Impedance”, Nano Lett.

9, 3914 (2009).

[155] T. Atay, J.-H. Song and A. V. Nurmikko, “Strongly Interacting Plasmon Nanopar-

ticle Pairs: From Dipole-Dipole Interaction to Conductively Coupled Regime”,

Nano Lett. 4, 1627 (2004).

[156] V. R. Almeida, C. A. Barrios, R. R. Panepucci and M. Lipson, “All-optical control

of light on a silicon chip”, Nature 431, 1081 (2004).

[157] T. Tanabe, M. Notomi, S. Mitsugi, A. Shinya and E. Kuramochi, “Fast bistable

all-optical switch and memory on a silicon photonic crystal on-chip”, Opt. Lett. 30,

2575 (2005).

[158] K. Ikeda, Y. Shen and Y. Fainman, “Enhanced optical nonlinearity in amorphous

silicon and its application to waveguide devices”, Opt. Expr. 15, 17761 (2007).

[159] K. Sokolowski-Tinten and D. von der Linde, “Generation of dense electron-hole

plasmas in silicon”, Phys. Rev. B 61, 2643 (2000).

[160] A. Esser, K. Seibert, H. Kurz, G. N. Parsons, C. Wang, B. N. Davidson, G. Lu-

covsky and R. J. Nemanich, “Ultrafast recombination and trapping in amorphous

silicon”, Phys. Rev. B 41, 2879 (1990).

[161] D. E. Aspnes, A. A. Studna and E. Kinsbron, “Dielectric properties of heavily

doped crystalline and amorphous silicon from 1.5 to 6.0 eV”, Phys. Rev. B 29, 768

(1984).

[162] P. Mühlschlegel, H.-J. Eisler, O. J. F. Martin, B. Hecht and D. W. Pohl, “Resonant

optical antennas”, Science 308, 1607 (2005).

[163] A. K. Akimov, A. Mukherjee, C. L. Yu, D. E. Chang, A. S. Zibrov, P. R. Hem-

mer, H. Park and M. D. Lukin, “Generation of single optical plasmons in metallic

nanowires coupled to quantum dots”, Nature 450, 402 (2007).

[164] M. Aeschlimann, M. Bauer, D. Bayer, T. Brixner, F. J. Garćıa de Abajo, W. Pfeif-
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