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What is the real meaning of light? To gaze
with undimmed eyes on all darkness.
Nikos Kazantzakis

Preface
The recent developments in the fields plasmonics and metamaterials have been
accompanied by a variety of cornerstone results. Clocking, nano-imaging and manipulating light at the nanoscale are just few of the results arising from the interaction of
light with plasmonic and metamaterial structures. These results have very promising
potentials for fundamental research and applications that can lead to future devices,
especially when these devices are operating at THz frequencies.
The following chapters constitute a part of the work done during a four year PhD
research at the FOM Institute AMOLF in The Netherlands. In this work we have
investigated theoretically and experimentally the photo-excitation of THz devices
such as plasmonic and metamaterial structures, on the surface of semiconducting
materials at THz frequencies. These structures range from simple dimer antennas and
loaded antennas to blazed grating metasurfaces for beam steering. The advantage of
the photo-generation technique presented in this thesis, is the simplicity of creating
these structures, which does not require any cleanroom fabrication processes. The
principle of this method is based on the active shaping of a laser beam through a
spatial light modulator and the subsequent projection of this beam on the surface of a
semiconductor. The projected beam, which contains an image with several structures,
excites locally free carriers that render the semiconductor metallic while elsewhere the
semiconductor behaves as a dielectric.
The integration of this technique with a THz time domain spectrometer (TDS)
enables us to study the interaction of the projected plasmonic and metamaterial
structures with THz waves in a non-invasive contact-less fashion. This is due to
the unique characteristics of THz-TDS that allows the retrieval of not only the
extinction (absorption and scattering) but also the extinction phase that provides
useful information about the group velocity of the THz radiation travelling through
the projected structures.
In addition, besides the novelty and the possibilities for applications of the technique
presented in this thesis, we have made the first steps towards setting the physical
foundations of photo-generated plasmonic and metamaterial structures. One of the
main challenges that had to be addressed during this four year study was the dynamic
nature of the system under investigation, which involved free carriers that were
7
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locally excited in semiconductors, and a projection profile that had no fixed nor sharp
boundaries. In order to address these challenges we have considered simple systems,
such as dipole antennas, for which their physical properties are well understood in their
fixed metallic analogues. The simple structures enabled the investigation of dynamic
effects in semiconductors, such as diffusion and carrier recombination, the study of
structures with graded boundaries as well as structures with graded refractive index.
Although, all these effects have a great impact on the optical properties of plasmonic
and metamaterial structures that deviates significantly from the conventional, they
constitute a new and uncharted territory in the fields of plasmonics and metamaterials.

Giorgos Georgiou,
Amsterdam, October 2015
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1
Introduction
1.1

The study of light and matter

Since the ancient times light has been among humans a source of fear, curiosity and
fascination; emotions strong yet so diverse. From the terrifying lightnings of Zeus, to
the colorful rainbows of Iris and spectacular auroras of Eos, humans have respected the
origin and nature of light, attributing it to the omniscience of gods. Over the centuries,
humans have conquered their fear which was succeeded by an overwhelming curiosity
about the origin and properties of light. Historical manuscripts from Aristophanes
describe the use of light as a means for producing ‘pure fire’ through optical elements
such as lenses and mirrors, while archeological evidence date these elements back
to 6000 B.C. [1–3] . The efforts for understanding light were continued by the Greek
philosophers, where first the Pythagoreans described vision as bouncing light rays
from objects, but wrongly believed that the source of these rays was the human eye.
One of the biggest developments in optics came during the 4th century B.C., where
the philosophers Empedocles, Aristotle and Euclid set the foundations of geometric
optics by describing the propagation of light rays in a straight line. A few centuries
later, Claudius Ptolemy published one of the most influential manuscripts in the
history of science that would later become a precursor of modern optics. Ptolemy
extensively investigated the properties of light and more specifically he performed the
first quantitative study on the refraction and color of light [4,5] . Although there was
a vast amount of knowledge on optics since the 2nd-3rd century A.D. and despite
the existing technology on making high quality optical components (i.e. lenses), the
ancients did not know how to use them for scientific purposes and used them as baubles
instead [6] .
13
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This changed during the European Renaissance period when ancient manuscripts
dating back to the Hellenistic period (350 B.C. - 0 A.D.) were transferred from
Costantinopolis to Europe and studied by the scholars. The ancient knowledge helped
scholars such as De Dominis (1590) to understand the dispersion of light explaining
therefore the formation of rainbows [6,7] . Moreover, due to the extensive knowledge
found in the ancient manuscripts about the construction of lenses, the first optical
instruments were made by Dutch scholars such as the telescope and the microscope
around 1600. These optical instruments were among the earliest scientific equipment
for systematically studying the interaction of light with matter, from the smallest
possible scale to large and celestial scales.
For over 200 years (1600-1800) the study of light and matter resulted in a plethora
of cornerstone discoveries in the field of optics. Amongst the most significant is the
observation by Francesco Grimaldi (1665) that light rays can be diffracted by sharp
edges or corners, an effect that was later investigated in great detail by Isaac Newton [8,9] .
Ten years later, Christian Huygens in his nominal work entitled “Traité de la Lumière”
(1678) introduced an alternative theory on the propagation of light, which successfully
described many well known interactions of light with matter, such as reflection and
refraction. In his theory, propagating light is described as a “wave” instead of a “ray”, as
it was initially described empirically in ancient manuscripts and supported theoretically
by Fermat in 1662 [10,11] . The wave theory of light was to be criticized and rejected
by many scholars (including I. Newton) as it was unable to describe the propagation
of light in some materials, such as birefringent crystals. Huygen’s theory on the wave
nature of light was verified many years later (1801) by Thomas Young with his famous
“double slit” experiment [12] , while based on this theory Agustin Fresnel successfully
explained light diffraction.

1.2

Light, electricity and magnetism

In the meantime, along with the experiments for understanding the nature of light,
scientists and scholars were trying to set the foundations for electricity and magnetism.
The first written documents reporting effects caused by electricity and magnetism date
back to the 6th century B.C., where Thales of Miletus first observed that amber could
lift straw and grass and also that lodestone can attract iron [13] .
Perhaps the most important scientific instrument in the history of electricity and
magnetism was the the compass. Although compass was invented in the ancient times
by Chinese naturalists, it was not used for scientific purposes until the 13th century.
The first documented use of the compass for experiments was by William Gilbert in
his book “De Magnete” (1600), in which he writes that earth is a huge magnet and
successfully explains how the compass works. In the year 1660, Otto von Guericke
constructed the first machine for producing electric charges through friction and many
years later (1729) Stephen Gray performed experiments on the transmission of electric
charges through metallic rods (called electricity). A notable advancement in the history
of electricity was the discovery of the Leyden jar by von Kleist in 1745 which was used

14
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Box 1.1 I Beyond red and blue
By the end of the 17th century it was well established among the scientific
world that white light (sun–light) was composed out of the basic colors known
to humans, namely colors ranging from blue to green and to red. In the year
1800 an influential experiment performed by William Herschel reported the
observation of invisible light rays from the sun [14] . These rays were later named
infrared light. Soon after, further experiments have showed the existence of
light rays beyond the blue, named ultraviolet.

It is worthwhile to mention that visible light is a small fraction of the solar
spectrum (sun–light). When Maxwell published his theory on electromagnetism
(1854) scientists realized that solar spectrum was part of an even broader
spectrum called “electromagnetic spectrum”, as shown in the figure above.
While testing the theory of Maxwell, Heinrich Hertz was the first to generate
electromagnetic waves on purpose, beyond the solar spectrum (radio waves) [15] .

for storing electric charges. Ten years later (1752), Benjamin Franklin succeeded in
charging a Leyden jar by conducting electricity through a thunder and he therefore
concluded that lightnings were electrical discharges that could also magnetize a metallic
rod.
It was well established through experiments performed in 1734 by Du Fay that there
were two types of electrical charges that could lead to attractive and repulsive forces.
One of the most influential experiments in the history of electricity was conducted by
Augustin de Coulomb who in the year 1784 managed to quantitatively measure the
forces induced by the two types of charges. Coulomb’s experiment was followed by an
experiment that established for the first time a solid connection between electricity
and magnetism. In 1820 Christian Oersted observed that the needle of a compass can
be deflected by a wire carrying electric charges, while during the same year Arago and

15
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Ampère discovered that a wire helix currying electricity could magnetize an iron bar.
By combining all the existing experimental knowledge, James Clerk Maxwell (1854)
proposed a set of four equations that unified electricity and magnetism. With his
theory, Maxwell suggested the existence of electromagnetic waves travelling at a
constant speed, while he also predicted that light (optical waves) is nothing more
than an electromagnetic wave. While Maxwell’s theory was capable of explaining all
the experimental results of electricity and magnetism, the theory was not accepted
at first due to the lack of experimental evidence on the existence of the new type of
waves [16] . The ingenuity and validity of Maxwell’s theory was confirmed twenty years
later (1887) by a young physicist named Heinrich Hertz. Hertz proved the hypothesis of
Maxwell by designing a unique experiment in which electromagnetic waves generated
by electric sparks could travel through free space and subsequently be detected by a
metallic receiver, waves that were later named “radio waves” (see Box 1.1). In addition,
based on the conjecture of Maxwell that light is an electromagnetic wave, Hertz proved
that the waves generated by electric sparks can be reflected by metallic surfaces and
diffracted in the same way light is [15] .
One of the main features of Maxwell’s theory is that similarly to water waves,
electromagnetic waves travelling through free space can be described by their speed
and wavelength λ, which is the distance between two maxima as it is illustrated in
Box 1.2. The simplified schematic of the electromagnetic spectrum in Box 1.1 shows
that the wavelength of electromagnetic waves can range between few kilometers (radio
waves) to few femto-meters (gamma rays). As will be shown later in the thesis, the
wavelength of the waves is a key characteristic that determines the interaction of
electromagnetic waves with matter.

1.3

Understanding and manipulating light

Understanding the interaction of light with our surroundings is essential for explaining simple phenomena, like the green color of trees or the blue of the sky. Until
the early 19th century the interaction of light with large objects, such as trees or
animals, was well understood and connected with light rays reflected or absorbed by
these objects. In particular when white light interacts with an object, the reflected
light defines the color of the object while all the remaining colors are absorbed.
One of the greatest challenges for scientists was to explain the blue color of the sky.
It was experimentally well established that the blue color was caused by small particles
in the atmosphere but any theory based on the reflection of light rays by these particles
could not be verified experimentally [17] . In 1871 Lord Rayleigh pointed out that the
challenges in explaining this effect were due to the “misuse of the word reflection”,
since it is “[...] associated with well known laws called after them” [18] , such as the
laws of reflection and refraction. He also comments that the use of these laws are of
“no application unless the [...] body is larger than many square wavelengths” (λ2 ) and
he supports his hypothesis by developing a wavelength dependant scattering theory
which suggests that colors with short wavelength (blue) are scattered more efficiently

16
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Box 1.2 I Wavelength or Frequency?
In analogy with water waves, electromagnetic waves can be described by their
speed and wavelength, λ. As it is demonstrated in the image below, the
wavelength of a wave is the separation between two maxima.

An equivalent way of describing a propagating wave is through its frequency ν
and speed c, defined by the formula,
ν=

c
λ

where c = 3 · 108 m/s is the speed of light in free space. Frequency is normally
measured in Hertz (Hz), which is equal to an inverse of a second, i.e. 1 Hz =
1 s−1 . Throughout this thesis both definitions will be used.

than colors with long wavelength (red) [18] . This theory is later further supported by
Maxwell’s electromagnetic theory [19] , while Gustav Mie developed a more general
theory based on Maxwell’s equations that describes also the interaction of light with
larger particles, such as the water droplets in clouds [20] . Figure 1.1 shows a schematic
which illustrates the effects of reflection, scattering and absorption.

Figure 1.1: Illustration of reflection and transmission (left) and scattering (right)

As it was pointed out in Rayleigh’s original paper [18] , the interaction of light with
matter strongly depends on the dimensions of the the scatterer (particle) compared to
the wavelength of light. Therefore, it will be very informative to identify three regimes
of interest, namely scattering of electromagnetic waves by particles with dimensions
17
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much larger than the wavelength (L >> λ), much smaller (L << λ) and comparable
to the wavelength (L ∼ λ).
In modern optics the latter two regimes are of great importance for manipulating
the properties of electromagnetic waves. Everyday examples from the two regimes
include amongst others the use of nanoparticles that give certain color to paint (L <<
λ), or the use of telecommunication antennas to transmit and receive electromagnetic
waves (L ∼ λ).

1.3.1

Optical properties of materials

Besides the wavelength dependant interaction of light with matter a very important
parameter that strongly affects the interaction is the type of material. In nature, the
three most common types of materials are materials that can conduct electricity
(metals), materials that do not conduct electricity (dielectrics) and materials that
under certain conditions can conduct electricity (semiconductors).
The properties of the materials above and their interaction with electromagnetic
waves can be summarized in two basic quantities that form the optical properties
of the material, namely the electric permittivity ˜, and the magnetic permeability
µ̃. The electric permittivity ˜ describes the electric properties of the material, i.e.
negative permittivities correspond to metals and positive permittivities correspond to
dielectrics, while the permittivity of semiconductors can vary from positive to negative
and vice versa. The magnetic permeability µ̃ describes the magnetic properties of a
material [21] . As will be elucidated in the next chapters, the optical properties of a
scatterer do not only depend on the type of material that is made out of, but it also
depends on the shape as well as the dimensions. Thus, by properly manipulating the
shape and dimensions it is possible to engineer artificial materials that cannot be
found in nature.
Over the last century and especially after the 2nd World War, a lot of attention
was given for investigating the interaction between electromagnetic waves and metallic
elements. The purpose of these studies was mainly the development of antennas
that transmit and receive electromagnetic signals, for telecommunications, military
applications, radio-astronomy and many others. These antennas were linear metallic
elements or a combination of linear elements that are typically few centimetres to
few meters long. The operation principle of these antennas is based on the half
wavelength (λ/2) resonance, which implies that the interaction of these antennas with
electromagnetic waves is maximized when the total length of the antenna is equal with
half the wavelength of the wave (L ∼ λ/2) [22] .

1.3.2

Manipulating the optical properties of materials

As it was pointed out earlier, the shape of metallic structures will significantly
influence the scattering of a wave. Electromagnetic waves interacting with structures
of a certain shape (e.g. rings) can induce electric and magnetic phenomena in that
structure, affecting the scattering of the wave. Furthermore, by combining several of
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Box 1.3 I Surface plasmon polaritons (SPPs)
The interaction of metallic surfaces with electromagnetic waves depends
strongly on the density of free electrons in the metal. In particular at a metal–
dielectric interface, under certain conditions that will be discussed in Chapter
3, the electromagnetic waves can be coupled to the free electrons and form
coherent oscillations called surface plasmon polaritons. In the figure below the
blue circles indicate large density of electrons, while the red circles indicate
a small density of electrons. SPPs are electromagnetic waves polarized in the
transverse direction that propagate along the metal–dielectric interface (xdirection).

As it is indicated by the red lines that describe the electromagnetic waves along
the direction perpendicular to the interface (z-direction), the electric field of
SSPs Ez decays exponentially from the interface which causes the waves to be
confined only at the interface. Due to their high confinement, SPPs can be used
in many applications, such as light concentration in sub-wavelength volumes,
perfect imaging, opto-electronics etc.

these structures together it is possible to modify the optical properties of a material, and
therefore design a material which cannot be naturally found. These types of artificial
materials, called “metamaterials”, have received a lot of attention over the last ten
years, since they provide the platform for applications such as cloaking, superlensing∗ ,
filtering and many others [23–30] .
With the latest developments in the fields of nanotechnology smaller antenna and
metamaterial designs could be realized. These designs have sizes typically in the range
between few tens of micrometers (size of human hair) to few nanometers (size of
human DNA). By reducing the dimensions of resonant structures, such as antennas,
the operation wavelength is also reduced, thus providing access to the more elusive
regions of the electromagnetic spectrum, namely the infrared and visible (see Box 1.1).
The studies at the infrared and visible part of the electromagnetic spectrum have
been greatly influenced by the advances at radio-frequencies. Unfortunately, translating
the fundamental concepts from one region of the spectrum to the other proved to be
∗ Imaging

with very high resolution
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far from easy. One of the main reasons is the excitation of surface plasmon polaritons
at the interface between metals and dielectrics (see Box 1.3); effects that have not
been previously observed at radio-frequencies∗ .
Surface plasmon polaritons (SPPs), which are among the main subjects of this
thesis, can give rise to a plethora of interesting effects, such as enhanced absorption and
scattering as well as the confinement of electromagnetic waves in volumes much smaller
than the wavelength of the waves. Since the waves are concentrated in small volumes
their intensity is greatly increased, therefore rendering structures that support SPPs
to be excellent candidates for spectroscopy [32,33] , non-linear optics [34] biosensing [35] ,
solid state lighting [36] and photo-thermal cancer therapy [37,38] .

1.4

The terahertz gap

A very important region of the electromagnetic spectrum from both scientific and
technological point of view is the terahertz (THz, Box 1.1). For many years this part
of the spectrum has been considered by many as a “spectroscopic gap", since as will
be described in Chapter 2, the generation and detection of THz radiation has been
challenging.
The THz part of the spectrum bridges two significant spectroscopic regions, namely
the microwaves on the long wavelength side and the infrared on the short wavelength
wide. Terahertz waves have wavelengths ranging from 3 mm to 30 µm that correspond
to frequencies between 0.1 GHz to 10 THz (see Box. 1.1).
Over the last decades this part of the spectrum has gained an increasing popularity
because many physical processes in various materials have a distinct “signature"
response at these frequencies. Terahertz radiation can be therefore used for observing
how various molecules rotate and vibrate as well as the formation of quasiparticles
such as the Cooper pair which is responsible for the effect of superconductivity† . From
the technological perspective, THz radiation is already used for medical purposes, such
as the imaging of tumorous tissues, security scanning at the airports, food quality
controls and many others. Furthermore, as will be discussed in Chapter 6, THz waves
are a very promising candidate for the new generation of wireless communications,
enabling data transmission rates of more than 0.1 − 1 Tbps [40] .
It is therefore crucial to understand and maximize the interaction of THz waves
with matter, and moreover to introduce novel and versatile techniques for actively
controlling this interaction. Consequently, the objective of the present thesis is to
investigate the interaction of THz waves with plasmonic and metamaterial structures
and in particular methods for actively tuning this interaction.

∗ It

is worthwhile to note that at radio-frequencies it is possible to engineer SPPs on metal
dielectric interfaces, called spoof plasmons [31]
† In solid state physics a Cooper pair is a quasiparticle formed in certain metals which is composed
out of two electrons bound together. Cooper pairs are responsible for the effect of superconductivity
in which electrons can move in a metal without any resistance [39] .
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1.5

Motivation and thesis outline

The design of plasmonic and metamaterial structures has been dominated so far
by the use of metallic elements. Metals are excellent materials for these structures,
since they are easy to fabricate, however they are not versatile. One of the main
drawbacks of metallic elements is that once they are fabricated their interaction with
electromagnetic waves cannot be modified significantly. The fixed response of metallic
structures with electromagnetic waves is a potential obstacle for using these structures
in future plasmonic and metamaterial devices and it is therefore necessary to search
for alternative materials.
Semiconducting materials can be an excellent candidate for the next generation
of plasmonic and metamaterial devices. Their versatile nature can be exploited for
the design of tuneable devices whose interaction with THz waves can be changed in
a continuous way. One of the main characteristics of semiconductors is that under
certain conditions they can behave as a metal or a dielectric. The optical properties of
semiconductors can be tuned through various electrical, optical and thermal methods,
as will be explained in Chapter 3.
A great emphasis has been given over the last five to ten years on studying and
developing active plasmonic and metamaterial devices made out of both metals and
semiconductors. The interaction of these hybrid devices with THz waves is tuned
by electrically changing the properties of the semiconducting material surrounding
the metallic elements. Although these studies have shown remarkable results, hybrid
devices are not very versatile and can only be used for limited applications such as
switching.
An alternative approach for actively controlling the interaction of THz waves
with plasmonic and metamaterial devices is by optically imprinting these devices on
semiconductors, using a Spatial Light Modulator (SLM). The principle of this method
is similar to the projection of movies on a movie theatre screen, where the projector
in our experiments is the SLM. By using a SLM, plasmonic and metamaterial devices
with micrometer dimensions can be projected on the surface of a semiconductor.
The light projected on the semiconductor will render locations that contain elements
from the image metallic, while the rest will remain dielectric. The lifetime of the
projected image on the semiconductor is between a billionth and a trillionth of a
second (10−9 − 10−12 sec), time that is faster than the time needed by a conventional
home computer to add up two numbers (i.e. a computer with 3.0 GHz CPU). Thus
changing the projected devices on the semiconductor, which will therefore change
the interaction with THz waves at these time scales, can be advantageous for future
applications.
In this dissertation we have studied the physical and technical foundations of optically photo-generating plasmonic and metamaterial THz devices on semiconducting
substrates. Using a technique that has been developed during the PhD thesis we have
studied both experimentally and theoretically the interaction of these photo-generated
devices with THz waves. The photo-excited charges in the illuminated regions will
locally render the behaviour of the semiconductor metallic allowing the THz waves to
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interact with the free charges.
For the purposes of the research presented in this thesis we have designed and
assembled a THz spectrometer (THz-TDS) that includes a SLM along with a projection
lens system, which is used for optically projecting plasmonic and metamaterial devices
on semiconductors. The details of the spectrometer, the projection system as well as
information on data acquisition and data analysis are explained in detail in Chapter
2.
The behaviour of the devices projected on the semiconductor depends on the
intensity of light used for the projection and also the internal carrier dynamics of
the semiconductor. The intensity of the projected light provides an indication of the
amount of photo-excited free charges, i.e. how metallic is the semiconductor, while
the internal dynamics of the semiconductor dictate the motion and the lifetime of the
free charges. All these effects are theoretically described in Chapter 3.
In Chapter 4 we used the technique described above to photo-generate micro-meter
sized plasmonic antennas. This chapter demonstrates experimentally that it is possible
to optically tune the interaction of THz waves with plasmonic antennas in a continuous
way. Plasmonic antennas such as the ones studied in Chapter 4 can be used to transmit
or receive THz waves that can be consequently localized in very small volumes, with
dimensions 100-1000 times smaller than THz wavelengths.
An extension of the results introduced in Chapter 4 is presented in Chapter 5. In this
chapter we experimentally investigate the interaction of THz waves with photo-excited
plasmonic antennas that are loaded with micrometer sized elements that behave like
capacitors and inductors. Our results suggest a coupling of the plasmonic antenna with
the capacitor- and inductor-like load, which can be tuned by changing the design and
therefore the properties of the capacitor and inductor. These elements are important
for the design of opto-electronic circuits.
The potential applications of the research performed for the purposes of this thesis
are discussed in Chapter 6. In that chapter we discuss the potential use of the techniques
described above in the field of wireless communications. More precisely we discuss the
possibilities of using THz waves for ultra high speed data transmission rates for inand out-of-house operation. Although wireless communications (WLAN∗ ) using THz
waves can successfully reach data rates of up to 0.1−1 Tbps, one of the main drawbacks
of using THz waves for WLAN is that they are highly directional, which means that
for successfully achieving high data rates both receiver and transmitter have to be in
a “line-of-sight” without any obstacles in between. In Chapter 6 we propose the use of
metasurfaces† that can be projected on the surface of a semiconductor and actively
tune the directionality of THz waves, and diverting them from any obstacles.

∗ Wireless

Local Area Network
metasurface is a collection of optically thin sub-wavelength scatterets that can modify the
direction of electromagnetic waves.
†A
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2
Terahertz spectroscopy for
photonics
Terahertz time domain spectroscopy is a powerful method for
studying optically photo-excited plasmonic and metamaterial
devices. In this chapter we present a brief historical introduction
of far-infrared and THz spectroscopy with a particular focus on
the generation and detection of THz radiation through non-linear
methods, such as optical rectification and electro-optic sampling.
In addition we explain in detail the projection technique used
for the photo-excitation of plasmonic and metamaterial devices
through a spatial light modulator (SLM), the methods for data
analysis and sample characterisation.

2.1

Introduction

The great potential of photonic and opto-electronic devices operating at terahertz
frequencies has boosted the quest for powerful, broadband and efficient THz sources as
well as spectroscopy techniques [1] . These techniques are vital tools for studying the interaction of plasmonic and metamaterial components with THz electromagnetic waves.
As it was pointed out in Chapter 1, until recently the THz gap of the electromagnetic
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spectrum has remained unexplored mainly due to the challenges of generating and
detecting THz radiation. Prior to the discussion of the experimental techniques used in
this thesis, this chapter will present a short historical introduction of the far-infrared
spectroscopy pointing out these challenges.
During the early days of far-infrared spectroscopy the main method used for
studying the interaction of THz radiation with matter was the Fourier transform
spectroscopy (THz-FTS), which involved an incoherent blackbody radiation source
and a detector operating at cryogenic temperatures, such as Golay or bolometer
detectors [2,3] . Even though this type of spectrometer has been the flagship of infrared
spectroscopy since the early 50’s, its use for far-infrared spectroscopy was limited due
to the weak mercury arc lamp source and the relatively low sensitivity detectors [4] .
With the discovery of the ruby laser in the early 60’s and the observation of
stimulated emission by molecular systems [5] , more powerful coherent THz sources
have been developed using electrically pumped water vapor molecules [6] . Furthermore,
by the late 60’s difference frequency mixing of two detuned ruby lasers has been used
to generate tunable THz radiation in nonlinear crystals [7] and few years later a pulsed
picosecond laser (Nd:glass) has been used to generate broadband THz radiation [8] .
In addition to the new sources for far-infrared radiation, more sensitive solid state
detectors have been realized, such as indium antimonide, germanium and silicon
bolometers as well as the pyroelectric detectors that are still in use nowadays.
Far-infrared spectroscopy has received a lot of attention with the introduction of
Hertzian dipoles activated by photoconductive Auston switches [9] . These switches are
driven by subpicosecond laser pulses and have been used initially for microwave pulse
generation [10,11] . The use of photoconductive switches was extended to the THz regime
by Auston et al., where the techniques developed for microwaves were adopted for free
space THz pulse generation and detection [12] . The popularity of THz spectroscopy has
been increased due to the seminal work of Grischkowsky et al. in IBM labs, where high
refractive index hemi-spherical elements were used for efficient outcoupling of THz
radiation from the dipole emitter to free space and the consequent incoupling of the
free space radiation to the dipole detector, reporting very high (104 ) signal-to-noise
ratios [13–16] .
The generation and detection of THz radiation using photoconductive dipoles has
opened for the first time a unique window to the unexplored far-infrared regime of
the electromagnetic spectrum. This is because the above techniques for generation
and detection have many exceptional features such as the coherent and time gated
spectroscopy with subpicosecond temporal resolution. The coherent THz generation
in combination with the time gated THz detection renders far-infrared spectroscopy
possible at room temperature as well as at high temperatures [17] , since the detector
is open for a very short time (∼ 100 fs) and it is therefore immuned to the incoherent
background THz radiation.
Even though the generation of THz radiation through optical rectification in
electro-optic crystals was well known since the mid-60’s [8,18–20] , the interest of the
scientific community was oriented mainly towards the photoconductive dipole antennas.
Although photoconductive Hertzian dipoles can be used for broadband THz generation
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and detection, the pulse width and therefore the frequency bandwidth is limited by the
dynamics of the photoconductive material. The temporal response of such materials
is typically in the subpicosecond time scale (∼ 500 fs), which was comparable to the
pulse width of Q-switched lasers used for THz generation in the early 80’s. With the
introduction of mode locked lasers and more specifically Ti:Sapphire laser in 1986 [21] ,
broadband femtosecond pulses with higher peak intensities could be realized, and
therefore a renewed interest on the generation and detection of THz radiation through
nonlinear electro-optic crystals has emerged.
The generation and detection of coherent far-infrared radiation in electro-optic
crystals was first demonstrated in LiTaO3 using a focussed beam that was responsible
for producing a pulsed Cherenkov cone of THz radiation, which was detected in the
same crystal using a probe beam [22,23] . The THz radiation generated by the above
method was confined inside the crystal due to total internal reflection, hence limiting
its use for free space spectroscopy. The limitation has been overcome by an off-normal
excitation of the crystal that allowed a part of the radiation to be extracted into free
space and detected by a photoconductive switch [24] . Optical rectification in electrooptic crystals such as LiNbO3 and LiTaO3 has been used to efficiently generate THz
radiation under normal incident excitation [25] . The studies for optical rectification in
electro-optic crystals have been extended to organic materials that were proven to be
more efficient THz emitters than their inorganic analogues [26] .
Besides organic and inorganic electro-optic crystals, semiconductors can be used
for THz generation through optical rectification. Semiconducting materials, such as
LT-GaAs, have been used extensively in combination with Hertzian dipoles for the
generation and detection of far-infrared radiation despite their bandwidth limitations
due to the carrier dynamics. In the beginning of the 90’s, studies in bulk InP have
reported the generation of single cycle THz pulses with time width as short as 160 fs,
results that came by surprise since the pulse width could not be justified by carrier
acceleration in a static field [27,28] . These results were shortly after attributed to an
interplay between carrier acceleration and optical rectification at the semiconductor
surface [29] , initiating therefore a study of THz generation through optical rectification
in semiconductors [30,31] .
Along with the advances for efficient THz sources similar efforts were made for
better detectors. One of the most promising techniques for detection of THz radiation
was the electro-optic sampling technique, which is based on the Pockel’s effect. In this
effect a static electric field can induce a change in the birefringence of an electro-optic
crystal, technique that was initially used in the 80’s for detecting electric signals in
transmission lines [32,33] . This method was introduced in the mid-90’s for the detection
of free space THz radiation and it became immediately popular since in contrast to
photoconductive switches, it has a flat spectral response for a broad range of frequencies
and furthermore it overcomes significant limitations such as carrier lifetime [34–36] .
Optical rectification and electro-optic sampling methods were used primarily in
GaAs and ZnTe semiconductors, where a THz bandwidth of 3 THz and a signal to
noise of 4000 has been initially reported [37,38] . These studies have been extended to a
variety of semiconducting materials. Iit is worthwhile to mention that GaSe has been
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Box 2.1 I Optical rectification and Electro-optic sampling
The methods for THz generation and detection used throughout this thesis
are summarised in the two figures below. For generating THz electromagnetic
waves we used optical rectification, which is illustrated on the left side of the
image. Optical rectification is a non-linear χ(2) process in which the spectral
components of a broadband femtosecond pulse are mixed in a non-linear
medium, such as a ZnTe crystal, causing a DC polarisation. This beating
polarisation is responsible for the emission of single cycle THz pulses with
sub-picosecond time duration.

For the detection of THz electric fields we utilised the electro-optic sampling
technique, shown on the right side of the figure above. For this detection
method a linearly polarised femtosecond probe pulse (red beam), collinear with
a linearly polarised THz pulse (orange beam) are mixed in a ZnTe crystal.
In the absence of the THz pulse the polarisation of the probe pulse remains
unchanged (red arrow). A quarter waveplate (λ/4) changes its polarisation from
linear to circular, while a Wollaston prism separates the vertical and horizontal
components of the circularly polarised probe beam. The two components are
then directed in a balanced photodiode (BP1 and BP2) which detects the
difference between the intensities of the vertical and horizontal polarisation
components of the probe pulse. The difference in this case is equal to zero.
In the presence of the THz pulse the birefringence of the crystal is slightly
modified, which results in a change in the polarisation of the probe pulse as
indicated by the green arrow. The λ/4 waveplate will change the polarisation
of the probe pulse from linear to elliptical and the Wollaston prism spatially
separates the horizontal and vertical components of the elliptically polarised
probe beam that are then directed in the balanced photodiode. The finite
difference in intensities is proportional to the THz electric field.

also used for THz generation and detection resulting in bandwidths up to 41 THz,
covering therefore frequencies from far- to mid-infrared [39–41] .
This chapter will focus on the generation and detection methods of THz radiation
through optical rectification and electro-optic sampling in ZnTe crystals respectively
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(see Box 2.1). Furthermore, in this chapter we will introduce a technique in which
a pump pulse is used along with the THz spectrometer for the photo-excitation of
plasmonic and metamaterial devices on the surfaces of semiconductors. Subsequently,
a discussion on the data acquisition and analysis will follow, with specific attention on
the retrieval of the electric field amplitude and phase as well as the direct calculation
from these quantities of the complex permittivity through a transfer matrix model.
The above methods will be applied for a complete pump-probe characterization of a
semiconducting sample, which in the case of the present thesis is a thin film of GaAs
on a quartz substrate. This chapter will conclude with an overview of the methods
used for THz generation and detection and the use of these techniques in the fields of
photonics.

2.2

Optical-pump THz-probe spectrometer for THz
photonics

The experiments for this thesis have been performed using a THz time domain
spectrometer (TDS) that is combined with a pump beam for optical excitation of free
carriers in semiconducting materials, commonly known as time-resolved THz-TDS.
For this pump-probe technique a commercial amplified laser system has been utilised,
namely the Legend Elite HE+ seeded with the Mantis Ti:Sapphire laser. The laser
delivers 100 fs amplified pulses with wavelength λ = 800 nm and pulse energy 6 mJ at
1 KHz repetition rate, as shown in Fig. 2.1. These pulses are used for THz generation
and detection as well as for band-to-band carrier excitation in the semiconducting
sample. For the generation and detection of THz pulses we use 20% of the intensity
(BS1). Out of this intensity 95% (BS2) is used for THz generation through optical
rectification in a 0.5 mm ZnTe crystal, while the rest is used for electro-optical detection
in a 1 mm ZnTe crystal as illustrated in Fig. 2.1. As it will be elucidated later in
the chapter, by controlling the time delay between the beam that generates the THz
radiation and the one used for the detection (DS2) we can reconstruct the THz electric
field transients. Due to the high absorptance of THz radiation by water vapors in the
atmosphere, the THz - TDS is enclosed in dry nitrogen environment shown by the
black dashed lines in Fig. 2.1.
The remaining 80% of the initial beam intensity is used for photo-exciting free
carriers in the semiconductor (pump beam). The pump beam after passing through
the delay stage (DS2) it is directed towards a spatial light modulator (SLM).
The SLM is a key element in the setup shown in Fig. 2.1, which is a computer
controlled liquid crystal device and it is used to spatially structure the pump beam.
The pump beam is spatially shaped to contain several micrometer sized plasmonic and
metamaterial devices. A horizontally polarized optical pulse (λ = 800 nm), indicated
by the red beam in the figure, is transmitted through a polarizing beam splitter
(PBS) and reflected back by the SLM. The SLM is a pixelated liquid crystal device
(1920 × 1200 pixels), which rotates the polarization of the incident light. Light
reflected from the so-called bright pixels undergoes a rotation of the polarization by
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Figure 2.1: Schematic of a time-resolved THz time domain spectrometer
powered by an amplified Ti:Sapphire laser. The main components used for
the spectromenter are the following, DS: delay stage, BS: beam splitter, PBS:
polarizing beam splitter, SLM: spatial light modulator, PL: projection lens, WP:
wollaston prism and BP: balanced photodiode.

90o , being therefore reflected by the PBS towards the sample; while light reflected
from dark pixels maintains its polarization and it is transmitted through the PBS,
thus not reaching the sample. The intensity of the light reflected by each pixel of the
SLM and by the PBS can be varied continuously from a maximum value (bright pixel)
to a minimum (dark pixel). The contrast between bright and dark states of the SLM
is further improved by using additional polarizing optics (not shown in Fig. 2.1) and
experimentally defined by illuminating a bulk GaAs sample and measuring the THz
electric field transmitted through the sample. The obtained values for the THz electric
field contrast were as high as 5 · 104 .
A lens (PL) with a focal length of 150 mm is used to project (1:1) the structured
beam onto the surface of the semiconducting sample, where electrons are photo-excited
from the valence to the conduction band only at the illuminated regions. The pixel
size on the surface of the sample is 8 × 8 µm2 , being much smaller than the wavelength
of THz radiation. Therefore, this technique is ideally suited for the optical photoexcitation of subwavelength plasmonic and metamaterial THz devices.
A THz probe pulse, indicated by the blue beam in Fig. 2.1, time delayed with
respect to the optical pump beam excites the THz devices and propagates through
the sample towards the electro-optic detector. The pump-probe time delay ∆τp−p in
our experiments is defined as the temporal separation between the optical pump pulse,
which excites the free charge carriers and the THz probe pulse. With this definition a
∆τp−p < 0 indicates that the THz pulse propagates through the semiconductor before
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the excitation of free carriers. On the other hand ∆τp−p > 0 implies that the THz
pulse propagates through the semiconductor after the free carriers have been excited
by the pump pulse.
For most of the experiments in the present thesis a ∆τp−p = 5 ps was chosen. As it is
shown later in this chapter, this time delay is sufficiently short such that the spatial
diffusion of the free carriers does not modify the dimensions of the photo-excited
structures. It is also essential to mention that at this time scale we did not observe
any ballistic electrons that could potentially modify the dimensions of the structures.

2.2.1

Data acquisition

The data acquisition for a typical time-resolved THz - TDS is based on the phasedemodulation technique using a lock-in amplifier. To modulate the signal reaching the
balanced-photodiodes (see Fig. 2.1) we employ a mechanical chopper, which can be
used in two configurations.
In the first configuration the chopper can be placed in the path of the beam that is
used for THz generation and more specifically before the ZnTe crystal. By modulating
the beam at half the repetition rate of the laser (i.e. 500 Hz) we can reconstruct the
THz electric field as a function of time. If on the other hand the chopper is placed on
the path of the beam used for the electro-optic sampling detection the THz electric
field can also be reconstructed with the addition of a constant offset.
The second configuration is mainly used for data acquisition in pump-probe
experiments. In these experiments the mechanical chopper is placed in the path of
the pump beam, namely after the projection lens and before the sample (see Fig. 2.1).
When the pump beam is modulated at half the repetition rate of the laser (i.e. 500 Hz)
the detected signal will be the difference between the THz electric field transmitted
through a pumped sample and the THz electric field transmitted through an unpumped
sample, i.e.
∆E = EP − ENP ,
(2.1)
where ∆E is the differential signal and EP , ENP are the THz electric fields transmitted
through a pumped and an unpumped sample respectively. This detection method
is more preferable than measuring the two electric fields separately using the first
configuration, because lock-in amplifiers are more sensitive to small signals resulting
therefore to larger signal-to-noise ratios.

2.2.2

THz electric field

By varying the time delay (DS2 in Fig. 2.1) between the beam that generates
the THz radiation with respect to the beam that is used for electro-optic detection
we can reconstruct the THz electric field transients. Figure 2.2(a) shows a typical
THz electric field transient, with full width at half maximum (FWHM) approximately
700 fs. The spectrum of the sub-picosecond THz pulse is calculated by taking the
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Figure 2.2: THz-TDS electric field transient (a) and THz electric field spectral
amplitude (b). The grey dataset in (b) illustrates the noise level of the
spectrometer, which results in signal-to-noise ratio of approximately 103 .

Fourier transform of the THz electric field transient,
Z
Ẽ(ν) ≡ F {E(t)} = E(t) ei2πνt dt,

(2.2)

where Ẽ(ν) is the complex THz electric field spectrum and E(t) is the THz electric field
transient. The complex THz electric field spectrum contains information about both
the electric field spectral amplitude and phase. Figure 2.2(b) shows the normalized
electric field spectral amplitude (|Ẽ(ν)| red curve) and the noise level of the THz
spectromenter (grey curve). The bandwidth of the spectrum spans for over an order
of magnitude with a maximum of 103 signal-to-noise ratio at 0.5 THz. The phase of
the complex electric field, Arg(Ẽ(ν)), provides information about the delay of the THz
pulse in a given medium.

2.3

Data analysis

In contrast to other ultrafast spectroscopy techniques, THz-TDS has the unique
characteristic of generating and detecting electric field transients, instead of intensities.
This feature can have significant advantages on the optical characterization of bulk
samples and photonic structures, since the information retrieved from the spectrometer
is both the electric field amplitude and phase as a function of frequency. These informations can be used for retrieving the optical properties of any sample directly from
the measurements, such as the complex permittivity (˜
) and the complex permeability
(µ̃), without the use of the Kramers-Krönig relations that are employed in other types
of spectroscopies.
To completely retrieve the complex electric and magnetic properties of a sample,
two sets of measurements are required. The first is a reference measurement, in which
the THz electric field is measured as it is reflected or transmitted through the sample’s
substrate (or free space), Er,ref (t) and Et,ref (t) respectively. The second is a reflection
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and transmission measurement in the presence of the sample on the substrate, namely
Er (t) and Et (t).
After normalizing the above electric fields to their references and taking the Fourier
transform, the resulting complex electric field spectra will contain information about
the reflected and transmitted amplitudes as well as the phases,
r̃(ν) ≡

Ẽr (ν)
= |r̃(ν)| eiφr (ν)
Ẽr,ref (ν)

and t̃(ν) ≡

Ẽt (ν)
= |t̃(ν)| eiφt (ν) ,
Ẽt,ref (ν)

(2.3)

where r̃(ν) and t̃(ν) is the complex reflection and transmission respectively.

Figure 2.3: Illustration of the transfer matrix method.

In the most general case of a multilayered sample the reflected and transmitted
electric fields can be described using the transfer matrix formalism [42] . Figure 2.3
shows a simplified schematic of the transfer matrix method, which
√ consists out of
N-layers with thickness dm and complex refractive index ñm = ˜m µ̃m surrounded
by two semi-infinite spaces with refractive indices ñ0 and ñN+1 The electric field at
each layer can be written as,
Ẽm (ν) = Am e−ikm dm + Bm eikm dm ,

(2.4)

where km = ñm ωc cos θm is the in-plane component of the electric field wavevector,
ω = 2πν is the angular frequency of the wave, θm is the angle of incidence and Am ,
Bm are the amplitudes of the electric field at each interface. By properly matching
the electric field amplitudes at the interfaces we can calculate the coefficients Am and
Bm (see Appendix A),




Am
Am+1
−1
= Pm Dm,q
Dm+1,q
,
(2.5)
Bm
Bm+1
where the index q specifies the type of the incident wave, i.e. s or p wave, while the
Dm,q and Pm are matrices given by,




1
1
cos θm cos θm
Dm,q=s =
, Dm,q=p =
,
(2.6)
ñm cos θm −ñm cos θm
ñm
−ñm
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and
Pm =

 ik d
e m m
0



0
e−ikm dm

.

(2.7)

The Dm matrix represents the amplitude of the electric field inside any layer of the
sample, while the matrix Pm is the phase accumulated by the electric field. The relation
between all the electric field amplitudes are summarized in a matrix form,
  


A0
T11 T12
AN +1
=
,
(2.8)
B0
T21 T22
BN +1
where Tij is the transfer matrix given by,

T11
T21

T12
T22


=

−1
D1,q

N
−1
Y

!
−1
Dm,q Pm Dm,q

DN,q .

(2.9)

m=2

The complex reflection and transmission of the THz electric field through a multilayer
sample can be calculated from the matrix components of Eq. 2.9 using the formulas,
r̃ =

T21
T11

and t̃ =

1
.
T11

(2.10)

The complex electric and magnetic properties of a sample can be therefore retrieved
by iterative algorithms using the data obtain from the transmission and reflection
measurements (Eq. (2.3)) and the formulas obtained from the transfer matrix formalism (Eq. (2.10)) [43] .
While in the above description we have assumed for simplicity that the thickness
of the sample is well defined, the exact value of the thickness is not required. By
measuring longer electric field transients that include multiple fresnel reflections of the
THz electric field inside the sample we can accurately determine the optical properties
as well as the thickness of the sample using more advanced algorithms [44–46] .
Although the transfer matrix method can provide the means for a complete
characterization of a sample through reflection and transmission measurements of THz
electric field transients, in the discussions through the entire thesis we will consider only
transmission measurements using the setup shown in Fig. 2.1. The knowledge of only
the transmitted electric fields will allow the extraction of either the electric permittivity
(˜
) or the magnetic permeability (µ̃), provided that one of them is well known. Since
the THz devices presented in this thesis do not exhibit strong magnetic response we
can assume that the magnetic permeability is constant, µ̃ = 1, and therefore we can
solve the transfer matrix formula for retrieving the electric permittivity.
In the case of a sample that consists of a thin layer of material on a substrate (such
as the one studied in this thesis), the wavelength is much longer than the thickness
of the layer, d  λ. Therefore, the thin film approximation can be applied without
any loss of generality. In this approximation the complex permittivity can be obtained
from,
√
Ẽt (ν)
1 + iβ ˜
√ √ √
'
t̃(ν) =
,
(2.11)
Ẽsub (ν)
1 + iβ (1− ˜)(√˜− ˜sub )
1+ ˜sub
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where β = ωd/c, ˜sub is the complex permittivity of the substrate and ˜ is the complex
permittivity of the thin film. The above equation can be solved analytically.
A very important consequence of the transfer matrix analysis is that its validity
extends only for layers that are homogeneous, namely layers for which the permittivity
(˜
m ) is spatially constant. For samples that contain layers of plasmonic and metamaterial structures the permittivity of these layers is not constant, but it spatially
depends on the positions of the structures. This can lead to an invalid estimation of
the optical properties of the structures since the detected THz electric field will contain
information from both the structures and their surroundings. The non-homogeneous
permittivity in such systems is a well known problem and it has been previously
addressed in the framework of an effective medium theory for arrays of plasmonic and
metamaterial structures [47] . The introduction of the effective medium theory for the
characterization of such systems has accurately described the optical properties of
samples that exhibit negative index of refraction.
The study of the optical properties of plasmonic and metamaterial structures in
the effective medium theory framework falls outside the scope of the present thesis.
Hence, in the next Chapters we will derive the optical properties of the sample under
the assumption that the the permittivity of the layer containing the structures is
homogeneous. Using this assumption, the resonant frequencies and linewidths of any
resonant features present in the optical properties of the sample will be precise, whereas
the absolute value might be over- or under-estimated.

2.4

Sample fabrication and characterization

Although the methods presented in this chapter are valid for any sample, this
thesis will focus on the study of a thin film of GaAs on a substrate. As it will be
elucidated in Chapter 3 GaAs is a very promising candidate for realizing plasmonic
and metamaterial devices at THz frequencies, due to the high carrier mobility.
The sample was prepared in collaboration with the group of J. J. Schermer
(Radboud University Nijmegen). An epitaxial growth was utilised in an Aixtron 200 low
pressure metal organic chemical vapour deposition (MO-CVD) reactor and subsequent
layer transfer. The epitaxial structure, composed of a 10 nm thick sacrificial AlAs layer
followed by a 1 µm thick undoped GaAs layer, was grown at a temperature of 650
◦
C and a pressure of 20 mbar on a 2-inch diameter (001) GaAs wafer. After growth
a flexible plastic support carrier was mounted on top of the GaAs epi-layer and the
sample was subjected to a 20% HF solution in water for selective etching of the AlAs
layer [48] . During the process the plastic carrier is used as a handle to bent away the
GaAs epi-layer from the wafer ensuring optimal access of the HF solution to the 10
nm high etch front of the AlAs release layer [49] . After separation the GaAs thin-film
is bonded to a 1 mm thick SiO2 substrate using a mercapto-ester based polymer. The
thickness of this bonding layer is approximately 40 µm. Finally the plastic support
carrier is removed leaving the 1 µm single crystalline GaAs layer on a SiO2 substrate.
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2.4.1

Optical characterization

To experimentally determine the optical properties of the GaAs sample we perform
pump-probe THz-TDS measurements. The analysis of the optically excited sample
(pumped) is important for determining the amount of optically excited free carriers
as well as their mobilities.
Before employing the transfer matrix method for the analysis of the pump-probe
measurements (Eq. (2.10)), the optical properties of the substrate and the bonding
polymer have to be experimentally determined. By measuring the transmitted field
through the substrate and bonding layer respectively and by normalizing them to
the free space THz electric field we can calculate the optical properties of both the
materials, provided that the thickness of the two layers is precisely defined. The
permittivities were to a first approximation frequency independent with values ˜b =
2.6 + 0.12i and ˜sub = 3.98 + 0.015i for the bonding layer and substrate, respectively.
The experimentally obtained values for the substrate and bonding layer are used for
determining the optical properties of the pumped GaAs.

Figure 2.4: Optical-pump THz-probe characterization√of GaAs (a) Real and
(b) imaginary components of the refractive index, ñ = ˜ = n + iκ, for pump
fluences 2, 20, 40 and 60 µJ/cm2 from orange to red respectively. The cirles are
the experimental data points and the solid lines are fits to the Drude model. (c)
Mobility of free carriers for as a function of carrier density. The data points are
the fitting parameters estimated from the Drude fits in (a) and (b) and the solid
line is a fit to the emperical mobility equation (Eq. (2.13)). The insets of (c)
shows the real (up) and imaginary (down) part of the permittivity.

In order to estimate the carrier mobility and density of free carriers in the photoexcited GaAs we use the Drude model. Drude model describes the microscopic
transport properties of free electrons for a variety of materials (especially metals).
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These properties are summarized in the macroscopic equation,
ñ2 = ˜ = ∞ −

ωp2
,
ω 2 + iΓe ω

(2.12)

where ∞ , is the contribution of the ion background to the bulk permittivity. The
second term of the equation describes the change of the bulk permittivity due to the
presence of free electrons, where ωp2 = N e2 /0 meff is the plasma frequency with N
being the amount of free electrons per unit volume, 0 the permittivity of free space,
meff the effective mass of electrons in the conduction band and Γe = e/µe meff is the
electron-electron scattering rate, which is inversely proportional to the effective mass
(meff ) and mobility (µe ) of free electrons. For GaAs ∞ = 12.6 and meff = 0.064 [50] .
It is worthwhile to point out that although the Drude model describes very well the
optical properties of many materials, as it will be discussed in Chapters 3 and 5 under
certain resonant conditions the model needs to be properly modified [51,52] .
Figure 2.4(a)-(b) illustrates the optical properties of the optically pumped (λp =
800 nm) GaAs for a number of fluences at pump-probe time ∆τp−p = 5 ps. The circles
illustrate the real and imaginary components of the refractive index, derived from the
measurements and the transfer matrix equation (Eq. (2.10)), while the solid lines are
fits to the Drude formula (Eq. (2.12)). The fitting parameters, carrier density (N ) and
mobility (µe ), are shown in Fig. 2.4(c), where the error bars represent a 2σ confidence
interval.
The data from Fig. 2.4(c) can be described by an empirical formula that relates
the carrier mobility with the carrier concentration and it is valid for a number of
semiconductors [53] . At room temperature the formula is,
µ1
,
(2.13)
µe (N ) =
1 + (N × 10−17 )α
where µ1 and α are free parameters that can be defined from the experimental data and
10−17 cm−3 is a normalization factor introduced to make the expression dimensionless.
The solid dark line in Fig. 2.4(c) illustrates a non-linear fit to the mobility equation
(Eq. (2.13)) with fitting parameters µ1 = 0.96 ± 0.19 m2 /Vs and α = 0.50 ± 0.18. This
result is in a good agreement with previous pump-probe studies in GaAs [50] . Although
these studies report on the mobility of free electrons in bulk GaAs, we expect that
deviations of the carrier mobility from the above formula in our photo-excited system
are not significant for early pump-probe times (∆τp−p = 5 ps). On the contrary, at
longer pump-probe times the mobility of free carriers will deviate from the values
reported above when the carrier density is increased. As will be demonstrated later in
this chapter the dynamics of the free carriers are non-linear due to impurities on the
both the front and back surface of the thin film, which will therefore have an impact
on the carrier mobility.

2.4.2

Carrier Dynamics

To study the carrier dynamics of the GaAs sample we perform pump-probe
measurements by varying the pump delay stage (DS1 in Fig. 2.1) and keeping the
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Figure 2.5: Carrier dynamics of GaAs for a number of pump fluences ranging
from 0.125 − 70 mW from orange to red respectively. The inset shows the data
in a logarithmic scale for clarity.

THz delay stage at a fixed position, namely at the position of maximum signal (see
t = 0 ps in Fig. 2.2(a)).
The pump-probe measurements are summarized in Fig. 2.5 where the dynamics of the
GaAs are illustrated for a number of pump fluences from 0.25 − 140 µJ/cm−2 from
orange to red respectively, indicated also by the dark arrow The inset of the figure shows
the carrier dynamics in a logarithmic scale for clarity. The ∆E E0 is the differential
signal (see Eq. (2.1)) normalized to the THz electric field transmitted through an
unpumped sample. This quantity is proportional to the amount of photo-excited free
carriers present in the semiconductor.
As it can be appreciated by the figure, for low pump fluences (orange) the dynamics
of the free carriers exhibit a single exponential behaviour, whereas for larger pump
fluences (red) the behaviour deviates from the single exponential especially at pumpprobe times up to 150 ps. It is also evident from the dynamics that for low pump
fluences the carriers tend to recombine much faster than for the higher fluences. The fast
recombination of the free carriers can be attributed mainly to the ultrafast relaxation
of the electrons into trap states below the conduction band, that are formed due to
defects and impurities on both the surfaces of the semiconductor layer. The reduction
of the carrier recombination rate for higher pump fluences suggests a saturation of
the available trap states, since the photo-excited carrier density exceeds the density
of the trap states [54] . When the carriers are trapped by the trap states the mobility
of the electrons will be significantly influenced. The reported average carrier trapping
time in GaAs samples, such as the one studied in this thesis, is approximately 10 ps
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and therefore at earlier pump-probe times the mobility of the carriers will not deviate
from the above empirical mobility equation (Eq. (2.13)).

2.5

Conclusions

In summary, this chapter introduces the time resolved THz-TDS technique and
its great potential for THz photonics. More specifically, an extensive introduction was
given on various far-infrared spectroscopy techniques with a particular attention to
the THz-TDS. This technique can be complemented by a SLM that can be used to
spatially shape the optical pump beam to contain several micrometer sized structures
that can be optically projected on to the surface of a semiconductor.
In addition we have demonstrated the analysis techniques of the experimental data
from a THz-TDS spectrometer giving emphasis on the retrieval of the complex optical
properties of materials through the transfer matrix formulation. The sample fabrication
and optical characterization is also discussed, in which we derive important quantities,
such as the mobility and carrier concentration in the framework of the Drude model.
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3
Photo-generated surface
plasmon polaritons at THz
frequencies
We investigate theoretically the excitation and active control
of the optical properties of surface plasmon polaritons on both
doped and optically excited semiconductors at THz frequencies.
In this work we discuss the use of semiconducting materials as
an alternative to noble metals for plasmonics at THz frequencies
and furthermore we suggest that due to their versatile nature they
can be integrated more efficiently to the current semiconductorbased technology. This is supported by demonstrating that doped
and optically excited semiconductors can support surface plasmon
polaritons with optical properties that can be controlled in a
continuous manner. Furthermore, we discuss the dynamics
of surface plasmons influenced by the carrier diffusion and
recombination mechanisms in the semiconductor. Finally, we
suggest that based on the application, surface plasmon polaritons
can be modulated or switched on time scales that range between
few picoseconds to milliseconds.
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3.1

Introduction

The integration of surface plasmon-based devices with the current semiconductorbased technology is predicted to be essential for future photonic and opto-electronic
applications [1,2] . The principles of these devices are linked with the excitation of surface
plasmon polaritons (SPPs), which are coherent oscillations of free charges coupled to
propagating electromagnetic waves on the surface of a conducting material [3] .
The physical properties, as well as the excitation mechanisms of SPPs, have
been extensively studied for over a decade unveiling their unique characteristics.
These include amongst others the confinement of light into subwavelength dimensions,
which provides the opportunity of localizing and guiding electromagnetic waves at
subwavelength scales [4] . Manipulating light at these scales has been the starting point
of a fertile research with the objective of designing fast opto-electronic components and
interconnects as well as the development of smart techniques that have revolutionized
the fields of spectroscopy [5,6] and solid state lighting [7,8] .
Inspired by the advances on reconfigurable photonic devices [9–12] , a great emphasis
has been given on studying and developing active plasmonic components. These
components are composed out of metallic structures positioned on materials with
optical properties that can be modified either thermally, electrically or optically. Studies
have reported the use of semiconductors [13–16] , organic molecules [17,18] , quantum
dots [19] , as well as phase change materials [20–23] for optical switching and plasmon
modulation.
While all of the above studies rely on changes of the refractive index in the
surrounding medium recent works have shown active control of surface plasmons
by changing the optical properties of the metallic elements. This has been achieved by
perturbing the electron energy density of the metal by optical illumination (pump).
As a consequence energy states above the Fermi level are filled whereas the states
below the Fermi level become empty. This process results into a change of the optical
properties of the metal on a femtosecond time scale, before the electrons return to their
initial state due to electron cooling processes. Using this mechanism a femtosecond
plasmon modulation has been shown in metallic gratings [24,25] and waveguides [26] as
well as in optically excited gratings using interferometric techniques [27] .
A more direct method for active surface plasmon switching and modulation has
been experimentally shown using optically excited semiconducting structures at
terahertz (THz) frequencies [28] . In these studies the switching properties rely on
the material dynamics, whereas the modulation properties depend on the plasma
frequency of the semiconductor which can be tuned by varying the amount of free
electrons that are optically excited. By taking advantage of the versatile nature of
optically excited semiconductors, our experiments (see Chapter 4) have reported
photo-generated surface plasmons at THz frequencies based on a structured optical
excitation of a flat semiconductor [29,30] . The active photo-excitation of surface
plasmons on semiconducting surfaces will render the integration of plasmonic devices
with the current semiconductor-based technology more accessible and versatile.
Therefore, a more systematic study on the nature and the dynamics of photo-excited
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plasmonic modes has to be carried out.
In this work we present theoretical calculations on photo-generated SPP modes
on the surface of a semiconductor for various carrier concentrations and thicknesses.
Various carrier densities were used to illustrate active control of SPP modes, while
the two different thickness (1 µm and 350 µm) were used to illustrate the excitation
of SPP modes in systems that can be experimentally realised [29–31] . In the system
under investigation we consider a non-homogeneous carrier excitation due to the
Beer-Lambert-like absorption of semiconductors. In addition we extend our results
to include free carrier dynamics such as diffusion and recombination, effects that will
dynamically change the properties of the SPP modes.

3.2

Surface plasmon polaritons in semiconducting
materials

The simplest system that supports the excitation and propagation of SPPs is a
metal - dielectric interface. In this simplified system the SPP wave can travel along
the interface with a dispersion relation given by [3] ,
r
˜m d
ω
kspp =
,
(3.1)
c ˜m + d
where ω is the angular frequency of the wave, c is the speed of light in vacuum, d
is the permittivity of the dielectric and ˜m = 1 + i2 is the complex permittivity of
the metal. Semiconductors can have either dielectric or metallic behaviour at certain
frequencies depending on the amount free charges present in the conduction band. In
addition to the Drude model introduced in Chapter 2 (Eq. (2.12)), the permittivity
of semiconductors can be described by the Drude-Lorentz model, which takes into
account contributions from the free electron “sea” as well as vibrations of the optical
lattice (phonons),

2
2
ωp2
− ωTO
∞ ωLO
˜m = ∞ − 2
+ 2
,
(3.2)
ω + iΓe ω ωTO
− ω 2 + iΓp ω
The first term of the above equation, ∞ , is the contribution of the ion background to
the permittivity (bulk). The second term describes the change of the bulk permittivity
due to the presence of free electrons where ωp2 = N e2 /0 meff is the plasma frequency,
with N being the amount of free electrons per unit volume, 0 the permittivity of free
space, meff the effective mass of electrons in the conduction band and Γe = e/µe meff
is the electron-electron scattering rate, which is inversely proportional to the effective
mass (meff ) and mobility (µe ) of free electrons. The last term of the equation depicts
the contribution of lattice vibrations (phonons) to the permittivity, where ωLO and
ωTO are the frequencies of longitudinal and transverse vibrations respectively and Γp
is the damping coefficient of optical phonons.
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The plasma frequency of semiconductors and therefore the permittivity can be
changed in a continuous way using a variety of methods. These methods rely on the
variation of the free electron density in the semiconductor by either thermally tuning
the intrinsic carrier concentration (Ni ∝ T 3/2 ), or by introducing impurity atoms that
can donate electrons or holes to the semiconductor (ion implantation), or by an above
the bandgap optical excitation. Increasing the free electron density of a material can
have significant implications on the carrier mobility (µe ), which is considered to be an
important material property for SPPs [32] . The mobility of carriers is closely related
to the dissipative losses inside the material and therefore linked to critical surface
plasmon properties such as propagation length and lifetime.

Figure 3.1: Mobility (µe ) of doped semiconductors and metals √
for increasing
plasma frequency and therefore carrier concentration, ωp ∝
N , at room
temperature (T=300 K). The mobilities are calculated for carrier densities that
range between 1013 cm−3 and 1020 cm−3 . The solid and dashed lines illustrate
semiconductors with direct and indirect energy bandgaps respectively. The
open symbols show the mobilities and plasma frequencies of some of the most
frequently used metals for plasmonics and metamaterials. The above mobilities
are calculated from empirical formulas based on experimental data taken from
various sources [33–35] .

Figure 3.1 illustrates the free electron mobility for a collection of semiconductors
and metals for increasing plasma frequency. The plasma frequency in the semiconductors is tuned by increasing the concentration of free carriers in the conduction band
of the semiconductor from 1013 cm−3 to 1020 cm−3 . As shown in Fig. 3.1 the plasma
frequency of the semiconductors can be tuned from far-IR (THz) to visible frequencies
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in a continuous way.
As it can be appreciated by this figure the mobility of carriers decreases as a function
of the plasma frequency, which is a result of the increased electron-electron scattering
rate. Semiconductors with narrow bandgaps and small carrier effective masses (meff ),
such as InSb and InAs, have the highest mobilities at room temperature with µInSb
'
e
4
2
8 × 104 cm2 /Vs and µInAs
'
5.5
×
10
cm
/Vs
respectively.
The
tuneability
of
the
e
plasma frequency for InSb and InAs is possible for frequencies above ωpInSb ≥ 10.4 THz
and ωpInAs ≥ 1.5 THz respectively, due to their high intrinsic carrier concentration at
room temperature (NiInSb = 1.8 × 1016 cm−3 , NiInAs = 6.4 × 1014 cm−3 ).
A very promising frequency range for plasmonics using semiconductors is the THz
(far-IR) regime of the electromagnetic spectrum. At these frequencies the mobility
of semiconductors is significantly higher than the mobility of metals at near-IR and
THz frequencies, allowing doped semiconductors to be potentially better materials
for plasmonics. At THz frequencies some of the semiconductors can have mobilities
as high as 9 × 103 cm2 /Vs at room temperature, with their plasma frequencies easily
feasible with moderate carrier concentration densities N ∼ 1016 − 1017 cm−3 .
Although due to its high mobility InSb is considered to be the best semiconductor
for plasmonics, it is impractical to be used for THz plasmonics at room temperature
because of the high intrinsic carrier density.
An alternative semiconductor for THz plasmonics, which is also used in nowadays
electronics, is GaAs with peak mobility µGaAs
' 9.4 × 103 cm2 /Vs. The plasma
e
frequency of GaAs can be easily modulated for more than four orders of magnitude
using ion implantation (i.e. Si atoms) as well as optical excitation with photons that
have energy Eph ≥ Eg = 1.43 eV, where Eg is the bandgap energy of GaAs at room
temperature. In the following sections we will study the excitation of SPPs in both
doped and optically excited GaAs in the frequency range 0.1 − 5 THz.

3.3

Surface plasmon polaritons in doped semiconductors

Although the excitation of SPPs on metallic surfaces at THz frequencies has been
previously studied with spoof plasmons by tailoring the dispersion relation of a metal
to mimic the one of surface plasmons [36–38] , very little knowledge has been developed
on the excitation and propagation of SPPs using doped semiconductors [39–42] . In this
section we will investigate the excitation of SPPs using doped GaAs at THz frequencies
and examine how their properties are influenced due to the carrier density.
For doped semiconductors a very realistic experimentally configuration that can
support SPPs (TM - surface modes) at THz frequencies is a three - layered system
that is composed out of air - doped GaAs - substrate (dielectric). The solution of
Maxwell’s equations for a wave travelling along the x-axis, as it is illustrated in the
inset of Fig. 3.2, can result into an equation for the dispersion relation that can be
solved using a minimisation algorithm [3] . Figure 3.2 shows the dispersion relation
of a surface wave normalised to the free space wavevector, kspp /k0 , where the dark
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Figure 3.2: Dispersion relation of a doped semiconductor (GaAs) for increasing
carrier concentration. (a) Surface plasmon polariton wavevector (kspp ) normalized
to the free space wavevector (k0 ). The black dashed line is the boundary for the
surface plasmon modes that can be supported by the three layered system shown
on the top left inset. (b) Surface plasmon polariton propagation length (Lspp )
normalized to the plasmon wavelength (λspp ). (c) Isofrequency cuts (horizontal
cuts) as a function of the carrier density (from (a)) for the frequencies 0.5-4 THz
with 0.5 THz increment step and (d) shows the normalised Ex (z) component of
the electric field at 1 THz for three different carrier concentrations, namely from
left to right 2 × 1016 cm−3 , 3 × 1016 cm−3 and 1 × 1017 cm−3 respectively. The
electric fields are shifted for clarity and the dotted lines indicate the base line.

dashed line illustrates the air light cone, i.e. kspp /k0 = 1. For these calculations the
substrate is amorphous silica (SiO2 ) with  = 4. The thickness of GaAs is 1 µm
and its permittivity is described by Eq. (3.2), with [33] ∞ = 12.85, meff = 0.063 me ,
Γp = 0.072 THz, ωTO /2π = 8 THz, ωLO /2π = 8.54 THz, and the mobility of free
carriers (µe ) is taken from Fig. 3.1.
As it is apparent from Fig. 3.2(a) the normalized wavevector has the highest
values for relatively low carrier densities that correspond to permittivities close to the
transition between dielectric and metallic nature of the semiconductor. The bottom
left panel, Fig. 3.2(c), shows isofrequency cuts for the frequencies in the range 0.5 4 THz with 0.5 THz increment step (from light orange to dark red). Three regions
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of interest can be identified in this plot that are manifestations of three different
physical effects, all at the same frequency. In the first region, for low carrier densities,
the semiconductor behaves as a dielectric ˜ > 0 and therefore no plasmonic modes
can be supported since the in-plane wavevector falls inside the light cone region, i.e.
kspp /k0 < 1. For slightly higher carrier concentrations we observe a transition from
dielectric to plasmonic nature, where this transition coincides with a change in the
permittivity of the semiconductor from positive to negative. The plasmonic regime
extends over a narrow set of carrier densities until it reaches a maximum and begin a
gradual transition to a perfect-electric-conductor-like behaviour (PEC).
These three regions are also illustrated by the in-plane propagation length normalized to the plasmon wavelength (λspp ) as shown on a logarithmic scale in Fig.
3.2(b). For low carrier densities the propagation of the SPP modes is limited to a few
plasmon wavelengths, behaviour which is characteristic for plasmonic systems since
the penetration of the propagating electric field inside the doped semiconductor suffers
significant losses that results into short propagation lengths. On the other end, when
the carrier density is high, the propagation length can have values that are several
orders of magnitude larger than the SPP wavelength (λspp ). This is due to the limited
losses of a PEC-like material because the propagating electric field is predominantly
in the surrounding dielectrics (air or glass), causing little to almost no attenuation.
The normalised profile of the Ex (z) component of the electric field is shown in Fig.
3.2(d) for three different carrier concentrations at 1 THz. The carrier densities of the
semiconductor correspond to permittivities with values ˜ = −4 + 12i, ˜ = −12 + 18i
and ˜ = −55 + 64 from left to right respectively. The electric field shown for the three
different permittivities corresponds to the anti-symmetric TM mode and it is evident
that for permittivities close to the transition between metal and dielectric (1 = −1),
the electric field is well confined on the glass/semiconductor and air/semiconductor
interfaces. As the permittivity of the semiconductor becomes more negative the antisymmetric mode is less confined at the two interfaces and it mainly exists in both air
and substrate.
The transition from dielectric to plasmonic and to PEC behaviour in GaAs as it
is shown in Fig. 3.2 can be generalized to other semiconductors as well. In fact, a
previous theoretical study on semiconducting bowtie antennas made out of InSb [43]
has shown that the near field enhancement provided by such antennas has a very
similar profile as the one described above, which is a result of the excitation of SPP
modes.
Doped semiconductors could potentially allow the design of tunable plasmonic
devices that can be easily integrated in future opto-electronic devices. In the following
section we will investigate the excitation of SPPs by photo-excitation of free electrons
from the valence band to the conduction band of a semiconductor.
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3.4

Photo-generated surface plasmon polaritons

Recent studies have demonstrated experimentally the photo-excitation and active
control of SPPs at THz frequencies using Si [15,28] and GaAs [29] (Chapter 4). The use
of photo-excited semiconductors as an alternative to doped semiconductors allows the
ultrafast control of the optical properties of the material and therefore of its dielectric,
plasmonic and PEC behaviour.
The excitation of surface plasmon modes on optically illuminated semiconductors
will be the subject of this section. These modes can be excited on a dielectricsemiconductor-dielectric system that is more complicated than the one studied in
the previous section because the Beer-Lambert exponential-like absorption of light
will result in a non-homogeneous carrier density over the thickness of the semiconductor.
Furthermore, as we will show later in this section, the surface modes are subjected to
the ultrafast carrier dynamics of the semiconductor, such as free carrier diffusion and
recombination that change the optical properties of the material as a function of time
and can result to time dependent surface plasmon modes.

3.4.1

Optical excitation of free carriers

The density of optically excited (pumped) free carriers depends on the number
of photons absorbed by the semiconductor, which in the linear regime obeys the
Beer-Lambert law with an exponential-like absorption profile,
Nph (z) = Nph (0)e−αz ,

(3.3)

where α = 4πκ/λp is the absorption coefficient, which is proportional to the extinction
coefficient of the semiconductor, κ, and inversely proportional to the wavelength of
light, λp . The initial photon number, Nph (0), is proportional to the optical fluence,
Φ, which is the energy of light contained in a single pulse per unit area, typically
measured in µJ/cm2 . For a pulsed laser with repetition rate fr and average power P ,
the energy per pulsed is defined as E = P/fr and the fluence is related to the the
overall number of photons by,
Φ=

E
hc
= Nph (0) ,
A
λp

(3.4)

where h = 6.63 · 10−34 J · s is the Plank’s constant. The rate of absorbed photons by
the semiconductor and therefore the rate of carrier generation is given by,
Ne = −

dNph
λp −αz
= α (1 − R) Φ
e
,
dz
hc

(3.5)

where the Fresnel reflection coefficient, R, from the surface of the semiconductor
was taken into account. Based on the pulse fluence (Φ) the optical properties of the
semiconductor can be actively tuned in a continuous manner, which in turn allows
the permittivity of having a wide range of values that extends from the permittivity
of a dielectric to the one of a PEC.
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Figure 3.3 illustrates the dependence of the permittivity of GaAs as a function
of the sample depth for a collection of carrier concentrations. In contrast to the

Figure 3.3: Real 1 and imaginary 2 (inset) permittivity of GaAs as a function
of the sample depth for various carrier concentrations ranging from 1016 cm−3
to 1018 cm−3 . The calculation was performed using Eq. (3.2) and Eq. (3.5) with
absorption coefficient α−1 = 0.75 µm at λp = 0.8 µm.

homogeneously doped GaAs, where the permittivity is constant whatever the thickness
of the semiconductor is, Fig. 3.3 reveals that the real and imaginary (inset) part of the
permittivity is depth dependent and in addition it follows an exponential-like profile
which is a consequence of the Beer-Lambert absorption of photons by the semiconductor. Therefore, it is clear that for a given carrier concentration the permittivity of
the semiconductor undergoes variations from an almost PEC to dielectric. As it will
be discussed in the next subsection this exponential-like profile can have beneficial
effects on the profile of the surface plasmon modes.
Furthermore, the depth of the photo-excited metallic area can be actively controlled
by changing the optical pump wavelength (λp ), which will result into a variation of
the absorption coefficient (α).

3.4.2

Photo-excited surface plasmons

The excitation of surface plasmons on optically excited semiconductors can be described by solving Maxwell’s equations for TM waves. While there are well established
analytical solutions for surface waves supported by simple systems (see previous section
on doped-semiconductors), the spatial variation of the permittivity in the metallic
region does not allow for an analytical solution and therefore numerical methods
55

3 Photo-generated surface plasmon polaritons at THz frequencies

Figure 3.4: Photo-generated surface plasmons on GaAs for 1 µm (a)-(c) and
8 µm (d)-(f) for various carrier concentrations. (a) and (d) Dispersion relation
of the photo-generated plasmons on a 1 µm and 8 µm >> α−1 = 0.75 µm thick
GaAs on top of a glass substrate with ˜ = 4 and of an undoped GaAs with
˜ = 12.85 respectively. The black dashed and dashed-dotted lines indicate the
light cones for air and substrate respectively. The inset shows the propagation
length (Lspp - 1/e decay) of the SPP mode normalized to the plasmon wavelength
(λspp ). The carrier densities shown in these figures correspond to 5 · 1016 cm−3 ,
1 · 1017 cm−3 , 2 · 1017 cm−3 , 5 · 1017 cm−3 , 1 · 1018 cm−3 and 5 · 1018 cm−3 from
orange to red respectively. (b,e) Normalised electric field profiles, |Ex (z)| and
(c-f) real part of the permittivity for photo-excited GaAs, 1 (z) calculated at
ν = 1 THz for a collection of carrier densities. The black dashed line and dasheddotted line in (b) shows the TM mode for a 1 µm thick Au and homogeneously
doped GaAs (N = 2 · 1017 cm−3 ) respectively, surrounded by air and glass for
comparison.

have to be utilized. To take into account for the non-homogeneous permittivity we
have divided the photo-excited region into infinitesimally small layers for which the
permittivity between consecutive layers can be considered constant. Consecutively, we
solve Maxwell’s equations for TM waves subjected to the continuity equations at all
the interfaces, as it is illustrated in Appendix A.
For our study we focus on two types of systems, that can be both realized ex56
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perimentally [29,31] . The first one is a semiconductor with thickness comparable to
its absorption length (L = 1 µm ∼ α−1 ) on a substrate, such that the photoexcitation is approximately homogeneous as a function of the thickness. For the second
configuration we used a semiconductor with thickness much larger than its absorption
length (L >> α−1 ) such as a standard, commercially available wafer. This type of
semiconductor is separated into two sections, namely the optically excited region and
the substrate region with permittivity equal to ˜ = ∞ , which is the permittivity of
the bulk semiconductor without the contribution of any phonon resonances since they
are situated at frequencies higher than the frequency range studied in this chapter.
Figures 3.4(a) and 3.4(d) show the dispersion of the two systems for a number
of carrier densities that range from 5 × 1016 cm−3 to 5 × 1018 cm−3 . For the 1 µm
GaAs on a substrate we have divided the photo-excited region into 20 layers while
for the thicker sample we used an 8 µm thick photo-excited region divided into 80
layers, since for an above the bandgap excitation (λp = 800 nm) and at this depth
the absorption of photons is nearly zero and therefore the permittivity is equal to the
bulk permittivity of GaAs, ˜ = ∞ .
By increasing the carrier density (orange to red curves) we observe that for a
fixed frequency there is a transition from a plasmonic to a PEC behaviour since the
dispersion curve converges to the light cone of the substrate indicated by a black
dashed-dotted line. Furthermore, relative to the free-space wavevector (k0 ), the photoexcited wafer appears to have larger in-plane wavevector than the thin semiconductor
by approximately a factor of two. This is also evident from the insets of Fig. 3.4(a, d)
where the propagation length (Lspp - 1/e amplitude decay) normalised to the surface
plasmon wavelength (λspp ) is marginally smaller for the optically excited wafer than
for the optically excited thin semiconductor. Furthermore, even though we observe
sort propagation lengths for both thin and thick semiconductors at certain carrier
densities, by tuning the carrier densities accordingly an overall propagation of hundred
times the plasmon wavelength can be achieved.
The dispersion curves for carrier densities 1 · 1017 cm−3 and 2 · 1017 cm−3 exhibit
a distinct feature around 2.5 THz and 3.5 THz respectively. Our analysis has shown
that these very apparent features are connected with surface plasmon frequencies
that originate from the inhomogeneous free carrier distribution in the bulk of the
(1)
semiconductor. In particular the first surface plasmon frequency (ωsp ) is linked to
the initial carrier density, Ne (z = 0), while the second surface plasmon frequency
(2)
(ωsp ) is linked to an average carrier density, Neav (0 < z < L), along the depth of the
semiconductor. For these two carrier densities we can associate two transitions from
metal to dielectric. Further calculations have shown that this distinct double plasmonic
behaviour depends also on the permittivity of the substrate. In the limit where the
permittivity of the substrate approaches the permittivity of the bulk semiconductor,
this feature disappears completely (Fig. 3.4(d)).
To get a deeper understanding of the surface plasmon modes, in both thick and
thin semiconductor systems, Figs. 3.4(b, e) show the normalised |Ex (z)| component
of the electric field, which is the anti-symmetric TM mode. The electric fields in both
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figures are shifted for clarity and the dotted lines illustrate the base lines. Figures.
3.4(c, f) illustrate the real part of the permittivity as a function of the depth. For high
carrier densities (red curves), although the permittivity has an exponential-like profile,
the penetration depth of THz waves inside the semiconductor is significantly small and
results into a very poor confinement of the wave on the surface of the semiconductor.
Since most of the wave is situated in the dielectric medium (air) the surface wave
propagates with negligible attenuation for many wavelengths. As the carrier density
becomes smaller (orange lines) and therefore the permittivity of the semiconductor
approaches the value of 1 = −1, the penetration of the wave inside the semiconductor
becomes larger. As a result a significant fraction of the wave is confined inside the
semiconductor instead in the dielectric, allowing for large field intensities per volume
in concession of propagation length. In addition, it is evident from Fig. 3.4(e) that
even though there is no physical boundary inside the semiconductor, the transition
from metal to dielectric at depths well inside the bulk of the semiconductor defines an
active boundary for the surface plasmon mode. The position of the active boundary
can be tuned by varying the photo-generated carrier density.

3.4.3

Dynamics of photo-excited surface plasmons

Following the optical excitation of free carriers, the permittivity of the semiconductor will be dominated by the dynamics of free carriers, such as carrier diffusion
and recombination. As a result, the change in the permittivity will induce a distinct
variation on the SPPs properties. As will be explained in more detail later in this
section, the carrier diffusion will rearrange the distribution of free carriers inside the
semiconductor on a picosecond time scale, resulting into a spatially dependent permittivity that deviates from the exponential-like profile discussed previously. Furthermore,
the carrier density will be progressively reduced due to surface and bulk recombination,
resulting into a change in the behaviour of the semiconductor from metallic to dielectric
on a sub-picosecond to millisecond time scales.
The dynamics of an optically excited semiconductor are governed by the continuity
equation, which takes into account the change of the carrier density due to carrier
generation and recombination, as well as the currents flowing in the semiconductor,
which in the absence of an external potential is equal to the diffusion of free carriers.
The continuity equation can be summarized in the following expression [44] ,
∂
∂2
Ne (z, tp ) = Ge (z, tp ) − Re (tp ) + D 2 Ne (z, tp ),
∂tp
∂z

(3.6)

where tp is the pump-probe time, namely the time between the optical excitation of
the free carriers and the time of the surface plasmon excitation which takes values
between t0 ≤ tp ≤ ∞, while z is the depth of the semiconductor and ranges between
0 ≤ z ≤ L. The first term on the right side is the carrier generation term, which can
be approximated by Eq. (3.5),
Ge (z, tp ) = α (1 − R) Φ
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λp
δ (tp − t0 ) e−αz ,
hc

(3.7)
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where the Kronecker delta function ensures that the carrier generation occurs at a time
tp = t0 . The second term of the continuity equation accounts for all the recombination
mechanisms, i.e.,


Ne
Ne2
Ne3
Re (z, tp ) = −
+
+
,
(3.8)
τb
τr
τγ
where τb is the non-radiative bulk recombination rate, τr is the radiative bimolecular
recombination rate and τγ is the Auger recombination rate [45] . The third term of Eq.
(3.6) is the carrier diffusion mechanism, where D is the diffusion coefficient. In the
most general case the continuity equation is subjected to Robin boundary conditions
(BCs), where the non-radiative surface recombination (s) on both interfaces has to
be taken into account (see Appendix B). The solution of the continuity equation
will determine the permittivity of the semiconductor (Eq. (3.2)), which does not only
depend on the spatial distribution of the free carriers but also on the pump-probe
time, ˜ = ˜ (ω, z, tp ).

Figure 3.5: Dynamics of the spatially dependent permittivity for various pumpprobe times at 1 THz for initial carrier density Ne = 2 · 1017 cm−3 . (a) Real
and imaginary (inset) permittivity of an optically excited L = 1 µm GaAs on a
glass substrate and (b) of GaAs with thickness larger than the absorption length,
L = 8 µm >> α−1 .

Figure 3.5 shows the permittivity of GaAs for various pump-probe times at 1 THz
for the thin and thick optically excited semiconductor. The carrier density at tp = t0
was chosen to be Ne = 2 · 1017 cm−3 , the diffusion coefficient D = 10−3 m2 /s, the
surface recombination [46] s1 = s2 = 8.5 · 103 m/s, the bulk recombination τb = 1 ns,
while for simplicity we have omitted the non-linear recombination terms. For both the
thin and thick GaAs, the spatially dependent permittivity at tp = t0 , has an exponential
profile due to the Beer-Lambert absorption (see carrier generation mechanism Eq.
(3.7)). For larger pump-probe times the carriers diffuse in both directions, while
their motion is restricted by the boundaries of the semiconductor, i.e. z1 = 0 µm
and z2 = 1 µm (see Fig. 3.5(a)). When the free carriers interact with the two
boundaries of GaAs a fraction of the carriers suffers surface recombination due to lattice
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imperfections and impurities at the semiconductor surface, while the remaining carriers
are “reflected” back to the semiconductor. In addition to the surface recombination
at the two boundaries, the free carriers diffusing in the semiconductor will experience
bulk recombination, which results into a modification of the optical properties of GaAs
from metallic to dielectric in just 250 ps.
The apparent difference in the optical properties between the two semiconducting
systems (thin and thick layers) is a result of the surface recombination mechanism
which is effectively absent on the back surface of the thick GaAs. As shown in Fig. 3.5(b)
the lack of surface recombination at one of the two boundaries appears to slow down
the transition from a metallic to a dielectric behaviour. In addition, our calculations
show that for even thinner semiconducting systems the dynamics governing the motion
of the free carriers is faster, reaching metal-to-dielectric transition times in the order
of few picoseconds, which can be potentially beneficial for opto-electronic devices with
ultrafast switching times.
As it was illustrated in the previous section, an optically excited semiconductor can
support SPPs (see Fig. 3.4). The dynamics of the propagating surface plasmons are
strongly influenced by the diffusion and recombination processes in the semiconductor.
To study the dynamics of SPPs we utilize a similar approach as the one used in the
previous section and described in Appendix A. In particular, the surface plasmon
modes are calculated for a multilayered system, which is composed out of a semiconductor with spatially and temporally dependent permittivity, as shown in Fig. 3.5,
and surrounded by two dielectrics.
Figure 3.6 summarizes the dynamics of SPPs for the thin (a-c) and thick (d-f) GaAs
with an initial carrier density of Ne = 2 · 1017 cm−3 . The calculated surface plasmon
modes correspond to pump-probe times tp = 0, 10, 25, 50, 100, 200, 250 ps from red
to orange respectively. The temporal evolution of the in-plane wavevector (kspp ) for the
thin semiconductor, Fig. 3.6(a), appears to be larger than the in-plane wavevector of the
homogeneously doped semiconductor, shown with a black line, for all the frequencies.
This is due to the fact that the thickness of the optically excited GaAs is effectively
thinner than the homogeneously doped GaAs and defined by the absorption length at
the pump wavelength. Furthermore, at a particular frequency (i.e. 1 THz) we observe
that at very short pump-probe times the dispersion of the plasmonic mode is very
close to the light cone (black-dotted line for glass and black dashed line for air) and
as the carriers diffuse and recombine the in-plane wavevector reaches values of around
ten times the free space wavevector. For even larger pump-probe times the plasmonic
mode vanishes. The above three stages are strongly linked to the transitions from
dielectric to plasmonic and to PEC-like nature as discussed earlier, although now it is
evolving in the reverse order. This is because upon the optical excitation of free carriers
(tp = 0) the semiconductor behaves like a PEC with a large negative permittivity (see
Fig. 3.5) causing the surface mode wavevector to be restricted very close to the air
light cone (black dashed line). While the carrier recombination mechanisms reduce the
amount of free carriers in the conduction band of the semiconductor the permittivity
converges to the value of ˜ = −1, resulting therefore to the largest value of the in-plane
wavevector. In the limit of very large pump-probe times the density of free carriers
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Figure 3.6: Dynamics of photo-generated surface plasmons on GaAs for 1 µm
(a)-(c) and 8 µm (d)-(f) for various pump-probe times. The initial carrier density
was fixed for all the pump-probe times at Ne = 2 · 1017 cm−3 . The color lines
represent the different times after the photo-excitation of free carriers, namely
tp = 0, 10, 25, 50, 100, 200, 250 ps from red to orange respectively, while
the black dash-dotted line represents a homogeneously doped GaAs. (a) and (d)
Dispersion relation of the photo-generated plasmons on a 1 µm and 8 µm thick
GaAs on top of a glass substrate with ˜ = 4 and of an undoped GaAs with
˜ = 12.85 respectively. The two shaded areas indicate the light cones for air and
substrate respectively. The inset shows the propagation length (Lspp - 1/e decay)
of the SPP mode normalized to the plasmon wavelength (λspp ). (b-c) Electric
field profiles, Ez (z) and (e-f) real part of the permittivity for photo-excited GaAs,
1 (z) calculated at ν = 1 THz. The black dotted line in (b) shows the TM mode
for a 1 µm thick Au surrounded by air and glass for comparison.

is further reduced causing the semiconductor to behave like a dielectric, and hence
forcing the surface plasmon polariton mode to disappear. The dispersion of the thick
GaAs, Fig. 3.6(d), displays very similar dynamics as the one of Fig. 3.6(a) with the
difference that the transition from PEC-like to plasmonic and to dielectric is slower.
The slower transition is a consequence of the slower carrier dynamics in the thicker
semiconductor which is due to the effectively absent surface recombination at one of
the two interfaces.
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Since surface recombination is the main mechanism that causes reduction of the carrier
density, even slower transitions can be achieved by reducing the amount of surface
defects, normally by surface passivation [47] . On the other hand, for faster transitions,
in the order of few picoseconds, reducing the thickness of the semiconductor will cause
the free carriers to interact more frequently with the two surfaces, reducing therefore
the carrier density at a much higher rate.
The dynamics of the electric field for the propagating anti-symmetric surface plasmon mode Ex (z, tp ) is shown in Figs. 3.6(b),(e) for the thin and thick semiconductor
respectively, while for illustrative purposes Figs. 3.6(c),(f) shows the permittivity
of the semiconductor at 1 THz. As it is clear from the electric field profiles, for
pump-probe times right after the photo-excitation of free carriers, there is a limited
penetration of the THz fields into the semiconductor as it is expected for PEClike materials. Surprisingly the surface recombination at the front surface of the
semiconductor (z = 0 µm), which causes a considerable change to the permittivity of
the semiconductor does not affect significantly the electric field profile. For longer pumpprobe times the electric field is more bounded to the surface of the semiconductor,
a characteristic profile of plasmonic modes. For tp = 250 ps the surface plasmon
mode excited in the thin semiconductor is significantly influenced by the surface
recombination at both surfaces of the semiconductor, namely z = 0 µm and z = 1 µm.
As a result the mode exists inside the semiconductor and it is surrounded by a dielectric
with higher permittivity than the surrounding air and glass (bulk GaAs), causing a
better electric field confinement on the surface of the semiconductor.
For comparison purposes, Fig. 3.6(b) shows with black dashed line and black
dashed-dotted line the electric field profiles of a 1 µm thick gold (Au) and 1 µm thick
homogeneously doped GaAs (Ne = 2 · 1017 cm−3 ) respectively. It is clear that Au
behaves as a PEC since the penetration of the THz field inside Au is in the range of
few tens of nanometers. On the other hand, the penetration of the THz electric field
inside the homogeneously doped GaAs is slightly better, however as in the case of
tp = 0 ps (red line) the confinement of the electric field at the semiconductor surface
is weak.

3.5

Conclusions

In conclusion, we have studied the properties of photo-excited SPPs on optically
excited and doped semiconductors at THz frequencies. In particular, we have examined
the use of semiconductors as an alternative to noble metals for plasmonics at THz
frequencies, pointing out that plasmonic devices made out of semiconductors can
be easily integrated with the current semiconductor-based technology. Moreover, we
have studied the influence of the carrier density on the properties of surface plasmon
polaritons for doped and optically excited semiconductors identifying a transition of
the TM-mode through three distinct regions of interest, namely dielectric, plasmonic
and perfect electric conductor. In addition we have examined the dynamics of SPPs
that originate from physical processes in the semiconductor such as carrier diffusion
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and recombination. These processes are responsible for a spatially and temporally
dependent pemrittivity of the semiconductor, which in turn affects the properties of
surface plasmon polaritons.
Our results illustrate the tuneability and dynamics of photo-excited SPPs using
semiconductors at THz frequencies. The versatile nature of semiconductors can provide
a plethora of possibilities ranging from plasmonic antennas [29,30] , where strong confinement is necessary, to non-lossy waveguides [48] where long propagations distances
are required.
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4
Photo-generated THz antennas
Electromagnetic resonances in conducting structures give
rise to enhancements of local fields and extinction efficiencies.
Conducting structures are conventionally fabricated with a
fixed geometry that determines their resonant response. Here,
we challenge this conventional approach by experimentally
demonstrating the photo-generation of THz linear antennas on
a flat semiconductor layer by the structured optical illumination
through a spatial light modulator. Free charge carriers are photoexcited only on selected areas, which enables the definition of
different conducting antennas on the same sample by simply
changing the illumination pattern, thus without the need of
physically structuring the sample. These results open a wide range
of possibilities for an all-optical spatial control of resonances on
surfaces and the concomitant control of THz extinction and local
field enhancements.

4.1

Introduction

The possibility of confining electromagnetic fields in subwavelength volumes has
been a main motivation driving the current interest on optical plasmonics [1–3] . Optical
antennas with localised resonances resulting from the coherent oscillation of conduction
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electrons are characterised by large local field enhancements in subwavelength volumes.
One of the greatest challenges for optical antennas and plasmonics in general is the
efficient and fast active control of resonant frequencies and local fields. Coherent
control of local fields by temporally shaping optical pulses [4,5] or by phase shaping of
beams [6–8] has been demonstrated. Ultrafast active control of surface waves has been
also achieved by the transient modulation of the dielectric function. This modulation
is attained by a pump laser that induces changes in the electron distribution function
and the optical properties of the metal [9–14] , or by modifying the permittivity of
the surrounding dielectric [15] . An alternative to metals at THz frequencies for the
active control of localised resonances are high mobility semiconductors with a metallic
behavior at THz frequencies [16] . Doped semiconductors have charge carrier densities
that are orders of magnitude lower than in metals [17–19] , which enables the excitation
of resonances at THz frequencies with a similar behavior to that of metals at near- and
mid-infrared frequencies [20–23] . Moreover, this characteristic offers the possibility of
actively tuning THz resonances from a plasmonic behavior to that of surface currents in
perfect electrical conductors by controlling the carrier density [16] (see Chapter 3). This
concept has been used to modify the propagation of surface waves [24] , and the resonant
response of THz antennas [25] and of metamaterials structured on top of semiconducting
substrates [26,27] by the photo-excitation of electrons across the semiconductor bandgap.
Common to all these works is that electromagnetic fields are controlled in surfaces
that have been physically structured with nano and micro-structures.
In this Chapter we demonstrate experimentally a full all-optical generation of linear
antennas at THz frequencies. The photo-generation is realised by illuminating a thin
GaAs layer with a laser beam shaped by a Spatial Light Modulator (SLM) to contain
several micro antennas. This approach does not require any physical structuring of
the sample and offers the unique possibility of controlling spatially and spectrally
resonances and local fields by modifying the illumination pattern. Okada and coworkers
have recently proposed the photo-generation of THz devices [28,29] . In these works,
diffraction gratings were photo-generated on a Si surface by illuminating through
a SLM and investigated in reflection. Chatzakis et al. have extended this work to
GaAs gratings generated by illumination through an optical mask [30] . Also, THz beam
steering using photoactive semiconductors has been recently demonstrated by Busch et
al. [31] , and photo-generated metamaterials have been theoretically proposed by Rizza
et al. [32] . Although these works have laid a solid background for the realisation of alloptical active THz devices, they have not demonstrated experimentally the possibility
of inducing resonant phenomena by the structured illumination of flat surfaces.

4.2

Setup and sample description

The measurements have been performed using the modified time-resolved THz-TDS
setup that incorporates a SLM for the projection of micro-structures, as described in
Chapter 2. The sample used for the experiments consists of a layer of single crystalline
undoped GaAs with a thickness of 1 µm bonded to a SiO2 substrate (see Chapter
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2). Intrinsic GaAs has a dielectric behavior at THz frequencies. However, its real
component of the permittivity becomes negative, hence GaAs becomes conducting, at 1
THz for carrier densities above 1.5×1016 cm−3 . These carrier densities are easy to reach
by pumping the sample with an optical pulse of moderate fluence. The high electron
mobility of intrinsic GaAs at room temperature (∼ 7000 cm2 V−1 s−1 ), favours the
excitation of localised SPPs. Moreover, the small thickness of the semiconductor slab,
which is comparable to the optical absorption length of GaAs (La = α−1 = 0.75 µm
at λp = 800 nm), allows the (nearly) homogeneous excitation of carriers as a function
2
of the depth in the layer. For the experiments we used pump fluences up to 80 µJ/cm ,
which excites ∼ 1018 cm−3 free carriers on the bright pixels of the illuminated pattern.
The carrier density in GaAs at the regions illuminated by dark pixels is lower than
1016 cm−3 . Therefore, the optical pumping of GaAs with a shaped beam results into
the local change of the permittivity from an insulating to a conducting state.

4.3

Photo-generated THz antennas

To demonstrate the photo-generation of THz antennas on the GaAs layer we
have measured the THz extinction spectra of random arrays of rods with the same
orientation generated with the same optical fluence and with different lengths. Our
study has been extended to include arrays of rods with the same length but generated
with different fluences. Figure 4.1(a) shows an image of a random array of rods. This
image is taken by placing a CCD camera at the sample position. Their random
distribution suppresses any effect due to periodicity in the THz extinction, while
their horizontal alignment enables the excitation of localised SPPs for THz radiation
incident with a horizontal polarization. A close view of a single linear antenna rod is
shown in Fig. 4.1(b). The illuminated area (filling fraction of the rods) corresponds to
18% of the surface. The spacing between two consecutive rods was chosen to be larger
than 100 µm along the long axis of the rod and 40 µm along the short axis. These
distances are large enough to minimise the near field coupling between consecutive
rods [33] , while maximising their filling fraction to increase the THz extinction.
For the THz extinction measurements the sample was first illuminated with a pump
pulse with a center wavelength λp = 800 nm and a duration of 100 fs. Subsequently, a
THz pulse was transmitted through the sample. The time delay between the optical
pump and the arrival of the THz pulse was chosen to be ∆τp−p = 10 ps, which is
sufficiently long to enable the relaxation of hot electrons to the lowest energy state
of the conduction band [34] . Furthermore, this time delay was much shorter than the
carrier recombination time, which was experimentally determined to be τr ∼ 450 ps.
The THz transmission amplitude is measured within a time window of 12 ps. Over
this time window the carrier diffusion length is much shorter than all the characteristic
lengths in the experiment, i.e., the dimensions of the structures and the THz wavelength.
Therefore, the photo-excited antennas can be described in a first approximation as
having stationary dimensions and carrier density.
We measure the zeroth order differential transmission transients, ∆E(t), i.e., the
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Figure 4.1: (a) Image of a random array of photo-generated rods. (b) Close
view image of a single rod. The upper and right plots are the intensity profiles
along the horizontal and vertical dotted lines. The vertical axis and the color
scale indicate the pump fluence in µJ/cm2 . The effective dimensions of the rods
are defined by the FWHM of the pump beam intensity marked by the vertical
dashed lines.

THz amplitude transient transmitted through the optically pumped sample in the
forward direction minus the transmitted transient of the unpumped sample ∆E(t) =
EP (t) − ENP (t). These measurements are done by chopping the pump beam at half
the repetition rate of the laser, i.e., 500 Hz [35] , as described in Chapter 2. To gain
spectral information about this transmission, the transients are Fourier transformed
and squared to obtain the transmittance. The extinction E(ν), defined as the sum
of scattering and absorption, is given according to the optical theorem as one minus
the zeroth-order transmittance. The latter is equal to the ratio of the pumped to the
unpumped transmittance TP /TNP . Therefore, E(ν) = 1 − TP /TNP .
Figure 4.2 is the main result of this chapter. Figure 4.2 (a) shows the extinction
spectra of photo-generated THz antennas with a fixed dimension of 230 × 40 µm2 and
varying optical pumping fluences. The polarization of the THz beam was set parallel
to the long axis of the rods. A resonance appears in the extinction spectrum for
optical fluences higher than 12 µJ/cm2 . At this fluence the number of photo-excited
carriers in GaAs is large enough to give a metallic behavior to the semiconductor in
the THz frequency range. The maximum extinction reaches values higher than 65%
while the illuminated fraction of the GaAs is only 18%. This enhanced extinction can
be explained in terms of the large THz scattering cross section of the rods resulting
from their antenna like behavior. The resonance can be associated to the fundamental
antenna mode, which occurs when the length of the rod is approximately equal to half
the effective wavelength of the mode, i.e., L = λ/(2neff ) − 2δ, where λ is the vacuum
wavelength, neff the effective refractive index of the THz antenna mode defining its
phase velocity [36] and δ is a parameter that leads to an apparent increase of the antenna
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Figure 4.2: Extinction spectra of photo-generated rods on a layer of undoped
GaAs. (a) The dimension of the rods is kept fixed to 230 × 40 µm2 and the pump
fluence is varied. (b) The pump fluence for the photo-generation of the rods is
70 µJ/cm2 for all the samples and the length of the rods is varied.

length to L + 2δ due to the reactance at the ends [36,37] . This parameter depends on
the antenna width and on the materials defining the antenna and its surrounding. It
is thus expected to change with the pump fluence.
There is also a clear blue shift of the resonance as the pump fluence increases. This
blue shift is a consequence of the increase in conductivity of the pumped GaAs and the
evolution of the resonance from a plasmonic behaviour to a behaviour that approaches
that of a perfect electric conductor [16] . Indeed, a larger conductivity results in a weaker
penetration of the THz field in the pumped GaAs and a reduction of neff [36] . In the
limit of perfect electric conductor the field does not penetrate into the metal and neff
is defined by the dielectrics surrounding the antenna.
The extinction spectra of photo-generated THz linear antennas with various lengths
and a fixed width of 40 µm pumped at 70 µJ/cm2 is shown in Fig. 4.2(b). A significant
redshift of the resonance and an apparent increase of the extinction is observed as the
length of the photo-generated rods is increased.
In Fig. 4.3 we plot the rod length as a function of the resonant wavelength of
maximum extinction. From the slope of the linear fit, illustrated by the solid line, we
obtain neff = 1.84 ± 0.07, while the intersection of this fit with the ordinate axis equals
−2δ with δ = 20.8 ± 3.9 µm.
A closer look to Fig. 4.2(b) reveals a shoulder at shorter wavelengths (around
300 µm) in the extinction spectrum of the longer rods. We attribute this shoulder,
which is absent in the spectra of the shorter rods, to the excitation of the next higher
order antenna mode in a rod by normal incident THz radiation, i.e., the 3λ/2neff
mode [38] . The observation of multi-polar photo-generated modes is a consequence of
the high quality of the GaAs layer used for the experiments.
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Figure 4.3: Length of photo-generated rods on an undoped GaAs layer as a
function of the resonant wavelength of maximum extinction. The solid line is a
linear fit to the measurements.

4.4

Numerical simulations of photo-excited antennas

To further investigate the localised modes associated to the photo-generated rods,
we have performed Finite Difference in Time Domain (FDTD) simulations using a
commercial software package (Lumerical Solutions).
The simulated structures were chosen to be as close as possible to the experimental
conditions, i.e., a multi-layered structure consisting of air - silicon oxide - bonding
polymer - GaAs - air. The experimentally determined values of the permittivity of
the bonding layer and the substrate were used for the simulations. A homogeneous
carrier concentration was considered through the thickness of 1 µm of the GaAs layer.
The illuminated rods were simulated by considering a rectangular region with rounded
corners and a permittivity given by the Drude model. A graded illumination across
the edges of the rods (see side graphs in Fig. 4.1(b)) was taken into account by
considering consecutive shells with varying length and a reduced carrier density as
the shell dimensions are increased. The carrier density in the innermost region of the
rod is N = 2 × 1018 cm−3 , while the outermost shell has N = 5 × 1016 cm−3 . The
non-illuminated GaAs was assumed to have N = 5 × 1015 cm−3 to take into account
the finite contrast between bright and dark pixels in the structured illumination. For
the simulations we used a total field scattered field source, a perfectly matched layer
as boundary of the simulated volume and a transmission monitor to determine the
extinction. The simulated transmission was corrected by the rod’s filling fraction to
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compare quantitatively with the experiments.
Figure 4.4 (a) shows the extinction spectra of the 230 µm and 80 µm long rods.
As can be appreciated in Fig. 4.4(a), this geometry reproduces reasonably well the
resonance wavelength and magnitude of the extinction. Figures 4.4(b) and 4.4(c)
show the near field enhancement at the GaAs-air interface and at the wavelengths
of the maximum extinction for the 230 µm and 80 µm long rods respectively. The
enhancement, defined as the near field intensity normalised to the incident intensity
at the GaAs-air interface, has the dipolar character expected for the λ/(2neff ) mode
in the rod-shaped antennas. The maximum field enhancement, which is larger for the
shorter rods, is achieved at the edges of the rods where the charge density is maximum.

Figure 4.4: Finite difference in time domain simulations of photo-generated
rods. (a) Simulated extinction for rods with effective dimensions 230 × 40 µm2
and 80 × 40 µm2 . (b) simulated total field enhancement at the GaAs-air interface
for a rod with an effective length of 230 µm. (c) same as (b) but for a rod with
an effective length of 80 µm.

It is worthwhile to stress that the near-field enhancement in photo-generated
antennas can be fully controlled in magnitude and spatial position by simply changing
the illumination pattern defined with the SLM. By controlling the time delay between
the optical pump and THz probe pulse, it is also possible to tune the magnitude
of the enhancement. This approach could be exploited to enhance the sensitivity of
locally functionalised surfaces or to realise spectroscopy of subwavelength structures
by resonant enhancement of the local fields. Moreover, larger field enhancements could
be achieved by coupling rods to form dimers [22] or by defining bowtie antennas with
sharp tips and small gaps [25] .

4.5

Conclusion

In conclusion, we have demonstrated the photo-generation of THz antennas by
the structured illumination of a thin layer of undoped GaAs. This illumination is
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accomplished with a spatial light modulator that allows the full optical control of
resonant frequencies and local field enhancements. This approach can be extended
to the photo-generation of metamaterials exhibiting magnetic resonances, i.e., split
ring resonators [39] , metasurfaces for active beam steering [40] , and THz wave guiding
structures [41] .
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5
Active loaded plasmonic
antennas at THz frequencies
We demonstrate experimentally the photo-generation of loaded
dipole plasmonic antennas resonating at THz frequencies. This is
achieved by the patterned optical illumination of a semiconductor
surface using a spatial light modulator. Our experimental results
indicate the existence of capacitive and inductive coupling of
localised surface plasmon polaritons. By varying the load in
the antenna gap we are able to switch between both coupling
regimes. Furthermore, we determine experimentally the effective
impedance of the antenna load and verify that this load can be
effectively expressed as a LC resonance formed by a THz inductor
and capacitor connected in a parallel circuit configuration.
These findings are theoretically supported by full-electrodynamic
calculations and by simple concepts of lumped circuit theory. Our
results open new possibilities for the design of active THz circuits
for optoelectronic devices.

5.1

Introduction

Optical antennas are crucial components in the design of future opto-electronic
devices. Their main function is to convert free space electromagnetic radiation into
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localised energy and vice versa. [1] Over the past decade plasmonic antennas have
gained an exceptional popularity mainly because of their ability to confine visible
and infrared radiation into lengths much smaller than the free-space wavelength. [2]
Their prospective use in nanoscale electronic devices and detectors [3–5] as well as in
systems that arbitrarily control wavefronts [6] has stimulated many research groups
to thoroughly investigate their optical far-field properties and near field interactions
with neighbouring elements. The configurations that have been proposed, inspired by
their radiofrequency analogues, include among others, dipole [7] , Yagi-Uda [8,9] and bowtie [10–12] antennas whose purpose is to control directivity and bandwidth of visible and
infrared waves. Furthermore, new antenna designs that exhibit more exotic properties
have been proposed recently. These designs combine multiple resonating elements
to achieve asymmetric Fano-like resonances [13–18] and Electromagnetically Induced
Transparency [19,20] as well as metasurfaces that introduce gradual phase retardation
along the propagation direction. [6,21,22]
In addition to these studies, a great emphasis has been given to the investigation
of actively controlling the optical properties of plasmonic antennas. For this purpose
dielectric and metallic loading of antenna elements has been considered and lumped
circuit theory has been used to describe their resonant properties. [23–25] Near-field
optical microscopy has been used to study the amplitude and phase of the fields
in loaded nanoantennas verifying the validity of the lumped circuit theory at the
nanoscale. [26] A similar design has been used recently to investigate the scattering
and non-linear optical properties of such loaded antennas. [27,28] These works have laid
a solid ground for actively controlling the properties of metallic antennas.
Semiconducting materials can be the ultimate candidate for actively controllable
antennas, owing to their versatile nature. Their optical properties can be easily adjusted
by simply controlling the density of free charge carriers, which leads also into a
tuneability of their plasmonic behaviour from the infrared to the far-infrared (THz)
regime. [29,30] Several studies have exploited the flexible nature of semiconductors
in combination with metals to achieve tuneability of resonances in plasmonic and
metamaterial structures. [31–34] Besides these studies, an all-optical control of plasmonic
antennas made completely out of semiconductors has been recently demonstrated using
a Spatial Light Modulator (SLM). [35]
In this chapter we present an experimental and theoretical study on photogenerated coupled plasmonic antennas, made out of semiconductors and functioning
at THz frequencies. Furthermore, we explore the photo-excitation of loads at the
gaps of these antennas that act as capacitors or inductors, and discuss the optical
response of the antennas in terms of a simple electrical circuit model. In contrast to
previous studies [26,27] , using the information of the complex electric field provided by
THz time domain spectroscopy, we are able to determine experimentally an effective
impedance of the equivalent resonant LC circuit. Finally, we observe the existence
of a capacitive and an inductive behaviour of localised surface plasmon polaritons
formed at different frequencies.

82

5.2 Photo-excitation of active loaded antennas

Figure 5.1: Photo-generated dimer THz antennas. (a) Camera image of the
photo-generated loaded antennas with Wb = 34.5 µm. The average loaded
antenna density is approximately 9.5 antennas/mm2 . The inset of (a) illustrates
the 2D Fourier transform of the image. The colour bar of the inset shows the
normalised intensity of the Fourier transform. (b) The two components of the
coupled antennas are merged together forming a single linear antenna, (f) the
coupled antennas are separated by a dielectric gap with length Lg = 53 ± 3 µm,
(c-e) intermediate cases where the two constituent components of the dimer
antenna are bridged with a metallic-like connector. (g) shows a detailed analysis
of (d). The colour scale and the vertical scale of the horizontal and vertical cuts
illustrates the pump fluence.

5.2

Photo-excitation of active loaded antennas

Our experiments have been performed using the time-resolved THz Time Domain
Spectrometer (TDS) described in Chapter 2. The excitation beam, which is spatially
shaped by the SLM and projected on the sample, excites free electrons at the illuminated areas of a semiconductor surface in the form of coupled dimer antennas (Fig.
5.1). The sample used for the experiments is a 1 µm thick single crystalline GaAs
bonded on to a 1 mm thick amorphous quartz substrate [35] (see Chapter 2). A pumpprobe time delay of ∆τp−p = 10 ps was chosen for our experiments. This time delay is
sufficiently short such that the spatial diffusion of the free carriers does not modify the
dimensions of the photo-excited structures. In addition, the number of photo-excited
carriers remains unchanged during the propagation of the THz pulse through the
sample since its temporal envelope τ THz is much shorter than the recombination time
τr of the free charge carriers in GaAs ( τ THz ∼ 1 ps  τr ).
Figure 5.1(a) shows an image taken by a CCD camera at the sample position.
The loaded antennas in all the experiments are arranged in a random configuration,
which provides the advantage of suppressing any diffraction orders due to periodicity
in the far field extinction spectrum. As can be appreciated from Fig. 5.1(a), the loaded
antennas are well separated from their neighbouring antennas and therefore any near
field coupling is negligible. The number of loaded antennas probed by the THz beam
is approximately 45 (the average density of loaded antennas is ∼ 9.5 antennas/mm2
and the THz beam FWHM is 2.5 mm). The inset of Fig. 5.1(a) shows the 2D Fourier
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transform of the image taken by the camera. The white dot at the center of the figure
is the DC component of the Fourier transform, which can be associated to the zeroth
order transmission.
Figure 5.1(b - f) shows images of the photo-excited structures taken by placing
a CCD camera at the sample position. As can be appreciated in this figure the
total length and width of the antennas is kept constant and only the intensity in the
gap is varied. Figure 5.1(g) represents a more detailed analysis of Fig. 5.1(d). To
have an estimate of the photo-induced antenna dimensions, we define an effective
length and width by taking the size at which the pump intensity drops at half of
its maximum (FWHM). This gives an effective length of L = 195 ± 3 µm and width
of W = 56.5 ± 3 µm, where the uncertainties in the estimated values are associated
with half of the pixel size of the CCD camera. The single linear antenna (Fig. 5.1(b))
is being split into two coupled antennas that are connected with a bridge that has
constant effective length of Lg = 53 ± 3 µm and varying width Wb from 0 to 56.5 µm.
Determining the bridge dimensions as well as the carrier concentration is critical.
The bridge width is defined by summing the number of pixels in the gap area that
have an intensity larger than the intensity at half the maximum (FWHM). Taking
into consideration the pixel dimensions (6.452 µm2 ) of the camera, this calculation
will result into an effective area that has intensity higher than half the maximum.
Subsequently, we define the effective bridge width, Wb , by dividing the calculated area
by the gap length Lg . The values of Wb are reported in the insets of Fig. 5.2 for each
case.
As it can be seen by the detailed analysis on one of the intermediate antennas
(Fig. 5.1(g)), the maximum pump fluence is 70 µJ/cm2 . To understand the behaviour
of our sample at these high pump fluences we have performed a pump-probe analysis.
In this analysis we have measured the THz transmission through a homogeneously
pumped GaAs layer. From this measurement we have determined the conductivity of
the sample, which has a Drude-like behaviour with carrier density N = 2 × 1018 cm−3
and carrier mobility of µ = 0.15 m2 V−1 s−1 . It is worthwhile to note that the finite
contrast of the image projected by the SLM leads to a finite pump fluence in the
regions defined as dark by the SLM. This fluence is lower than < 0.25 µJ/cm2 . A
detailed analysis on a transmission measurement from a fully dark image, as defined by
the SLM, showed that the conductivity of the sample follows a Drude-like behaviour
with carrier density N = 3 × 1015 cm−3 and mobility µ = 0.7 m2 V−1 s−1 .

5.3

Results

To determine the THz response of the dimer antennas, we excite them at normal
incidence and we measure the THz transmission spectrum in the forward direction.
Figure 5.2(a) illustrates the main experimental results of this chapter. This plot shows
the far-field extinction spectra, defined as one minus the transmittance, as a function
of wavelength (bottom axis) and frequency (top axis). The extinction is equal to the

84

5.3 Results

Figure 5.2: (a) Far field extinction measurements of randomly positioned loaded
antennas with different bridge widths, as shown in the insets. The symbols are
the experimental data and the solid curves represent bi-Lorentzian fits to the
data. (b) Numerical FDTD calculations of far field extinction. The curves are
displaced for clarity by a vertical shift of 0.2, 0.15, 0.1, 0.05 and 0 from red to
blue respecively.

sum of scattering and absorption. The symbols are the experimental data points while
the solid lines are bi-Lorentzian fits to the data. The main feature of this figure is a
resonance at long wavelengths that redshifts from 850 µm to 1034 µm as we decrease
the width of the bridge. This resonance corresponds to the fundamental resonant
mode of the plasmonic antennas (λ/2 resonance), defined by an effective length that
characterises the entire loaded antenna as described above. Moreover, as the bridge
width decreases (i.e. bridge width of 8.6 µm) a second resonance appears at shorter
wavelengths (λ = 327 µm, dark blue curve). This resonance is slightly blue-shifted
with respect to the λ/2 resonance of the individual arms of the dimer antenna at
λ = 380 µm (see light blue curve, which corresponds to Wb = 3.1 µm). The transition
from the λ/2 resonance of the entire plasmonic antenna to the λ/2 resonance of the
dimer antenna is controlled by the width of the gap linking the two components. As it
is elucidated later in the chapter, this behaviour can be explained by a simple lumped
circuit model. Figure 5.2(b) represents full 3D electrodynamic calculations of the farfield extinction using the Finite-Difference in the Time-Domain (FDTD Lumerical)
method. The design of the structures used for the simulations incorporates a graded
carrier concentration towards the edges of the antenna to mimic as close as possible
the conditions of the experiment [35] . The simulations qualitatively reproduce the main
far-field resonant features of the experimental observations. The small quantitative
discrepancies between measurements and simulations can be attributed to the difficulty
in defining from the CCD images the exact antenna geometry and dimensions for the
simulations.
Although the spectra from both the experiment and simulations provide qualitative
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information about the different modes of this system, it is important to investigate
in more detail the interaction of the antenna with its load. Therefore, with use of
the FDTD method we have numerically calculated the electric field enhancement
|E(r, ω)/E0 (r, ω)| and the surface charge σ(r, ω) distribution of one of the antennas
(Wb = 8.6 µm), at the short- and long- wavelength resonances. We should note that the
obtained surface charge distributions have been smoothened, in order to remove the
artificial (much lower) surface charges induced by the sequential shells of graded carrier
concentrations. In Fig. 5.3(a) we show the electric field enhancement at λ = 327 µm,
calculated at the middle of the antenna’s height. The corresponding surface charge
distribution σ(r, ω) is displayed in Fig. 5.3(b), where a dipole-dipole distribution
typical of a bonding mode can be observed [36] . This mode, which is slightly blueshifted with respect to the corresponding mode in the absence of a conducting bridge
(see Fig. 5.2), indicates a capacitive load.
On the other hand, the presence of the photo-induced bridge allows for charge
transfer along the entire antenna, which manifests itself by the appearance of a charge
transfer mode at longer wavelengths [36] . In the particular case we are examining here,
due to the small width of the bridge, this mode appears as a very broad, low-intensity
mode. As the width of the bridge increases, charge transfer along the dimer is easier,
and this mode becomes more intense and blue-shifts, eventually becoming the antenna
λ/2 mode of a continuous rod, as can be seen in Fig. 5.2. For this mode the electric field
(shown in Fig. 5.3(c) for Wb = 8.6 µm and at λ = 1030 µm ) is distributed along the
entire antenna, which resembles a long dipole, as observed also in the surface charge
distribution of Fig. 5.3(d). This field distribution indicates an inductive behaviour of
the antenna load for this bridge width and wavelength. A non-negligible electric field
intensity is also obtained around the bridge, associated with the presence of small
surface charge densities of opposite sign at the crevices around the bridge.
An important parameter characterizing the resonant behaviour of these loaded
antennas is their impedance. The impedance determines the interaction of a dipole
antenna with its load. More precisely, it is defined as the ratio of the input voltage
over the displacement current and it quantifies the total amount of energy dissipated
or stored in the system. In terms of the electromagnetic properties, the impedance is
defined as,
r
µ0 µ
Z ≡ R − iX =
,
(5.1)
0 
where R is the resistance, X the reactance, µ0 = 4π × 10−7 H.m−1 and 0 =
8.85 × 10−12 F.m−1 are the vacuum permeability and permittivity respectively. The
impedance is a complex quantity with its real component being twice the average
power dissipated in the system and its imaginary component related to the difference
between the average inductive and capacitive energies stored in the system. [37]
The estimation of the complex impedance from the experimental data is difficult since
it requires the complex transmitted and reflected signals. [38] However, in the simplest
case, where there are no intrinsic magnetic fields due to circulating currents in the
photo-generated antennas, we can assume that the magnetic permeability is equal to
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Figure 5.3: (a) Electric field enhancement (|E/E0 |) and (b) surface charge
distribution (σ), calculated for an antenna with bridge width 8.6 µm, along an
in-plane cross section of the antenna through its height centre, at λ = 327 µm.
(c) Electric field enhancement (|E/E0 |) and (d) surface charge distribution of the
same antenna at λ = 1030 µm. The red and blue areas in (b) and (d) denote
positive and negative charges, respectively.

unity. Using this assumption the calculation of the impedance is simplified to only the
knowledge of the complex transmitted signal.
In contrast to other works, where the optical properties and therefore the impedance
of such loaded devices are estimated from the far field transmission intensity measurements and assuming a lumped circuit model [27] , here we measure the complex
transmission and thus extract these values directly from the experimental data, i.e.
without any a-priori assumption. As it is demonstrated later in the text, the retrieved
quantities are in a very good agreement with the far field resonant frequencies. In the
following we discuss the retrieval of the effective load impedance, describing the random
distribution of the antennas. This analysis is thus performed for the whole sample and
not for single loaded antennas. In a conventional THz - TDS experiment the measured
signal is the electric field as a function of time, which when Fourier transformed results
in the complex electric field as a function of frequency, encompassing information about
the amplitude and phase accumulated by the transmitted field. In order to retrieve the
complex effective permittivity from transmission measurements we use the transfer
matrix method. [39] In a sample that consists of a thin layer of material on a substrate
(such as the one studied here), the wavelength is much longer than the thickness of
the layer, d  λ. Therefore, the thin film approximation can be applied without any
loss of generality. As shown in Chapter 2, in this approximation the complex effective
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permittivity can be obtained from
√
Ẽsam (ν)
1 + iβ ˜eff
√
√
√
'
,
)( ˜eff − ˜sub )
Ẽsub (ν)
√
1 + iβ (1− ˜eff1+
˜

(5.2)

sub

where Ẽsam (ν) and Ẽsub (ν) are the THz electric fields transmitted through the sample
and through the substrate respectively, β = ωd/c, ω is the angular frequency, c is the
speed of light in vacuum, ˜sub is the complex permittivity of the substrate and ˜eff is the
complex effective permittivity of the photo-generated structures. The experimentally
obtained effective permittivities for the loaded antennas are illustrated in Fig 5.4(a-b).
The real component of the effective permittivity exhibits a resonant Drude - Lorentz
like behaviour. [40] This response is characteristic for the motion of free charge carriers
in the presence of an external driving force, which in our case is the THz electric
field. [41] The frequency that corresponds to the transition through the ˜eff = ∞
dashed line indicates the dominant resonant frequency of the antennas, where ∞ is
the contribution of the ion lattice and bound charges to the permittivity of GaAs.
This is also depicted in the imaginary component of the effective permittivity, which
exhibits a resonant behaviour. The increasing character of the imaginary component
of the permittivity at low frequencies is due to the non-resonant absorption of THz
radiation.
In order to define the effective permittivity of the load we divide the transmitted
THz electric fields measured for the photo-generated loaded antennas (Fig. 5.1(a-d))
with the transmission measured from the dimer antenna (Fig. 5.1(e)) (see Eq. (5.2)
). The obtained electric field corresponds to an effective response of the antenna load.
This field is then normalised by the transmitted electric field obtained through a
dark image as defined by the SLM. Consequently, the effective permittivity of the
load is retrieved by using the transfer matrix method in the thin film approximation.
By defining the permittivity of the load we calculate the effective load impedance
load
dimer
(Zeff
) using Eq. (5.1). To calculate the impedance of the dimer, Zeff
, we use an
approach similar to the one described above, in which we normalise the THz electric
field transmitted through the photo-generated dimers with the electric field taken
when there are no pumped structures (reference). As the measurement that defines
the impedance of the dimer contains also the contribution from the free charge carriers
that are being generated in the background due to the finite contrast of the SLM, it
is necessary to correct for this background. Therefore, we subtract the impedance of
dark
a dark image, Zeff
.
Figures 5.4(c-f) show the resistive (Reff ) component while Figures 5.4(g-j) show the
reactive (Xeff ) component of the effective impedance for different bridge widths, from
Wb = 56.5 µm (red) to Wb = 8.6 µm (blue). As can be observed in the figure, the real
and imaginary components of the impedance show a resonant feature. An interesting
aspect of the load behaviour relies on the imaginary component of impedance (Figs.
5.4(g-j)) that undergoes a change of sign from negative at high frequencies to positive at
low frequencies. This change of sign is directly related to a transition from an inductive
to a capacitive behaviour of the effective load. It is also noteworthy to mention that
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Figure 5.4: Detailed analysis of the transmitted signals through the photogenerated antennas. (a-b) Real (1 ) and imaginary (2 ) components of the effective
permittivity for the randomly positioned loaded antennas as determined by the
transfer matrix method in the thin film approximation. (c-f) Real component
load ), (g-j) imaginary component of
of the effective impedance (resistance, Reff
load ). The black dashed lines illustrate
the effective impedance (reactance, Xeff
the conjugate effective reactance of the randomly positioned dimer antennas
∗dimer ).
(Xeff

we observe a redshift of the resonance as we decrease the bridge size. This means
that the transition from inductive to capacitive behaviour also redshifts. From this
analysis we observe experimentally that the behaviour of the effective impedance
exhibits a similar behaviour to the impedance of a resonating LC circuit connected in
parallel, as it was previously predicted [24,42] , where L is the inductive load added by
the conductive bridge and C the parallel capacitive load introduced by the dielectric
gap. In addition to this behaviour, we show on the reactance plots the conjugate values
∗ dimer
of the reactance for the dimer, Xeff
(dashed black line). The intersection points
in the effective reactance plots (Figs. 5.4(g-j)) correspond to the impedance matching
dimer
load
conditions between the antenna and its load (Xeff
= −Xeff
) . The frequencies
for which these impedance matching conditions are fulfilled are shown in Fig. 5.5 as
circles and triangles, and they are in excellent agreement with the positions of the
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far-field resonances extracted from Fig. 5.2(a) and displayed as grey points in Fig. 5.5.

Figure 5.5: Lumped circuit model (lines) and experimental values (symbols)
for varying bridge width. The blue dotted line corresponds to the capacitive
mode for the λ/2 mode of the individual component of the dimer, while the
red solid and dashed lines correspond to the λ/2 (long wavelengths) and 3λ/2
(short wavelengths) inductive modes. The grey circles correspond to the resonant
frequencies of the loaded antennas as obtained from a bi-Lorentzian fit to the
far-field extinction measurements of Fig. 5.2. The blue/red triangles and red
circles are the wavelength at which the effective dimer reactance equals to minus
the effective load reactance of the measured sample as shown in Fig. 5.4 (gdimer = −X load ). The inset illustrates an artistic representation of the
j) (Xeff
eff
theoretical model that has been used for the calculations.

To qualitatively explain the spectral response of the loaded dimers we theoretically
employ impedance matching conditions between the dimer antenna and its load. The
impedance of a dimer antenna is similar to the response of an RF antenna [43] with
the difference that its effective length is larger, due to its plasmonic nature and
geometry. [44] The impedance of the load is defined by a parallel addition of the
plasmonic bridge, Zb = iLg /ωb dWb and the dielectric gap, Zg = iLg /ωg d(W −
Wb ) [42] , where W and Wb are the experimentally obtained width of the gap and
bridge respectively, d is the thickness of the sample and b,g are the permittivities
of the bridge and gap calculated from the Drude model. For the calculation of the
permittivities a carrier concentration of 1018 cm−3 for the bridge, 1016 cm−3 for the
gap and 3 × 1015 cm−3 for the surrounding semiconductor were used. An artistic
illustration of the model used for the calculation is shown in the inset of Fig. 5.5.
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The results of this calculation display three distinct regimes as shown in Fig. 5.5. The
first one, represented by the red solid line at long wavelengths, is the fundamental
resonant mode, λ/2, of the entire loaded antenna and corresponds to an inductive
behaviour. To confirm the inductive nature of the mode our FDTD simulations have
shown that in contrast to the undoped GaAs layer, the magnetic field around the
loaded antenna with bridge width 47.9 µm has a four-fold enhancement and decreases
as the bridge width becomes smaller. This mode diverges for small bridge widths due
to the high resistance and capacitance added by the dielectric surrounding the bridge.
Additionally, at short wavelengths we observe two modes. The first one for large bridge
widths (red dashed line) corresponds to the higher order resonant mode, 3λ/2, of the
entire resonant antenna while the second one for small bridge sizes (blue dotted line)
is related to the λ/2 resonant mode of the individual components of the dimer. The
above theoretical calculations are in a very good agreement with the experimental
data shown by grey points in Fig. 5.5.

5.4

Conclusions

In summary, we have demonstrated the all-optical generation of loaded plasmonic
antennas for THz radiation on a flat GaAs layer using a spatial light modulator. The
proposed concept allows full control over the antenna properties and provides flexibility
on defining the applied load. Furthermore, we are able to retrieve experimentally, for
the first time, the effective impedance on the load and verify the validity of the
lumped circuit theory in semiconducting systems by recovering a resonant behaviour
that is analogous to an LC circuit. We have shown the existence of a capacitive and
an inductive behaviour of localised surface plasmon polaritons at THz frequencies.
Our results indicate that the transition between these two regimes can be actively
controlled by tuning the design of the loaded antennas, which is controlled by the optical
illumination pattern on a flat GaAs layer. The demonstration of active semiconductor
lumped circuits and the possibility of optically generating these circuits will open
new venues for fundamental research and new technologies. Examples of these are the
ultrafast dynamics of photo-generated circuits [45] or their applications for resonant
THz sensing and spectroscopy [46,47] on flat layers which are optically structured.
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6
Terahertz wireless
communications using
photo-generated metasurfaces
The efficient steering of THz waves is crucial for future terabit-per-second (Tbps) wireless communications at the THz band.
Terahertz beams are inherently very directional and therefore the
alignment between transmitter and receiver is very critical. In this
valorization chapter we propose active beam steering of terahertz
waves using photo-excited metasurfaces. We further demonstrate
experimentally a proof-of-principle of this application by showing
selective beam steering of THz waves using a photo-excited blazed
grating metasurface.

6.1

Broad-, broader-, broadest-band wireless communications

The necessity of exchanging vast amount of information fast and efficiently, has
established internet an integral part of our everyday communications, such as social
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media, entertainment, education, and online trade. This necessity has been largely
supported by desktop and laptop computers and lately by smaller portable devices.
The advent of “smart” portable electronic devices, such as smartphones, tablets,
watches and glasses, has been accompanied by an exploding increase of the data
generated on a daily basis. This increase is directly connected to the versatile nature
of these devices which are equipped with a variety of sensors and instruments that can
generate, upload and share data at any instance. With the amount of smart devices
and data shared increasing, the demands for ultra-broadband wireless internet access
is becoming a reality. Based on the annual report of ETNO∗ [1] , it is astonishing to
note that while new subscribers for fixed-wired communications (DSL) are increasing
at a constant rate, new subscribers for broadband wireless communications, such
as 3G and 4G, are increasing at significantly higher rates. The increased demand
for broadband wireless communications is by no means a great surprise, since these
emerging technologies are able for the first time to compete on equal terms against
their fixed-wired analogues, especially in rural areas, such as small islands, where the
deployment of cables for wired communications is less likely to be realised.
Although current wireless technologies (Wi-Fi and 4G) can support very fast and
reliable broadband communications, one of the greatest challenges of these technologies
is to catch up with the demands for higher data transfer rates. These demands are
directly related with the tendency of users to shift to high-volume data communications, such as high definition (HD) video, audio and imaging that will require almost
instantaneous data transfers. Based on the above trends, it has been predicted that
wireless communications with data rates up to 1 Tbps† will become a necessity by the
year 2020 [2,3] .
One of the main limitations of the current wireless technology is the scarcity of the
available bandwidth, which is the foundation of ultrafast communications. Technologies
such as Wi-Fi and 4G operate at carrier frequencies around 5 GHz and 1.8 GHz
respectively with a bandwidth of just few tens of MHz. This limited bandwidth is
unable to meet consumers demands for Tbps connections [4] , even with advanced multiantenna schemes such as MIMO‡ . A very promising technology that could potentially
support high data rates is the WiGig, operating at millimeter waves with frequencies
around 60 GHz and bandwidths up to 7 GHz. Even though these bandwidths can
support data rates up to 10 Gbps, they are not broad enough for Tbps links, since the
useful bandwidth is 7 GHz imposing therefore an upper boundary for this technology.
Most of the limitations for ultra-broad bandwidths originate from the radio frequencies that are currently available for wireless communications. It is worthwhile to
point out that most of the frequencies of the spectrum up to 300 GHz are already
allocated for various applications such as satellite navigation, radio-astronomy and
research, leaving therefore no room for broadband communications. On the contrary,
frequencies above 300 GHz (THz band), have not been allocated yet to any application
∗ European

Telecommunications Network Operators’ Association
equivalent of transferring a 7 hour Blu-Ray HD-video (125 GB) in 1 second
‡ MIMO: Multiple-Input Multiple-Output is a technology based on a multipath propagation of a
signal emitted from multiple antennas
† The
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Box 6.1 I Big data
The emergence of “smart” technologies has brought along a great challenge: big
data. It is remarkable to note that more data have been created within the
last two years than ever before, while 1.7 MB of new data are created by us
every second, more than 300 hours of video are uploaded every hour and in
2015 alone a breathtaking amount of 1 trillion photos has been shared online.
The majority of these data are created and shared by “smart” mobile phones who
are currently taking over the market with up to now 2.6 billion subscriptions
globally. This number is expected to triple (6.1 billion) in the next five years
due to markets that are currently under development, such as in Asia and
Africa. In addition, it is expected that by 2020 over 50 billion “smart” devices
will be connected online, while almost a third of all the available data will be
passing through the cloud [5–7] .
Is the current technology ready to support these demands?

and can be therefore used for Tbps communications.

6.1.1

Terahertz wireless communications

Communications at THz frequencies have the capacity of supporting the desired
links for Tbps data rates, since the THz band can have intrinsically 10-100 times larger
bandwidth than existing state-of-art technologies. Although the development of THz
wireless communications is still at a very early stage, with the latest advances in the
fields of THz electronics and optoelectronics it is reassuring to witness an accelerating
interest towards realising the first prototypes for Tbps links.
These developments are further encouraged by the growing interest of hi-tech
companies, such as Fujitsu and IBM that aim on promoting these technologies for broadcasting, medical and general consumer applications. Some of the suggested applications
include among others the use of THz wireless communications for the new generations
of mobile networks (5G or 6G), high definition video or holographic broadcasting for
home use or medical applications, short range secure military communications and
wireless local area networks (WLAN) for houses or offices (see Fig. 6.1).
In addition, Tbps links can be used for wireless communications at the microscale
and nanoscale. Based on the proposed applications, processors in multi-CPU computers
can communicate wirelessly [8] enabling therefore the design of compact systems that
can be also energy efficient (green) since a significant amount of interconnects responsible for large energy losses would be redundant. Moreover, nanosensors introduced to
the skin or blood of humans can monitor and send to “smart devices” vital informations
about the health of certain groups of people, such as hospital patients, athletes,
astronauts etc.
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Figure 6.1: Artistic illustration of THz wireless communications. The left image
(a) shows a wireless home network (T-WLAN), in which a THz transceiver
attached to the ceiling of a living room can send and receive THz signals to
a variety of smart devices. The bottom panel (b) illustrates a THz public network
used in trains. The transceivers are located on the side of train tracks and are
connected with a fiber cable to a central network. The passengers of a passing-by
train can connect to these transceivers through Tbps links. (c) Conceptual design
of a THz transceiver in which there are photo-generated six different metasurface
patterns that steer the THz radiation emitted by a THz emitter (light gray area).
Image by Ricardo Struik, FOM Institute AMOLF.

6.1.2

Fundamental concepts

Prior to the development of any technology for wireless communications at the
THz band some fundamental concepts should be addressed.
The most important aspect concerns the carrier frequency and bandwidth; parameters
that are generally very sensitive to external factors such as weather conditions. The
propagation of THz waves is largely affected by the absorption and scattering due to
rain, snow and fog. Computer simulations considering the above effects demonstrate
that the frequency windows 0.41, 0.49, 0.67 and 0.85 THz with bandwidths between
50 - 150 GHz can have the highest transmission, while the propagation length at the
above frequencies is between several meters to few tens of meters [9,10] . These studies
also show that the attenuation of THz waves propagating at the micro- and nano-scale
is not significant and therefore the whole THz band can be used for communications.
Another important factor that can affect the communication between a transmitter
and a receiver is the directionality of THz waves, which is also the main subject of
this chapter. Waves in the THz band are inherently more directional than their radiofrequency analogues since there is less diffraction by the environment. As shown by
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the Friis formula the power received by an antenna Pr is inversely proportional to the
wavelength squared, i.e.,
Pr = Pin

Ar At
Fr (θr , φr ) Ft (θt , φt ) τ εp ,
r 2 λ2

(6.1)

where Pin is the input power to the transmitting antenna, Ar and At are the effective
areas of the receiving and transmitting antennas respectively, r is the separation
between the two antennas, λ is the wavelength of the transmitted wave, τ is the path
transmission factor and Fr , Ft εp are beam parameters such as shape and polarisation.
From the above equation (Eq. 6.1) it is clear that the received power is larger for
shorter wavelengths since they are less diffracted and therefore more directional. A
very important implication of this directionality is that both transmitter and receiver
need to be in a “line-of-sight” without any obstacles in between that can perturb
the transmission. This can be a crucial limitation for the implementation of THz
communications, since otherwise Tbps links cannot be established by portable devices
on the move, such as mobile phones and laptops.

6.1.3

Terahertz transceivers with photo-generated metasurfaces

The alignment between transmitter and receiver can be tuned by arrays of antennas
known as metasurfaces that can control the wavefront of THz waves and therefore the
directionality, as it will be elucidated later in the chapter. In this way both antennas
can “decide” the most optimum propagation path with the highest bandwidth.
In this valorisation chapter we propose the use of photo-generated metasurfaces on
the surface of semiconducting THz transceivers, such as Gallium Nitride (GaN), Indium
Phosphide (InP) and quantum cascade lasers (QCL). Based on the projection technique
described in Chapter 2 arrays of metasurfaces can be projected on the transceivers
allowing therefore highly directional THz beams as well as the connection of multiple
users with the same transmitter and the implementation of multi-band MIMO schemes.
By actively exciting metasurface arrays on the surfaces of the transceivers it is possible
to tune the directionality of THz waves on a picosecond time scale.
Metasurfaces are planar optical components, which contain arrays of subwavelength
plasmonic scatterers of varying shape, resonant frequencies and orientation. The
use of plasmonic scatterers for the implementation of the proposed application is
of great importance since plasmonic scatterers can have dimensions smaller than THz
wavelengths and can enable the design of compact THz transceivers.
Terahertz waves scattered by each subwavelength structure will acquire a different
phase and the far-field interference of these scattered waves gives rise to beaming in
defined directions or to more complex wave front shapes. The directional beam steering
by metasurfaces has been described in the context of the generalised laws of refraction
and reflection in which a constant gradient of phase discontinuity along the interface is
introduced by the subwavelength scatterers [11,12] . Although, this concept shares some
similarities with antenna phased arrays in which antenna elements emit radiation
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with a defined phase relation relative to other elements to achieve beaming [13,14] , the
generalised laws of reflection and refraction are a simple way of describing complicated
wave propagation through interfaces using ray optics. The validity of these laws is
further supported by a more sophisticated model based on wave diffraction by Larouche
and Smith [15] . The possibility of controlling the direction, shape and polarisation of
electromagnetic waves has motivated an intensive research especially at visible and
near-infrared frequencies [16–27] .
In this chapter we demonstrate a proof-of-principle for active THz beam steering
using the simplest metasurface, i.e. a planar photo-generated blazed grating. This is
achieved on a thin gallium arsenide (GaAs) layer∗ by using a graded illumination
profile over the period of the grating using the SLM (see Chapter 2). This graded
illumination produces a spatially dependent free-carrier density along the surface of
the layer that increases linearly with the illumination fluence. An incident THz pulse,
time-delayed with respect to the illuminated blazed grating, experiences a phase delay
that depends on the free-carrier density and it is therefore selectively beamed to the
+1 or −1 diffraction orders of the grating.

6.2

Terahertz beaming

Prior to the experimental results we numerically calculate the optical properties
of the optically thin GaAs layer for different excitation powers as well as the phase
delay experienced by the THz wave travelling through the layer.

Figure 6.2: (a) Real (red) and imaginary (orange) components of the refractive
index of GaAs at ν = 1 THz as a function of the carrier density, N , calculated
using the Drude model. The inset shows the complex permittivity (˜
 = 1 + i2 )
as a function of N . (b) Transmission amplitude at ν = 1 THz through a GaAs
layer with a 1 µm thickness calculated as a function of the carrier density and
normalized to the transmission through an intrinsic GaAs layer (red circles and
red curve). The orange circles and orange curve correspond to the phase difference
between the transmission through the GaAs layer with carrier density N and the
transmission through a GaAs layer with intrinsic carrier density.

∗ The
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thin GaAs layer can substitute the THz emitter.

6.2 Terahertz beaming

Figure 6.2(a) shows the complex refractive index of GaAs as a function of the carrier
density calculated using the Drude model at ν = 1 THz. For a carrier concentration
of N = 1015 cm−3 the layer has a dielectric behaviour with refractive index n = 3.5
and extinction coefficient κ ≈ 0. The dielectric nature of the GaAs is also illustrated
by the positive value of the real part of the permittivity 1 displayed in the inset
of Fig. 6.2(a). A slightly higher carrier density, N = 1.8 × 1016 cm−3 , renders the
behaviour of the semiconducting layer metallic with refractive index n = 2.4, which
corresponds to negative values of the real part of the permittivity (1 < 0). For even
higher carrier concentrations the refractive index increases rapidly following Drude-like
behaviour, while the extinction coefficient, κ, increases monotonously for increasing
carrier concentration.
Using the transfer matrix method [28,29] and the complex refractive index of GaAs
as it is obtained from the Drude model (see Chapter 2 and 3), we can determine the
amplitude and phase of THz waves transmitted through the GaAs layer as a function of
the carrier density. For these calculations we consider a three layer system surrounded
by air, as in the sample described in Chapter 2. These layers are the SiO2 substrate,
the mercapto-ester based bonding polymer with 40 µm thickness and the 1 µm thick
layer of GaAs. The calculated normalised transmission amplitude T /T0 and phase
shift ∆ϕ = ϕ − ϕ0 at ν = 1 THz are shown in Fig. 6.2(b), while the reference values
(T0 and ϕ0 ) used to normalise the transmission and phase are obtained by using the
same three layers but with a carrier concentration that corresponds to an intrinsically
doped GaAs (n = 3.56, κ ≈ 0).
The transmission amplitude of the THz field through the layer decreases with
increasing carrier concentration N . This is attributed to an increased reflection and
absorption as the layer becomes metallic (N > 1.8 × 1016 cm−3 ), while a maximum
phase shift of −0.25π is obtained for a carrier density of N = 1.5 × 1018 cm−3 .
This behaviour is caused by the interplay of two effects [30] . First, the change of the
refractive index along the surface of the photo-excited semiconductor will cause a
gradual variation of the optical path length, which will therefore result into a phase
shift of the propagating wave,
2πν
∆ϕ =
δL,
(6.2)
c
where c denotes the speed of light in vacuum and δL is the variation of the optical
path length. The second contribution to the phase shift arises from the transmission at
the interfaces and it is described by the Fresnel coefficients. In particular, besides the
variation in the optical path length, the absorptive nature of the optically illuminated
semiconductor introduces an extra phase shift that adds up to the total phase shift of
the transmitted THz wave from one medium to the next, as shown in more detail in
Appendix C.
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Figure 6.3: (a) Blazed grating with 4 grating periods and grating constant
Γ = 600 µm. One grating period consists out of 8 carrier densities as indicated by
the red and orange circles in Fig. 6.3(b). The carrier density, N , decreases from
right to left in each period. (b) Calculated far-field intensity pattern at ν = 1 THz
of the blazed grating with carrier density that decreases from right to left (red)
and from left to right (orange) in each period. The intensity is normalized with
the transmission through a fully transparent window with the dimensions of 4
grating periods and zero transmission outside. The vertical dashed lines indicate
the angular range of interest for the experiment.

6.3
6.3.1

Experimental results
Photo-generated blazed gratings

In order to demonstrate selective THz beam steering we photo-excite a blazed
grating metasurface on the surface of the sample described above using the method
introduced in Chapter 2. To define a linear phase gradient along the surface of the
semiconductor we use the normalised transmission amplitude and phase shift shown in
Fig. 6.2(b). Consequently, each grating period is subdivided into 8 steps with increasing
carrier density that result into 8 equidistant phase steps defining a constant phase
gradient. The 8 carrier densities chosen for our experiments are indicated by circles
in Fig. 6.2(b).
The calculated complex transmission function of the designed blazed grating with
a grating constant Γ = 600 µm is shown in Fig. 6.3(a). For these calculations we have
chosen four grating periods since the THz beam used for our experiments has diameter
that corresponds to approximately 4Γ. Figure 6.3(a) shows the normalised transmission
(red curve) and phase shift (orange curve) of THz radiation, in the directions normal
to the sample along the four periods of the blazed grating. As pointed out above
the careful selection of the 8 carrier densities results into linear phase shift that will
consequently give rise to beam steering.
To calculate the beam steering we use a model based on diffraction theory that
can predict the diffraction pattern of a beam diffracted by a blazed grating with
properties such as the one shown in Fig. 6.3(a) The far-field intensity pattern I(θ)
of a grating structure can be determined by calculating the Fourier transform of the
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complex transmission function T̃ (x) of the structure that causes the diffraction
i2
h
I(θ) = F[T̃ (x)]2 = F T (x)eiϕ(x) ,

(6.3)

The red curve in Fig. 6.3(b) shows the far-field intensity pattern I(θ) of the blazed
grating calculated using Eq. (6.3), while the orange curve is the intensity pattern
of the complementary grating, i.e., a blazed grating with the same grating constant
and N decreasing from left to right for each grating period. Besides the central peak,
which represents the zeroth order diffraction, the +1 and −1 diffracted orders at 30o
and −30o respectively are also present. The phase gradient introduces a pronounced
asymmetry in the intensity between these orders, which is in accordance with the
generalised law of reflection and refraction.
Based on the diffraction theory, the beam steering efficiency is influenced by
the following three key ingredients. The most important is the phase shift ∆ϕ(x)
experienced by the transmitted wave in each grating period. When the phase shift is
less than 2π part of the wave is scattered into other diffraction orders, such as the
zeroth, and the beam steering efficiency decreases. Additionally, the efficiency is also
influenced by the transmission amplitude T̃ (x) along the surface of the photo-excited
semiconductor. If the transmission is less than unity, THz waves are absorbed or
reflected by the grating structure and hence the efficiency of the grating decreases.
Finally, the efficiency of the blazed grating can be further improved by increasing
the number of the grating periods. By increasing this number, the grating orders can
become sharper resulting therefore to more selective beam steering.
The finite amount of periods in the grating shown in Fig. 6.3(a), along with the
reduced transmission and the limited phase shift, are the reasons for the relatively
weak change in the asymmetry between the two complementary blazed gratings.

6.3.2

THz diffraction measurements

Figure 6.4(a) shows images of the two complementary blazed gratings photogenerated with the technique discussed in Chapter 2. The images were taken by
replacing the GaAs sample in the setup by a CCD camera. The colour scale represents
the illumination fluence. The upper panel displays the grating with increasing carrier
density N in each period from left to right, while the lower panel corresponds to
the grating with decreasing carrier density N . Cuts through the images along the
horizontal dashed lines are shown in the central panel of Fig. 6.4(a) by the red and
orange curves for the increasing and decreasing carrier densities, respectively. The
right axis in this panel is the estimated photo-generated carrier density obtained from
the illumination fluence.
Due to the fixed configuration of the THz spectrometer setup for measuring zerothorder transmissions (θ = 0o ), we used a pyroelectric detector to detect the ±1 diffracted
orders of the photo-generated blazed gratings. In order to improve the detected signal,
a Winston cone was placed in front of the detector to collect the radiation over a
larger solid angle, 0.56 sr. The Winston cone is very sensitive to the angle of incidence,
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Figure 6.4: (a) CCD camera images of the projected images taken at the sample
position. The pump beam is spatially modulated by the SLM in the shape of
a blazed grating with Γ = 600 µm with a carrier density tail to the left (top)
and to the right (bottom). The central panel shows horizontal cuts through both
gratings. (b) Output of the pyroelectric detector at a position of θ = −30o with
respect to the normal of the surface of the sample. The orange curve corresponds
to the blazed grating with decreasing carrier density from left to right, while the
red curve corresponds to the blazed grating with decreasing carrier density from
right to left. (c) The same as in (b) but at a detector angle of θ = 30o with
respect to the normal of the surface of the sample.

e.g. for an angle of incidence that deviates 4o from its axis the signal detected by
the pyroelectric detector is reduced by a factor of 2. In addition, the cone functions
as a spatial filter that significantly reduces the detection of THz radiation at angles
other than the ±1 diffracted orders. In our experiments, the pyroelectric detector was
placed at a distance of 72 mm behind the sample at θ = −30o and θ = +30o with
respect to the normal of the sample surface. The pyroelectric detector could only be
used for relative intensity measurements because there is no calibration available for
the absorption efficiency of the device at frequencies below 0.75 THz. The absorption
efficiency for frequencies between 0.75 − 1 THz is ∼ 10% and increases rapidly for
higher frequencies. The photo-voltage in the pyroelectric detector was detected using
a lock-in amplifier and a mechanical chopper modulating the THz waves at 5 Hz.
The photo-voltage from the pyroelectric detector is measured within a time window
of 17.5 minutes for θ = ±30o and for the two blazed gratings, as shown in Figs. 6.4(b)
and 6.4(c) respectively. In this time window several low frequency noise contributions
are observed, and therefore to illustrate the selective beam steering we define the
mean value of the signal, indicated by the dark dashed lines in Figs. 6.4(b) and 6.4(c).
From these figures we observe a distinct difference in the mean values, favouring the
left steering grating when the detector is placed at θ = −30o and the right steering
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grating when the detector is at θ = +30o . The intensity ratio R = Ileft /Iright between
the mean values at θ = ±30o are R−30o = 2.14 ± 0.21 and R30o = 0.40 ± 0.04.
The uncertainties on these ratios are determined by conducting a dark photo-voltage
measurement with the THz beam blocked, which is later used to filter the noise from
the signal. By determining the frequency components of the background noise we
apply to the measurements performed at θ = ±30o a low frequency cut-off filter that
filters the contribution from the background noise. The error, σ, on the photo-voltage is
determined by calculating the variance of the filtered signal. Due to the long integration
time of the lock-in amplifier (τlock−in = 20 s with a filter slope of 24 dB/Oct) not all
the data points shown in the curves of Figs. 3(b) and 3 (c) are uncorrelated. Based
on the response time of the locking amplifier for the above settings, there are 9 fully
uncorrelated photo-voltage data points in each 17.5 min measurement. Therefore, we
can treat these measurements as independent, all with an uncertainty σ. From this
we can determine the√standard error on the mean value of the photo-voltage I, which
is given by σerr = σ/ 9, while the errors on the intensity ratios σR±30o are calculated
through standard error-propagation.

Figure 6.5: Ratio between the diffracted THz intensities by the left and the right
steering blazed gratings measured at θ = −30o for a series of grating constants.
The red data points are measurements while the gray curve is a calculation based
on the diffraction theory.

To further investigate the beam steering properties of the blazed gratings, a new
set of measurements was conducted in which the pyroelectric detector was kept fixed
at θ = −30o . The photo-voltage was measured for a series of left and right steering
gratings with grating constants varying between Γ = 391 µm and Γ = 1174 µm. The
ratios between left and right blazed gratings are shown with red data points in Fig.
6.5, while the grey curve corresponds to a model based on the diffraction theory. For
both the experiments and the model we have arbitrarily chosen to use three periods
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for each grating, since the median of the selected range of gratings corresponds to
Γm = 800 µm, which is approximately one third of the full width at half maximum
of the THz beam, i.e. FWHM = 2.3mm ∼ 3Γm . The experimental results of Fig. 6.5
show a maximum in the intensity ratio R−30o that can be translated into an optimum
beam steering for a grating period of Γ = 600 µm.
The grey curve in Fig. 6.5 is calculated using diffraction theory for the different
grating constants. The diffracted intensity for each grating was calculated in an interval
of ±8o around ±30o and weighted by the angular response of the Winston cone [31] , the
frequency dependent responsivity of the pyroelectric detector [32] , and the spectrum of
the generated THz radiation. The simple diffraction model describes both qualitatively
and quantitatively the measurements within the range of the error bars.
Therefore, based on the results of Fig. 6.4, the blazed gratings investigated in
this chapter do not only selectively steer the THz waves in the desired direction, but
furthermore Fig. 6.5 shows that the optimum results can only be achieved for a specific
grating constant.

6.4

Conclusions

In conclusion, we have demonstrated selective THz beam steering using a blazed
grating metasurface. This simple metasurface is realised by photo-exciting a grating
with linearly increasing carrier density along each period. The linear increase in of
the carrier density introduces a phase gradient discontinuity on the surface of the
semiconductor that steers an incident THz beam on the +1 or −1 diffraction orders
of the grating.
These results constitute a proof-of-principle for selective THz beam steering using photo-generated devices and can be generalised to more complicated configurations [16–27] that can be used in combination with THz transceivers for Tbps wireless
communications.
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A
Calculation of TM modes for
multilayered structures
In order to study the properties of propagating surface modes (SPPs, surface
plasmon polaritons) on photoexcited materials we begin from Maxwell’s equations for
TM-polarized waves. The equations that describe the propagation of TM waves in a
medium with permittivity ˜ = 1 + i2 are,
i ∂Hy
,
ω0 ˜ ∂z
β
Ez = −
Hy
ω0 ˜

∂ 2 Hy
= − k02 ˜ + β 2 Hy ,
∂z 2
Ex = −

(A.1a)
(A.1b)
(A.1c)

where 0 is the free space permittivity, ω is the angular frequency of the wave, β is
the in-plane propagation wavevector, which is assumed for simplicity to be along the
x-direction and k0 = ω/c is the free space wavevector.
One of the main requirements for a system to support a SPP is the existence of an
interface between a material with dielectric nature (1 > 0) and a material with metallic
nature (1 < 0). In such a system, solution of the above wave equation (Eq. (A.1c))
subjected to the continuity equations for the Hy (z) field can lead to a propagating
surface mode with an evanescent decay profile along the direction perpendicular to
the interface (z-direction).
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For phototoexcited materials the permittivity of the metallic region is not anymore
homogeneous but it varies along the direction perpendicular to the propagation of the
surface wave, i.e. ˜ = ˜(z). To account for this variation we divide the photoexcited
region into infinitesimally small segments for which the permittivity of consecutive
segments is to a first approximation constant,
˜i (z) ' ˜i+1 (z + dz) with dz → 0,
To calculate the SPP modes for a photoexcited material we solve the wave equation (Eq.
(A.1c)) for a multilayer structure composed out of N+1 materials (including substrate
and upperstrate) with permittivities ˜i and N interfaces, namely at z = (d1 , d2 . . . dN ).
The solution to the wave equation is a superposition of two periodic waves with
opposite propagation wavevectors,
Hyi = Ai eiβx eki z + Bi eiβx e−ki z ,

(A.2)

where ki2 = β 2 −k02 ˜i is the wavevector along the propagation direction. The coefficients
Ai and Bi are constants determined by requiring that the Hy (z) and Ex (z) fields are
continuous at the interfaces,
Hyi
1 ∂Hyi
˜i ∂z

z=di

= Hyi+1
=

z=di

1
˜i+1

z=di

,

∂Hyi+1
∂z

(A.3a)
.

(A.3b)

z=di

The conditions for continuity of the fields will result into a set of 2N equations with
2N+2 unknowns (Ai and Bi coefficients). To have a physical solution of the wave
equation the fields at the two extremes should vanish i.e. Hy (z → ±∞) = 0, which
implies that AN +1 = 0 and B1 = 0. In a matrix notation the above system of equations
is simplified to,
M x = 0,
(A.4)
where the matrix M is,
ek1 d1
 k˜1 ek1 d1
 1

.

.

.


0



0

0
0

−ek2 d1
k
− ˜2 ek2 d1

.
.
.
0

.
.
.
0

0

2

0

−e−k2 d1
e−k2 d1

...
...

0
0

0
0

0
0

0
0

.
.
.
0

..

.
.
.

.
.
.

.
.
.
0

.
.
.

k2

˜2

0

.
...
...

ekN dN
kN

˜N

e

k N dN

e−kN dN
k
− ˜N
N

e−kN dN

0

−e−kN +1 dN
kN +1

˜N +1

e−kN +1 dN






,




(A.5)

and x = A1 B1 A2 B2 . . . AN +1 BN +1 . The wavevector of the propagating SPP wave is given by minimizing the determinant of the above matrix in the
complex plane, namely minβ (|M |). By substituting the wavevector β that minimizes
the determinant of matrix M into Eq. (A.4) we can calculate the coefficients Ai and
Bi by solving the linear system.
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Diffusion of free carriers in
photo-excited semiconductors
B.1

General solution of the diffusion equation with
fixed boundaries

To investigate spatially and temporally the dynamics of photoexcited free carriers
we solve the 1D diffusion equation for a system with finite length L and Robin boundary
conditions at both interfaces. The general non-homogeneous diffusion equation is given
by,
∂N (z, t)
∂ 2 N (z, t)
=D
+ Φ(z, t),
(B.1)
∂t
∂z 2
where N (z, t) is the number of free carriers as a function of the pump-probe time and
position, D is the diffusion coefficient with units m2 /s and Φ(z, t) is a continuous,
non-singular function. The initial and boundary conditions are given by,
N (z, 0) = f (z),
∂N (z, t)
s1 N (0, t) + D1
∂z
∂N (z, t)
s2 N (0, t) + D2
∂z

(B.2a)

= h1 (t),

(B.2b)

= h2 (t).

(B.2c)

z=0

z=L

The initial condition (Eq. (B.2a)) specifies the spatial distribution of free carriers at
t = 0 as a function of the depth, which is usually an exponential function. Equations
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(B.2b) and (B.2c) form a combination of Dirichlet and Neumann boundary conditions
known as Robin boundary conditions. The constants s1 < 0 and s2 > 0, measured
in m/s, indicate the rate for which the free carriers recombine at the front and back
surface of the semiconductor respectively, hence providing a loss mechanism to the
system. The rate for which the free carriers are reflected from the two surfaces and
return back to the system is given by the constants D1 and D2 measured in units
m2 /s. Finally, the continuous functions h1 (t) and h2 (t) provide a mechanism of free
carrier generation at both the surfaces of the semiconductor.
The linear non-homogeneous diffusion equation with Robin boundary conditions
can be solved analytically using a Green’s function G ≡ G(z, t; ξ, τ ). The integral form
of the solution is, [1]
Z LZ t
Z L
N (z, t) =
G Φ(ξ, τ )dτ dξ +
G f (ξ)dξ
0
0
0


Z t
Z t
D
D
dτ −
dτ, (B.3)
G h2 (τ )
G h1 (τ )
+
D2
D1
0
0
ξ=L
ξ=0
where the Green’s function for a finite length system is given by the following sum [2] ,
G(z, t; ξ, τ ) =

∞
X

H(t − τ )ϕn (ξ)ϕn (z)e−k D(t−τ ) ,
2

n

(B.4)

n=1

where H(t − τ ) is the Heaviside step function and ϕn is given from the solution to
the 1D Sturm-Liouville problem,
ϕ00 (z) + λϕ(z) = 0

0 ≤ z ≤ L,

(B.5)

with boundary conditions
s1 ϕ(0) + D1 ϕ0 (0) = 0,
s2 ϕ(L) + D2 ϕ0 (L) = 0.
The solution to the Sturm-Liouville problem will result into a superposition of periodic
functions (λ = κ2 > 0) and a linear function (λ = 0). The solution for λ = κ2 is,


s1
ϕn (z) = An cos(κn z) −
sin(κn z) ,
(B.7)
D1 κn
where κn are the eigenvalues of the equation that can be numerically calculated from,
s
s
D − D
s
κ2n + D sD
2

tan(κn z) = κn

1

2

1

1

1

≡ κn Ωn ,

2

2

and An is an integration constant that can be calculated using the orthogonality
property of the Sturm-Liouville eigenfunctions,
"
"

2 #

2 #
L
s1
1
s1
Ωn
Ω2n
s1
−2
An =
1+
+
1−
−
. (B.8)
2
D1 κn
2
D1 κn
1 + κ2n Ω2n
D1 1 + κ2n Ω2n
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For the case where λ = 0 the solution to Eq. (B.5) is linear,


s1
ϕ(z) = C 1 −
z ,
D1

(B.9)

where the integration constant C is given by,
C −2 = L −

s1 2
s2
L + 1 2 L3 .
D1
3D1

The above solution exists only when the following condition is fulfilled,
1−

s1
s1 D2
L=
.
α1
s2 D1

The profile of the free carriers as a function of time, which can be directly related
to pump-probe carrier dynamics measurements is given by integrating the number of
free carriers inside the region 0 ≤ z ≤ L for all the times, namely,
Z
N (t) =

L

N (z, t) dz.

(B.10)

0

In the case of a non-linear non-homogeneous diffusion equation that contains quadratic
and cubic carrier concentration terms an analytical solution cannot be found using
Green’s functions. In that case the solution can be calculated numerically.
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C
Phase of travelling waves
passing through absorbing
interfaces
In order to illustrate the phase acquired by travelling waves passing through
absorbing interfaces, we consider a plane wave E1 with an amplitude A1 in a nonabsorbing medium 1 (n1 > 0, κ1 = 0) travelling in the z direction. The field in an
absorbing medium 2 (n2 > 0, κ2 > 0) upon transmission at normal incidence can be
written as
E2 = t̃1,2 E1 = t̃1,2 A1 ei(k z−ω t) ,
(C.1)
1

1

where k1 = 2π/λ denotes the wave number, ω1 is the angular frequency of the wave
in medium 1, and t̃1,2 is the complex Fresnel coefficient given by
t̃1,2 = |t1,2 | eiϕ =
1,2

n1
.
n1 + n2 + iκ2

The phase shift upon transmission at the interface is given by


κ2
−1
∆ϕ1,2 = −tan
,
n1 + n2

(C.2)

(C.3)

and the phase shift of the EM wave transmitted into the second layer is always negative
if the medium 2 has a non-zero extinction coefficient κ2 . The above derivation can
be extended to a system that contains a layer with refractive index n2 , κ2 > 0 in
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between two layers with n1 > 1 and κ1 = 0 by taking the product of the complex
transmission coefficients at the two interfaces t̃1,2 and t̃2,3 . The total phase shift due
to the transmission though the interfaces in such system is,


κ2 (n2 − n1 + κ22 )
. (C.4)
∆ϕ1,3 = ∆ϕ1,2 + ∆ϕ2,3 = −tan−1
(n1 + n2 )(n22 + n1 n2 + κ22 ) + n1 κ22
Although the above equation (Eq. (C.4)) is an approximation that ignores multiple
reflections at the interfaces of the thin GaAs sample, it illustrates that the phase shift
due to the interfaces is negative if the central layer is absorptive, κ2 > 0 and n2 > n1 ,
as in the case for multilayered sample investigated in this thesis.
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Photo-generated
Terahertz devices:
Summary
Modifying the properties of light, such as dispersion, polarization as well as directionality is essential in many fields of science and technology, including among
others optical and IR spectroscopy, imaging, opto-electronics, telecommunications etc.
The development of devices made out of plasmonic and metamaterial structures has
led to a remarkable control of the properties of light. The advances in these fields
of science are particularly interesting, especially for the technologically important
terahertz (THz) frequency regime. A great emphasis has been given over the last ten
years on studying and developing active plasmonic and metamaterial devices that
can tune the properties of THz waves in a continuous way. These studies have been
mainly dominated by the use of metallic structures on semiconducting substrates that
are electrically tuneable using a bias voltage through the semiconductor. Although
electrically tuning the properties of metallic structures is well established, the potential
of optically changing the properties of these structures and the way they interact with
THz waves has not been fully explored.
In this thesis we have studied the physical and technical foundations of optically
photo-generating plasmonic and metamaterial THz devices on semiconducting substrates. Using a technique that has been developed during the PhD thesis we have
studied both experimentally and theoretically the interaction of these photo-generated
devices with THz waves. The principle of this technique is based on the optical
excitation of a semiconductor with a structured beam that contains the THz devices.
The photo-excited electrons in the illuminated regions will locally render the behaviour
of the semiconductor metallic allowing the THz waves to resonantly interact with the
free electrons.
For the purposes of this project we have designed and assembled a time-resolved
THz time domain spectrometer (THz-TDS) that has a THz beam and an optical beam
used for excitation of free carriers in semiconductors (Chapter 2). The spectrometer
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has been modified to include a spatial light modulator along with a projection system,
which is used for spatially shaping the excitation beam with plasmonic and metamaterial structures. Furthermore, for studying the optical properties and temporal dynamics
of a photo-excited semiconductor we have developed a transfer matrix algorithm that is
combined with the temporal evolution of the free carriers due to diffusion mechanisms.
To fully understand the interaction of THz waves with the free electrons of a photoexcited semiconductor, in Chapter 3 we have studied theoretically the photo-excitation
of THz surface waves, known as surface plasmon polatitons (SPPs). In this study we
investigate the possibilities of actively tuning the properties of SPPs by varying the
free electron concentration, excitation depth, substrate and diffusion parameters.
Following the above theoretical study, in Chapter 4 we have experimentally demonstrated the excitation of localized surface plasmon polaritons (LSPPs) in plasmonic
dipole antennas at THz frequencies. The tunability of these antennas is elucidated
by optically varying the dimensions as well as the free electron concentration of the
antennas.
A more extensive study presented in Chapter 5 investigates experimentally the
interaction of THz waves with two coupled photo-excited linear antennas separated
by a sub-wavelength gap (dimer configuration). In this study we optically tune the
load of the gap that connects the two antennas and we observe that the LSPPs can be
either capacitively or inductively coupled. Our results demonstrate that for particular
loads of the gap, the coupling can be at the same time both capacitive and inductive.
These results are supported theoretically by a phenomenological model that considers
a dimer antenna coupled with a LC circuit.
Finally, in Chapter 6 we show the valorization potential of photo-exciting plasmonic
and metamaterial structures on semiconductor surfaces. To demonstrate this we use
optically excited blazed gratings by spatially varying the concentration of free electrons
along the surface of the semiconductor, which therefore changes the refractive index. By
doing this we introduce a linear phase gradient along the surface of the semiconductor
that results into steering of THz waves.
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