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1 Introduction

1.1 Light: A historical perspective
Out of the various ways we humans perceive nature, vision is the most dominant. The
sheer amount of information we process through vision, as compared to the other senses,
is overwhelming. The act of vision starts when the light from an object is imaged by the
cornea and the lens in our eye to the light-sensitive membrane, the retina. This transduced
information is further processed by our brain to complete our perception of the surroundings. The Oxford dictionary defines light as “The natural agent that stimulates sight and
makes things visible”. Thus, it is not surprising that we, human beings, have always been
fascinated by light.
Perhaps the oldest documented philosophical study of light dates back to the 4th or
5th century BC in ancient Indian schools of thought Sankhya and Vaisheshika. The first
considered light as one of the five fundamental elements which makes up the universe. In
the Vaisheshika school, light was thought of as very high velocity “atoms” or quanta of fire
which can exhibit different characteristics depending on the velocity and arrangement of
the fire atoms, and not as one of the fundamental elements. In ancient Greece, almost
around the same time, Empedocles and Plato postulated that the universe was made of
four elements similar to the Vaisheshika school of thought. Empedocles believed that
Aphodite lit fire in our eyes which shone out and made sight possible. However, interaction between rays from eyes and from sun was necessary for vision (emission theory).
Other philosophers like Democritus, Epicurus and Aristotle formed the opposing theory
of vision which considered light from objects are captured by the human eye and the eye
copies the image (intromission theory) of the objects. Many years after all these theories, emerged the writings of Euclid in a formal scientific text, Optica which describes his
postulate about rectilinear propagation of light, mathematical description of reflection,
refraction. He also questioned the previous theory of Empedocles. Later on, Ptolemy in
his book, Optics, directly supported the intromission theory of light. These ideas were
resurrected and extended in the middle ages by the Persian philosophers Al-Kindi and Ibn
Sahi [1]. Ibn Sahi ’s research went so far as to computing optimum curvatures and sizes of
lenses and curved mirrors. Later, another Persian scholar Ibn-al-Haytham wrote the Book
of Optics (Kitab al-manazir) [2] where he proposed experiments in optics for determining
and explaining optical phenomenon like reflection and refraction. This text was initially
ignored but later on became the standard text for the majority of Middle ages. It was in the
early 17th century when Johannes Kepler explained in his writings what we know today as
geometric optics as well as astronomical optical phenomena [3]. René Descartes in the
mid 17th century theorised that light behaved as a mechanical wave and has higher velocities in denser media in analogy with sound waves [4]. Although incorrect, his theory is
considered as the beginning of modern optics. Issac Newton expanded Descartes’ theory
into the famous corpuscular theory of light, which stated that light is made up of small
discrete particles called corpuscles which travel in a straight line with finite velocity and
has a certain momentum [5]. He also theorised that white light is a mix of colors which can
be separated out. Opposing theory was promoted almost immediately by Robert Hook [6]
and later by Christiaan Huygens [7]. This theory considers light to have a wave nature, and
is famously known today as the wave theory of light. Newton’s theory was widely accepted
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over the wave theory up until the beginning of 19th century, when Thomas Young [8]
and Augustin-Jean Fresnel [9] conducted their ground-breaking double-slit experiment
which showed the interference of light and thus, reinstating Huygens’ wave theory. This
work was one of the most significant works of that time as it opened another domain
of study which we know today as physical optics. In an independent theory by James
Clerk-Maxwell about electromagnetism [10], optics fitted in and it was established that
light is an electromagnetic wave. In 1899, Max Plank modelled the blackbody radiation
successfully and showed that the energy exchange between light and matter happens in
discrete quantities of energy know as quanta [11]. Albert Einstein’s famous paper on the
photo-electric effect established the quantization of light [12]. This led to a new field of
research, quantum mechanics, which led to yet another more advanced explanation of
light based on the theory of quantum electrodynamics.
Optics is formally defined by the Encyclopedia of Science and Technology (McGrawHill) as, “. . . the branch of physics which involves the behaviour and properties of light,
including its interactions with matter and the construction of instruments that use or
detect it.” Although the theoretical knowledge and understanding of the basic nature of
light began in the 4-5th century B.C. and evolved over time, the development of optical
instruments to harness light for use has been know to man from even earlier periods. The
earliest known lenses were made from polished crystals like quartz. They date back to 7th
century B.C. in the ancient Egyptian and Mesopotamian civilizations. Ancient Romans
have been known to use water in glass spheres as lenses. This practical use of light along
with the philosophical explanations by the Indian and Greek civilizations spearheaded
the development of optics through the centuries. Persians were known to use lenses and
mirrors for burning before the Middle ages. Europe witnessed the first usable eyeglasses
as early as the 13th century. These rudimentary methods finally paved the way for more
complex optical innovation like compound microscopes [13] in the late 16th and refracting
telescopes [14] in the 17th century. Since then there has been immense development of
instrumentation over centuries both for enhancing imaging as well as analysing the behavior of light. History has witnessed development of imaging instruments such as complex microscopes [15–17], telescopes [18–20] and cameras [21] and analysing instruments
such as interferometers [22, 23], photometers [24], polarimeters [25], spectrometers [26]
to name a few.
The trend in optical instrumentation took a sharp turn with the invention of laser [27]
in the 1960s followed by optical fibers [28, 29] and amplifiers [30, 31]. These inventions
formed the bases of modern revolutions in telecommunication and internet. Another
growth in this field was due to both advances and limitations faced in the field of electronics. The early 20th century saw a boom in technological advances in the field of electronics
for its use in telecommunication, computing, sensing and power transmission. However,
as the technology grew more and more complex, the challenges faced with respect to
speed, power consumption and size became overwhelming. At this point scientists came
to realize that electronics can be coupled to novel devices which uses light to overcome
these challenges. This motivation combined with the discovery of lasers spearheaded the
still growing field of research: photonics. There has been an ever increasing demand to
integrate these photonic devices to the existing electronic technology from the later half
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of the 20th century up until now.

1.2 Photonic devices for communication, sensing and
other applications
Photonics has been defined as the science of light generation, detection and manipulation through emission, transmission, modulation, signal processing, switching, amplification and detection/sensing [32, 33]. Optical devices which have been known to mankind
from ancient times can arguably fit into this definition. However, in the modern world
the connotation of photonics has a whole new level of understanding. The evolution of
the level of instrumentation for manipulation of light-matter interaction which has been
achieved in the last 50 years is phenomenal. All of the modern developments of photonics
can be attributed to the discovery, which revolutionized modern optics, of the laser in
1960 by T. H. Maiman at the Hughes Research Laboratory [34]. The discovery of lasers
remains the key discovery for the emergence of modern photonics as it was possible to
achieve light sources with with exceptional properties like spatial and temporal coherence
with high intensities and control of amplitude, phase, frequency and polarization of the
emitted light. The next key ingredient for the development of modern photonics is the
development of semiconductor devices like light emitting-diodes (LEDs) [35], laser-diodes
(LDs) [36] and photo-diodes(PDs) [37], which can generate and detect light. These devices
not only allowed photonic devices to more compact sizes but also boosted up the efficiencies of light-matter interactions. Another ingredient which spearheaded the evolution of
photonics was the discovery of optical fibers which allowed transmission of light with
very low propagational losses. These developments with various others in electronics,
electro-optics and quantum electronics led to the state-of-the-art photonics as we know
it. Thus the classical optical instrumentation, which dealt mainly with reflection and
refraction of light, combined with these new generation of optical instruments resulted
in the development of photonics. Modern micro- and nano-fabrication techniques have
evolved photonics to the whole new field of research of micro- and nano-photonics.
The applications of photonics are ubiquitous in our daily life. Perhaps the most important application of photonics was thought to be in the field of telecommunication.
Fiber-optic communication has replaced long distance copper wire communication almost throughout the world mainly due to extremely lower attenuation and interference
losses as well as very high bandwidths. Optical fibers acts as the communication channel
in this process. Light-emitting diodes or laser diodes acts as the source for these channels.
Information is transferred in the form of intensity of frequency modulated multiplexed
optical waves, which are amplified at regular intervals using optical amplifiers (Er doping
across the length of the fiber [38]). At the receiving end, the photodetector detects the
optical signal using photo-electric effect and the signal is decoded electronically. Modulation and de-modulation of these signals are performed by optical modulators which
are photonic devices which manipulate the the properties of the light by absorption and
refraction. However, due to advances in the fabrication techniques, the photonic devices
have evolved to sub-wavelength photonic structures that can harness electromagnetic
12
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radiation at sub-wavelength scales and different frequency ranges. Periodic arrangements
of these sub-wavelength structures forms photonic crystals [39–41] and surfaces [42–44]
and can manipulate the macroscopic properties of light. This miniaturization has made
these efficient devices applicable for other relevant fields as sensing and sub-wavelength
spectroscopy, sub-wavelength optical devices like inter-connects, non-linear devices like
optical transistors to be used in futuristic optical computational technologies. Daily usage
of simple and complex photonic devices are already in the areas of medicine, industrial
manufacturing, military, metrology to name a few.
There has been an enormous technological progress in photonics mainly around visible and infra-red frequencies over the past decades. In recent times, there has been a lot of
interest in Terahertz (THz) frequencies because of their unique potential over the optical
and infrared counterpart in several research areas such as sensing and communication.
These unique properties will be discussed in the next section. The technological progress
at THz frequencies in the past, however, was limited because of the unavailability of efficient THz emitters and detectors. With the advent of new discoveries at THz frequencies,
harnessing this part of the electromagnetic spectrum became a reality. As a result of this,
photonic engineering at THz frequencies, i.e., THz photonics has developed at a phenomenal pace.

1.3 THz frequencies
Terahertz (THz) frequency range refers to the range of the electromagnetic spectrum with
frequencies typically ranging from 0.1 to 10 THz, which translates to free-space wavelengths of 0.3 to 3 mm, as shown in Fig. 1.1. The characteristic photon energies lie in
the range of 0.4 to 40 meV.

Figure 1.1: The electromagnetic spectrum showing the position of THz frequencies with
respect to other frequency ranges (Picture from LaserFocusWorld.com)

The THz frequency range is in between the microwave and infrared frequencies in the
electromagnetic spectrum. This radiation constitute a powerful tool to probe many physical phenomena in a broad range of materials like organic molecules, ionic crystals as well
as in semiconductors. The rotational, vibrational and translational modes of molecules,
radical and atoms of many materials have characteristic energies in the THz ranges, making this radiation an interesting candidate for spectroscopy. These materials are thus,
transparent to THz with unique spectral fingerprints. Furthermore, THz radiation com-
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bines the advantage of relatively high spatial resolution compared to radio-frequencies
along with a high penetration depth with low scattering, making it a perfect candidate
for sensing and detection of different materials. This makes THz studies very relevant for
security, medical, chemical, quality control as well as material science applications. THz
photons have very low photon energies compared to X-rays and ultraviolet frequencies
and are hence, non-ionizing. This renders THz safe for probing biological matter invivo, making it very useful for non-invasive drug detection, medical, bio-imaging industries. At these frequencies, it is possible, through time-domain spectroscopy techniques,
to measure both the amplitude and phase of the electric field simultaneously. Similar
capabilities at optical frequencies have been developed recently [45–48], but they are very
complex compared to the techniques used at THz frequencies. From the knowledge of
the transient electric field at the THz regime it is possible to extract the complex dielectric
function of a material from direct measurements [49], rather than from complex KramersKronig analysis [50]. At the same time pump-probe techniques allows us to measure the
dynamical response of charge carriers in most materials, i.e., this is a direct measurement
of charge carrier lifetimes [51]. This information about physical quantities of materials is relevant for applications of these materials. Semiconductors are good examples
of materials which have been extensively studied using THz techniques. New materials,
like perovskites, graphene and 2D semiconductors have evolved over the past decade,
which showing an immense potential for renewable solar energy applications [52–54].
THz radiation has a great potential for the characterization of these materials. Hence,
THz frequencies have the promise to be a very efficient tool for contact-less, non-invasive
probing of physical properties for many materials, therefore, finding relevance in many
disciplines of research as well as in industrial applications. However, THz research is
still developing as the equipments used are conventionally large, expensive and require
special operating conditions. This makes THz technology hard to be implemented in daily
applications. But researchers are striving hard to beat these limitations to realize the real
potential of this frequency range.
The THz frequency range was and it is still referred to as the “THz gap” [55]. The main
reason for this was the unavailability of efficient devices which operates in this frequency
range. In the lower photon energies, i.e. the microwaves, device fabrication was limited
to frequencies lower than 100 GHz. While in the higher side of the spectrum, i.e. the
optical frequencies, interband laser diodes were already designed, but no suitable semiconductors could be found for extending the same techniques to THz frequencies at room
temperature. However, it is not surprising that THz techniques grew exponentially over
the past years considering the interesting applications discussed previously.

1.4 Generation and Detection of THz radiation
Before going any further it is important to discuss briefly the various methods for the
generation and detection of THz radiation. With rapid technological progress, many
techniques for generation and detection of THz radiation are available at present, such
as photo-conductive antennas [56], optical rectification and electro-optic sampling in
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non-linear crystals [57, 58], built-in fields and the photo-Dember effects in semiconductors [59, 60], air-photonics [61, 62], molecular gas lasers [63], free-electron lasers and
synchrotron [64, 65], quantum cascade and semiconductor lasers [66, 67]. In the following
section, we discuss a few of the conventional techniques which are commonly used in
THz research.

1.4.1 Photoconductive Antennas
Out of the various methods for generation of THz radiation, the use of photoconductive
antenna is the oldest one [56]. This technique uses an above-the-band-gap laser pulse to
generate free charge carriers in the conduction band of a semiconductor under an applied
bias voltage. The voltage bias accelerates the generated free carriers and hence gives rise
to an electromagnetic pulsed radiation which is typically in the THz frequency range. The
schematic of this process is shown in Fig. 1.2(a) The response of this device depends not
only on the exciting laser pulse, but also on the time response of the semiconducting
material. The resulting THz radiation typically has bandwidths in the order of a few THz.
For detection, the same device is used but in a reversed configuration [68]. The excitation laser pulse generates the free carriers as before, but in this case there is no biasing
voltage which accelerates the charges. It is the electric field of the THz radiation which
gives the necessary bias and as a result, a current is generated which is proportional to the
magnitude of the THz electric field. In this case, it is very important that the generation
and subsequent recombination of the free carriers are very fast compared to the slowlyvarying THz electric field, such that the THz electric field at one time instant acts as a
DC bias to the device. Hence, the semiconductor for the photo-conductive antennas are
grown at low-temperature to introduce surface defects which reduces the carrier lifetimes.
By controlling the time delay between the THz radiation and the excitation pulse, it is
possible to map the THz electric field pulse as a function of time. This is schematically
shown in Fig. 1.2(b).

Figure 1.2: Schematic representation of the operating principle of photo-conductive
antennas for (a) generation of THz radiation and (b) detection of THz.
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1.4.2 Optical Rectification and Electro-Optic sampling
This is one of the most popular method of generation (Optical rectification [57]) and detection (electro-optic sampling [58]) of THz radiation which utilizes non-linear optical
processes. Optical rectification [69] refers to the generation of a low frequency polarization
when an intense laser beam propagates through a non-linear medium. In presence of a
preferred direction of polarization in the material, the polarization will not reverse its sign
in-phase with the driving field, which produces a quasi-DC field. Usually, femtosecond
laser pulses are used to generate extremely broadband THz from electro-optic crystals via
optical rectification. As femtosecond pulses contain many frequencies, and the mixing
of different frequencies result into a beating polarization, which in turn results into the
generation of THz radiation. The THz generation is directly dependent on the magnitude
of the second order susceptibility (χ(2) ) of the non-linear optical medium. ZnTe is one
of the most used material for THz generation using this method. The bandwidth of the
generated THz typically ranges between 0.3 to 3 THz [70]. However, bandwidths of up
to 100 THz have been shown [71]. ZnTe remains the most conventional material for this
process, however GaAs, GaP as well as organic molecules are capable of generating THz
pulses via optical rectification [72–74]. This scheme is shown in Fig. 1.3(a).

Figure 1.3: (a) Schematic representation of optical rectification by difference frequency
generation in non-linear crystal for the generation of THz (b) Shows the schematic
of electro-optic detection of THz radiation. The red arrows indicate the polarization
amplitudes of the optical probe beam without the THz, whereas the green arrows
represent the amplitudes of the optical probe beam when THz radiation is co-incident
on the nonlinear crystal.

For detection, a femtosecond laser pulse is incident on a nonlinear crystal along with
the THz pulse. The THz pulse slightly modifies the birefringence of the crystal. This results
in a slight modification of the polarization of the femtosecond probe beam. This change
16
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of polarization is detected with the use of a quarter-wave plate, a Wollaston prism and a
balanced photodiode (BPD). The change in the polarization, i.e., the difference in signal of
the BPD is directly proportional to the amplitude of the THz. Thus, by changing the time
delay between the probe beam and the THz the electric field of the THz can be measured
as a function of time. This scheme is shown in Fig. 1.3(b).

1.4.3 Built-In Field in Semiconductors
In some semiconductors the surface states may have a different Fermi energy than the
bulk material. A classic example of such a semiconductor is GaAs. The energy bands below
the surface in such materials bend due to the difference in the Fermi levels. This leads to
the formation of built-in surface fields near the band-bending area. This is shown by the
schematic in Fig. 1.4. The figure shows the band-bending and surface fields in an n-type
GaAs wafer. The Fermi level of the wafer is near the conduction band, whereas the Fermi
level of the surface state is near the center of the bandgap, i.e., lower than the Fermi level
of the bulk. As a result, the surface field drives the free electrons towards the bulk material
and there is a creation of a depletion layer near the surface. When excited with a laser
pulse above the bandgap, the photo-induced electron hole pairs are accelerated by the
existing electric field, similar to a photo-conductive antenna. This sets the electrons and
holes in a dipolar oscillation until an equilibrium is reached and consequently a THz pulse
is generated [59].

Figure 1.4: In-built field effect in an n-doped GaAs wafer for the generation of THz.

1.4.4 Photo-Dember effect
THz pulse can be generated even without the presence of built-in fields in some semiconductors with ultra-fast laser pulses. This is known as the photo-Dember effect [60].
When a laser pulse with photon energy over the bandgap of the material is absorbed,
electron-hole pairs are created. However, as the absorption of the laser beam is strong, the
distribution of the electron-hole pairs is very inhomogeneous close to the surface. This
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asymmetry leads to a diffusion of electrons and holes towards the bulk of the material.
However, the diffusion speeds between the electrons and holes are different owing to the
higher mobility of electrons than holes. This difference in speeds leads to charge separation in the semiconductor and the generation of a transient photo-Dember field, which
in turn generates the THz radiation. Usually InSb, owing to its high electron mobility
is considered to be a promising THz emitter among the other semiconductors with low
bandgap. The main striking feature of this effect is that, the polarity of the THz radiation
is the same for both both n- and p-type semiconductors, which is not the case in in-built
fields in semiconductors [75, 76]. The photo-Dember effect is schematically represented
in Fig. 1.5.

Figure 1.5: Photo-Dember effect in a semiconductor wafer for the generation of THz
radiation.

1.5 THz spectroscopy
As discussed earlier, many materials have characteristic fingerprints in the THz frequency
range, making this part of the electromagnetic spectrum very interesting and unique to
study the interaction of matter with light. Furthermore, the THz electromagnetic field
oscillations are slow enough to be measured in the laboratory. An extended technique is
THz time-domain spectroscopy (THz-TDS) [49]. The ability to measure electric field as a
function of time opens up a whole new dimension for THz spectroscopy. The knowledge of
the complete electromagnetic field enables us to extract the complete information about
the interaction between light and matter under question.
THz electric field oscillations lasts typically for about a few picoseconds. As a result
THz can and has been extensively used to probe ultrafast dynamics of charge carriers in
semiconductors as well as other materials. This technique is know as time resolved THz
spectroscopy (TRTS) [51]. Semiconductors remain the most probed material with THz not
only because of ultrafast processes, but also because of the fact that the excitonic states in
these materials have typical binding energies in the THz frequencies.
Owing to extremely low perturbations caused by THz radiation compared to the
bandgap energies in most materials, they serve as an excellent agent to probe conductivity
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of materials in an non-invasive and non-contact fashion. This property of THz is ever
more important now because of the advent of new complex materials like perovskites,
2D semiconductors organic polymers and graphene with potential applications in energy
research.

1.5.1 THz Time-Domain Spectroscopy
THz Time-Domain Spectroscopy (THz-TDS) is a spectroscopic technique which uses
short THz pulses to probe the physical properties of a material. In this technique, the
detection is sensitive to the changes caused by the interaction of THz radiation with
matter both in amplitude and phase. THz-TDS intrinsically gives more information
on the light-matter interaction than conventional spectroscopic techniques at optical
frequencies, where the detection is sensitive to field intensities only.

Figure 1.6: (a) Schematic representation of THz time-domain spectroscopy using photoconductive generation and detection mechanism. (b) Typical THz transient measured
from such a setup, (c) Intensity spectrum in log scale and (d) Phase spectrum generated
by Fourier transforming the measured transient

A typical THz time-domain spectrometer is shown in Fig. 1.6(a). A train of single cycle THz pulses is generated by an ultrafast pulsed infrared laser with photo-conductive
sampling technique. Each of these pulses usually lasts for about a few picoseconds and
contains frequency components typically in the range of 0.1 to 10 THz. This pulse train
is incident onto the sample and is detected by another photoconductive antenna which
is gated by a fraction of the IR beam from the laser. The path length between the emitter
and the detector can be controlled by a delay stage. For each position of the delay stage
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the detector measures a current proportional to the amplitude of the THz pulse at a corresponding time instant. By changing the time delay between the THz pulses and the IR
gating pulses, the whole THz transient signal can be measured. This signal is Fourier transformed to generate the amplitude and phase spectrum which represents the interaction
of the THz with the material in question. The THz generation and detection can be done
alternatively with any of the schemes described in the previous section. Figures 1.6(b),
(c) and (d) show a typical THz transient measured by this setup, the intensity and phase
spectrum generated by Fourier transforming this transient signal respectively.

1.5.2 Time-Resolved THz Spectroscopy
Time-Resolved THz Spectroscopy (TRTS) is a technique which is used to study the transient properties of a material upon optical excitation on a sub-picosecond time scale. This
technique is also known as optical pump-THz probe spectroscopy.
The schematic of a typical TRTS setup is shown in the Fig. 1.7(a). This setup is similar to a THz-TDS setup with an additional path which brings a significant fraction of
the amplified optical pulse onto the sample. The generation of the THz is done with a
photo-conductive antenna as in the previous case. The detection is done using optical
rectification as discussed previously. By positioning the delay stage in the THz generation
path (Delay line 1), it is possible to fix the detection to the amplitude peak of the THz pulse.
By scanning the delay stage of the optical pump beam (Delay line 2) the time delay in the
excitation of the sample can be controlled. Thus, the change of the THz peak amplitude in
the detection with pump time delays can be measured, which is a measure of the transient
decay of the material response upon optical excitation. This decay can be measured for
any position in the THz transient by controlling the delay line 1. A typical THz transient
measured for a fixed position in delay line 2 is shown in Fig. 1.7(b). For a fixed position in
delay line 1 (corresponding to the position of the THz peak amplitude marked by the red
circle in Fig. 1.7(b)), the dynamic response of the sample can be measured by scanning
delay line 2, as shown in Fig. 1.7(c).
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Figure 1.7: (a) Schematic representation of a Time-Resolved THz Spectroscopy setup
using photo-conductive generation and electro-optic detection. (b) Typical THz transient
measured from such a setup. The red circle is centered around the maximum amplitude
of the THz transient, where the delay stage in the THz generation path is locked and
(c) illustrates the change of the maximum amplitude as a function of the delay between
optical pump and the probe THz pulse.
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1.6 Outline of the thesis
This thesis studies the interaction of THz light with resonant structures both in the nearand far-field. In the Introduction chapter we describe the evolution of optics and photonics in general followed by a general introduction to THz frequencies and instrumentation
needed for generation and detection of THz waves. The chapter ends with a description
of conventional far-field spectroscopic techniques at THz frequencies.
In Chapter 2, we present the theoretical foundations of diffraction theory and its significance in the propagation of electromagnetic waves. We also describe the limit of resolution in the far-field and hence the necessity to study electromagnetic fields in the nearfield region of sub-wavelength structures. We further describe the creation, manipulation
and detection of near-fields and the related instrumentation. Further, this chapter describes instrumentation specific to THz near-field measurements.
In Chapter 3, we use the near-field spectroscopic technique discussed in Chapter 2 to
perform vectorial mapping of the electric near-field components of a gold rod resonant
at THz frequencies, both in amplitude and phase. This chapter focusses on a scheme
to measure directly the different spatial components of the near-field associated with a
resonant structure under illumination.
In Chapter 4, we study the far-field and the near-field spectral responses of a resonant structure (bow-tie resonator) and show that conventional spectral characterization
of such resonances in the far-field leads to indeterministic results due to interference between the scattered and incident fields. This chapter focusses on the relationship between
the spectral responses on the near- and far-fields due to resonant structures and reinstates
the necessity of near-field measurements for their accurate characterization.
In Chapter 5, we study a photonic metasurface (frequency detuned and displaced resonant rods) based on far-field coupling between periodic structures and show that these
structures can induce a transparency window, i.e., a frequency window of near unity transmission and reduce the group velocity of THz light by 4 orders of magnitude. Further
study of such structures in the near-field reveals the basic physics behind the formation of
such induced transparencies and group velocity reduction. This chapter focusses on the
manipulation of the macroscopic spectral response of resonant structures through farfield coupling in the sub-wavelength scales.
In Chapter 6, we study a photonic structure (dolmens) with a response based on nearfield coupling of resonances and show a transparency window and associated group velocity reductions similar to that of the previous chapter, induced by the hybridization
of modes. We further show that reducing the distance between the structures increases
the near-field coupling and hence, enhances the associated hybridization. This chapter
focusses on the manipulation of the macroscopic spectral response of resonant structures
using near-field coupling between them.
In a broad context, this thesis aims to provide a holistic picture of how THz frequencies
interact with resonant sub-wavelength structures in the near-field. It focusses on the
generation and detection of THz near-fields around resonant structures, its relationship
with conventional far-field responses and the effect on the macroscopic response in the
far-field due to manipulation of local electromagnetic fields.
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C HAPTER 2
O N N EAR- FIELDS AND TH Z
FREQUENCIES

The understanding of how photonic devices work at THz frequencies requires
a fundamental description of electromagnetic waves in the near-field regions
of the structures. Diffraction theory explains how light fields propagate to the
so called “far-field” as well as get confined to the “near-field” regions. In this
chapter, we describe the basics of diffraction theory and resolution limit of farfield imaging, which was the primary motivating factor behind the evolution
of near-field optics. This description is summarized from standard text books
(Refs. [77–79]). We also present the theory and techniques behind the generation,
manipulation and detection of near-field in the THz frequency range. Finally we
present the THz near-field micro-spectroscopy setup that was built and used for
the measurements discussed throughout this thesis.
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2.1 Theoretical foundations of the rigorous diffraction theory and diffraction limit
Early developments of optical instruments were based on the understanding of light as
rays which travels in straight lines and can refract at optical interfaces and reflect from
surfaces. These assumptions did not consider the wave nature of light, however they
worked to describe most of the observed phenomena and formed the basis of what we
know today as geometrical optics[80]. Our understanding of light since the early 19th
century has shown us compelling evidence about the wave nature of light. This led to the
understanding that geometrical optics is a very accurate approximation of the behavior
or light whenever the wavelength is very short compared to the size of the object that it
interacts with. Although geometrical optics gives very accurate description of the propagation of light where it is applicable, it breaks down for objects which are comparable to
the wavelength of light. It is in these situations that the wave nature of light comes into
play and the theory of diffraction explains the propagation of light.
The theory of diffraction has a fascinating history behind its development. The first
scientific report on unexplained behavior of light came from Grimaldi’s work in 1655 [81].
He illuminated a sharp aperture and observed that the image on the screen is a blur rather
than a sharp and well defined circle as predicted by the corpuscular theory of light of Isaac
Newton [5]. The first understanding of such unexplained behavior of light was in the year
1678 when Christian Huygens first published his work on the wave nature of light [82]. He
intuitively expressed that if each point on a wavefront of a disturbance were considered as
a source of a secondary spherical perturbation, then the wavefront at the next time instant
can be found by constructing the envelope of these secondary wavelets. This idea was
not instantly accepted due to the strong support of “corpuscular” theory of propagation
of light by Newton. However, the famous “double-slit” experiments by Thomas Young in
1804 [8], reinstated the wave-theory of the propagation of light by introducing the concept
of interference, which critical for a wave propagation. By combining the ideas of Huygens
and Young, Augustin Jean Fresnel in 1818 was able to calculate the distribution of light
in diffraction patterns [9]. In his theory, he allowed the mutual interference between the
secondary wavelets and used some arbitrary assumptions of amplitude and phase of these
wavelets. This theory was contradicted and ridiculed by the scientific community. It was
only after the integration of electro-magnetism by Maxwell in 1860 [10], which gave the
needed mathematical framework for the development of Fresnel’s ideas, when Fresnel’s
ideas began to get accepted. It was Gustav Kirchhoff who developed the advanced mathematics integrating the ideas of Huygens and Fresnel [83]. He showed that the intuitive
assumptions of Fresnel were indeed logical and that these are a consequence of the wave
nature of light. However, the theory had assumptions which were proved to be inconsistent by Poincaŕe [77] and Sommerfeld [77, 84]. As a result, Kirchhoff’s formulation of the
Huygens-Fresnel principle can be seen as a first approximation to the diffraction problem, although it yields very accurate results when compared to experiments. Sommerfeld
eliminated the assumptions used by Kirchoff on the amplitude and phase of secondary
wavelets by using certain boundary conditions to the Green’s function[85, 86]. This is the
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so-called Rayleigh-Sommerfeld diffraction theory and will be treated later in this chapter. It
is worth mentioning that both Kirchhoff and Sommerfeld approximated the optical field
to be scalar. This approximation yields accurate results when the diffracting aperture is
much larger than the wavelength of light and the diffracting field is not observed too close
to the aperture. This forms the basis of scalar diffraction theory. Although the scalar theory
of diffraction does not yield correct results in the sub-wavelength regime, near very small
structures, they give an excellent qualitative understanding of the diffraction problem in
general. The vectorial description of diffraction theory was treated successfully for the
first time by Kottler [87] and others [88]. However, with the advent of modern computers,
a more practical approach to study the diffraction problem for complex sub-wavelength
structures is numerically, by solving Maxwell’s equations rather than the analytical diffraction theory.

2.1.1 Propagation of light in matter
In the year 1873, James Clerk Maxwell, in his book Treaties of Electricity and Magnetism [10], formulated for the first time the general laws which formed the basis of what
we know as the electromagnetic theory of light. In his theory, he predicted that the general
behavior of all electric, magnetic and electromagnetic waves are governed by the same set
of laws, which we know today as the Maxwell’s equations [79]:
∂B
= 0,
∂t
∂D
= J,
∇×H −
∂t
∇ · D = ρ,
∇×E +

∇ · B = 0.

(2.1)
(2.2)
(2.3)
(2.4)

In these equations, E and H are the electric and magnetic field vectors (in SI units). These
vectors describe the electro-magnetic field. The physical quantities D and B are the electric displacement and the magnetic induction vectors, respectively, which represent the
effect of the electromagnetic field on matter. The quantities ρ and J represent the electric
charge density and electric current density vector respectively. These quantities represents
the source from which the electro-magnetic field generates. From these sets of equations,
the electro-magnetic fields can be fully characterized once the relationship between the
E and the H as well as the D and B are known. The equations which defines the relation
between these quantities are know as the constitutive equations, and they depend on the
properties of the matter in which the wave propagates. The constitutive equations are,
D = ²E = ²0 E + P ,

(2.5)

B = µH = µ0 H + µ0 M .

(2.6)

In these equations the ² and µ are constitutive parameters, which are known as dielectric
and permeability tensors of the medium, respectively. ²0 and µ0 are the vacuum permittivity and permeability. When the electromagnetic field propagates through matter,
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the electric field perturbs the motion of the charge carriers and produces an effective
charge separation, which leads to formation of dipolar polarization in the material per
unit volume, known as electric polarization, P . Similarly, the magnetic field can induce
magnetization in matter known as magnetic polarization, M . For an isotropic medium
both ² and µ reduce to scalars.
If we consider the propagation of an electromagnetic field in a dielectric, nonmagnetic, isotropic, non-dispersive medium, in absence of free charges, the Maxwell’s
equations in Eq. (2.1) reduces to,
∂H
= 0,
∂t
∂E
= 0,
∇×H −²
∂t
∇ · ²E = 0,

∇×E +µ

∇ · µH = 0.

(2.7)
(2.8)
(2.9)
(2.10)

Solving Maxwell’s equations for E nd H leads to the set of differential equations which
describe the propagation of electromagnetic waves,
n 2 ∂2 E
= 0,
c 2 ∂t 2
n 2 ∂2 H
∇2 H − 2
= 0,
c ∂t 2
∇2 E −

where n is the refractive index of the medium and is defined as
µ ¶1/2
²
n=
,
²0

(2.11)

(2.12)

and c represents the velocity of propagation of the electro-magnetic wave in vacuum and
is given by
1
.
(2.13)
c=p
µ0 ²0
Since the vector wave equations (Eq. (2.11)) are obeyed by both E and H , it is possible to
construct an identical scalar equation which is obeyed by all the components of electric
and the magnetic vectors. Hence, the generalized scalar wave equation is,
∇2 u(r , t ) −

n 2 ∂2 u(r , t )
= 0,
c2
∂t 2

(2.14)

where u(r , t ) can be any of the components of the electric or magnetic fields as a function of position and time. This implies that all components of the electric and magnetic
fields behave identically in a linear, isotropic, homogeneous and non-dispersive dielectric
medium and the behavior can be described by the scalar wave equation. For a monochromatic wave, the scalar field can be written as,
u(r , t ) = Re{U (r )e −2πi νt },
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where U (r ) is a complex function of position. As, the time dependance is known a priori,
the complex function U (r ) fully describes the wave. Hence, Eq. (2.14) becomes,
(∇2 + k 2 )U = 0,

(2.16)

where k = 2πnν/c = 2π/λ is known as the wave number. Equation (2.16) is known as
Helmholtz equation and defines the behavior of a complex amplitude of a monochromatic
wave propagating through a homogeneous dielectric medium (n ≥ 1)[77].
The calculation of the complex disturbance U at an observation point can be accomplished by the use of Green’s theorem [77, 85]. The theorem states: Let U(P) and G(P) be
any two complex-valued functions of position, and let S be a closed surface surrounding
a volume V. If U, G, and their first and second partial derivatives are single values and
continuous within and on S, then we have,
¶
Z Z Z
Z Z µ
∂U
∂G
ds
(2.17)
−G
(U ∇2G −G∇2U )d v =
U
∂n
∂n
V
S
∂
where ∂n
is the partial derivative in the outward normal direction at each point on S. This
theorem forms the basis of wave propagation in matter. The problem can be described by
the Fig. 2.1. However, this theorem applies to the wave propagation only with a proper
choice of an auxiliary function G and a proper S, which is an arbitrary closed surface
around the observation point. The Kirchhoff-Helmholtz solution to this problem is based
on the choice of G, which is
e i k|r −r 0 |
G(|r |) =
.
(2.18)
|r − r 0 |

This function represents a spherical wave in free space of unit amplitude around P (r 0 )
observed at Q(r ), and |r − r 0 | represents the distance between the two points P and Q
(See Fig.2.1). This G(|r |) is also known as the free space Green’s function. The validity
of the chosen Green’s function to the diffraction problem relies on the fact that it has to
be continuous within the enclosed volume and have continuous first and second partial
derivatives in V . So, to exclude the discontinuities in at P, we need to choose a small
spherical surface S ² of radius ² around P as shown in Fig. 2.1. If Green’s theorem is applied
to the volume V 0 between S and S ² , along with G satisfying Helmholtz equation within the
volume V 0 , we arrive at the Helmholtz-Kirchhoff integral theorem,
"
#
"
#!
Z Z Ã
1
∂U e i k(r −r 0 )
∂ e i k(r −r 0 )
U (P ) =
−U
d S.
(2.19)
4π
r − r0
∂n
r − r0
S ∂n
This equation allows us to express the field at any point P in terms of boundary values
of the wave on any closed surface surrounding that point. This relation plays the most
significant role in the development of scalar diffraction equations.
Kirchhoff formulated the diffraction by an aperture in an infinite opaque screen using
Helmholtz-Kirchhoff integral with a careful choice of the surface of integration. This is
illustrated by the schematic shown in Fig. 2.2. In the figure, we consider that the infinite
opaque screen is illuminated by a monochromatic source from left by a point Q and we
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Figure 2.1: Implementation of Green’s theorem for calculating the Helmholtz-Kirchhoff
integral theorem

want to find the field distribution at point, P using the Helmholtz-Kirchhoff integral. Kirchoff used some approximations for solving this problem. First, he assumed that across
the surface Σ, the field distribution U and its derivative ∂U /∂n are exactly the same as
they would be in absence of the screen. Secondly, the part of surface S 1 that is in the
shadow of the screen, has U = ∂U /∂n = 0. These conditions are known as Kirchhoff’s
boundary condition[77, 89]. Both of these assumptions are not true in reality, however
holds under the approximation that the aperture is large compared to the wavelength.
A further simplification to the problem is made by assuming that the points P and Q
are many wavelengths away from the aperture. Now, if we consider that the aperture is
illuminated by a single spherical wave from Q, the disturbance in point P can be expressed
as,
¸
Z Z i k(r 1 +r 0 ) ·
A
e
cos (n̂, r 0 ) − cos (n̂, r 1 )
U (P ) =
d S,
(2.20)
iλ
r1r0
2
Σ
where, A is the amplitude of the spherical wave from point Q. This result holds for illumination by a single point source and is known as the Fresnel-Kirchhoff diffraction formula
or Kirchhoff’s solution of Huygens-Fresnel principle[77]. It can be seen that interchanging
the position of the source and object yields the same result, i.e. Eq. (2.20) is symmetric with
respect to P and Q. This is known as the Helmholtz reciprocity theorem.
We can rewrite Eq. (2.20) in the following form,
Z Z
U (P ) =
where
1
U (P 0 ) =
iλ
0

"

Ae i kr 1
r1

Σ

U 0 (P 0 )

#·

e i kr 0
d S,
r0

¸
cos (n̂, r 0 ) − cos (n̂, r 1 )
.
2

(2.21)

(2.22)

Equation (2.21) shows that the disturbance at P is the result of the sum of infinitesimally
small point sources in the aperture itself. Each of these secondary sources has a certain
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Figure 2.2: Kirchhoff’s formulation of diffraction by a plane screen with a point source
illumination.

phase and amplitude which is described by U 0 (P 0 ) through Eq. (2.22). This further reinstates that the disturbance is related not only to the illumination wavefront, but also to the
angle of illumination and angle of observation. These properties were assumed by Fresnel
to be true for explaining Young’s double slit results, and validated rigorously by Kirchhoff.
Hence the name Fresnel-Kirchhoff diffraction formula or simply Kirchhoff’s solution of
Huygens-Fresnel principle.
As stated earlier, the Kirchhoff’s solution to Huygens-Fresnel principle assumes certain
boundary conditions which are inappropriate. It also becomes unusable when multiple
sources are used. These inconsistencies were removed by Sommerfeld and the solution is
known as the Rayleigh-Sommerfeld solution to Huygens-Fresnel principle [77]. Sommerfeld used an alternative Green’s function using conjugate points of disturbance, i.e., P as
the mirror image of the point Q on the other side of the screen, to arrive at the disturbance
at P due to P 0 based on Fig. 2.2, which is,
1
U (P ) =
iλ

Z Z
Σ

U (P 0 )

e i kr 0
cos (n̂, r 0 )d S.
r0

(2.23)

It should be noted that for small angles the Rayleigh-Sommerfeld solution yields exactly
the same result as the Kirchhoff’s solution to Huygens-Fresnel principle. Also, under the
assumption that the point of disturbance is many wavelength away from the aperture,
angles tend to be small and thus, Kirchhoff’s solution also yields near-perfect results for
the diffraction problem, in spite of the approximations.

2.1.2 The Fresnel and Fraunhofer approximations: the near and farfields
Solutions to Huygens-Fresnel principle become more practical when they are expressed in
Cartesian coordinates, as shown in Fig. 2.3. Here, the diffracting aperture is assumed to lie
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in the (ξ, η) plane and the illumination is along the positive Z-axis from the left. Following
Eq. (2.23), the disturbance across the (x, y) plane, parallel to the (ξ, η) plane is given by
U (P ) =

1
iλ

Z Z
Σ

U (Q)

e i kr 0
cos (θ)d S,
r0

(2.24)

where θ is the angle between the outward normal n̂ and the vector r 0 , which is the
displacement vector from P to P 0 . Under the small angle approximation, the HuygensFresnel principle can be written as
U (P ) =
where
r0 =

z
iλ

q

Z Z
Σ

U (ξ, η)

e i kr 0
d ξd η,
r02

z 2 + (x − ξ)2 + (y − η)2 .

(2.25)

(2.26)

Figure 2.3: Fresnel-Kirchhoff formulation of diffraction geometry in rectangular coordinates.

Fresnel approximation: For simplifying Eq. (2.25) further we need certain approximations. Under the approximation that both (x − ξ) and (y − η) are smaller than z, Eq. (2.26)
can be reduced using a Binomial expansion. Retaining the second order terms, we arrive
at,
·
µ
¶
¸
1 x − ξ 2 1 ³ y − η ´2
r0 ≈ z 1 +
+
.
(2.27)
2
z
2
z
The effect of the second order terms becomes significantly large as r 0 appears in the exponential and the k-vectors can have relatively large values in the Eq. (2.25). Thus it is
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necessary to consider the second term when z is not very large compared to (x − ξ) and
(y − η). Using this approximation we arrive at the Fresnel approximation of the HuygensFresnel principle [77, 78, 90],
U (x, y) =

e i kz i k (x 2 +y 2 )
e 2z
i λz

Z Z

∞
−∞

k

2 +η2 )

U (ξ, η)e i 2z (ξ

2π

e −i λz (xξ+yη) d ξd η.

(2.28)

Apart from the multiplicative factors, this equation can be recognized as the Fourier transform of the complex field right after the aperture multiplied by a quadratic phase factor.
This expression is called the Fresnel diffraction integral and is used to calculate field distributions close to the diffracting aperture, also known as the near-field region. The Fresnel
approximation, from the perspective of angular spectrum representation, can be interpreted as a small angle approximation. This is why Fresnel approximation is also known
as the paraxial approximation. The quadratic phase factor can be eliminated by considering spherical surfaces with very large radii in Fig. 2.3 instead of planar surfaces. This
approximation expresses the field on the spherical surface on the right as exact Fourier
transform of the field at the spherical surface on the left. This implies that the quadratic
phase factors in the Eq. (2.28) are simply paraxial representations of spherical surfaces.
Fraunhofer approximation: In addition to Fresnel approximation, another approximation is used in which we consider that the observation plane is far away from the
diffracting aperture, i.e.
k(ξ2 + η2 )max
,
(2.29)
zÀ
2
and the quadratic phase factor becomes unity over the whole diffracting aperture. The
field distribution can be found by a direct Fourier transform of the field distribution at
the aperture itself. This approximation is known as the Fraunhofer approximation[78, 91].
The distances from the aperture where this approximation holds is known as the far-field
region. The field distribution is given by
U (x, y) =

e i kz i k (x 2 +y 2 )
e 2z
i λz

∞

Z Z

−∞

2π

U (ξ, η)e −i λz (xξ+yη) d ξd η.

(2.30)

This expression, as as mentioned above, is the Fourier transform of the field distribution
at the aperture with frequencies,
x
,
λz
y
fY =
.
λz

fX =

(2.31)
(2.32)

f X and f Y are known as spatial frequencies[78] and forms the basis of the angular spectrum representation in spatial coordinates, analogous to spectral distributions in temporal
frequency space. The Fraunhofer approximation can be regarded as an special case of
Fresnel approximation. The various zones (with changing z) through which the Fresnel
approximation transforms to Fraunhofer regimes is shown in Fig . 2.4.
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Figure 2.4: Fresnel (near-field) and Fraunhofer (far-field) zones as a function of distance
from the diffracting aperture.

2.1.3 Image of a point source and diffraction limit
A point source can be thought of as an circular aperture lit by an uniform light source from
the back. Considering the radius of the aperture to be d and q as the radial co-ordinate in
the (ξ, η) plane of Fig. 2.3, the transmittance function is given by,
(
³q ´
1, if q ≤ d
U (q) = circ
=
(2.33)
d
0, otherwise.
Thus, if r is the radial component in cylindrical coordinates in the observation plane (x, y),
following Eq. (2.30),
·
¸
kr 2 A
J 1 (kd r /z)
U (r ) = e i kz e i 2z
2
.
(2.34)
i λz
kd r /z
where J 1 is the Bessel function of the first kind of first order. This is a result of the FourierBessel transform of the circular function in cylindrical coordinates. The corresponding
intensity distribution in the far-field can be written as
µ
I (r ) =

A
λz

¶2 ·
2

J 1 (kd r /z)
kd r /z

¸2
.

(2.35)

This intensity distribution is known as the Airy pattern[92, 93], named after George Biddell
Airy who demonstrated this effect theoretically in 1835. Figure 2.5 shows the intensity
distribution on the observation plane due to the diffracting aperture. The diffraction of a
point source generates a blur in the observation plane. This is what Grimaldi described in
his work on the first documented work on diffraction [81].
Since the field distribution from all light sources can be thought of as the interference
of point sources, the intensity distribution on the observation plane can be thought of
as a superposition of Airy patterns. Hence, imaging through any optical device sets a
fundamental limit to the distance between two point sources after which the two images
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Figure 2.5: Intensity distribution of an Airy pattern in the observation plane. The red curve
shows the cross-cut of this intensity distribution along the r coordinate.

cannot be resolved from each other. This limit is known as the diffraction limit. Imaging
devices operating in the Fraunhofer regime (far-field) suffers from this fundamental limit,
which restricts their capability to have infinite resolution. The factors which sets the limit
of resolution are the size of the aperture of the optical element and the wavelength of light.
Thus, optical imaging elements operating in the far-field are also known as diffraction
limited.
There are several criteria which set a quantitative value to this phenomenon. The two
most famous criteria are:
Rayleigh criterion: This criterion was set by Lord Rayleigh [94]. The Rayleigh criterion
states that the two point sources are regarded as just resolved when the diffraction maximum of the first coincides with the first order minimum of the second. For larger separations the image is well resolved, otherwise it is unresolved. This criterion considers the
two sources to have equal strengths. Following Eq. (2.35), for circular apertures Rayleigh
criterion is given by
λz
a = 1.22 ,
(2.36)
d
where a is the minimum resolvable distance between the two point sources in the aperture
plane, z is the distance between the observation and aperture plane, d is the diameter of
the aperture (for imaging systems, this is the diameter of the aperture of the system itself)
and λ is the wavelength of the light.
Sparrow criterion: Most researchers found that images of point sources could still be
resolved beyond the Rayleigh criterion. A more stringent criterion was set by Sparrow,
where he considered a better overlap of the two Airy patterns such that the first and the
second derivative of the combined intensity pattern vanish at the center. This is called the
Sparrow criterion [95], and is given by
a = 0.94

λz
.
d

(2.37)

The two criteria for resolution of two point sources are shown in Fig. 2.6. For the
Rayleigh criterion in (a), the position of the individual peaks of the Airy patterns coincide
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with the first minimum of the other Airy pattern. This determines the limit of resolution
for the Rayleigh criterion. In the Sparrow criterion (Fig. 2.6(b)), the distance between the
Airy patterns is smaller.

Figure 2.6: (a) Rayleigh criterion for the determination of the resolution limit. (b)
Resolution limit in the Sparrow criterion. The red curves represents the individual Airy
patterns of the two point sources, while the green curve is the image of the two sources.
The vertical dotted lines indicate the position of the maxima of the individual Airy
patterns.

2.1.4 The Vector approach to the rigorous diffraction theory
Scalar diffraction theory, as discussed in previous sections, gives extremely good agreement with experiments, as well as a basic understanding of the physics. However, when
the diffracting structures have complex geometries, are comparable in size to the wavelength of light and the observation plane is very close to the structure, i.e. the diffracting
plane, the theory is less accurate. As there is a trend to produce smaller devices, characterizing the light-matter interaction close to these structures are becoming increasingly
important. This kind of characterization measurements have shown that the scalar theory
of diffraction is mostly insufficient. As geometries get more and more complex, the pragmatic approach to tackle the problem is by numerical methods, rather than by analytical
formulations. From the several ways of numerically solving Maxwell’s equations, one of
the most important is finite difference in time domain [96], (FDTD) [97].
In FDTD, Maxwell’s equations are represented in central-difference equations, as
shown in Eq. 2.38. The electric field is solved at a given instant in time, then the magnetic
field is solved at the next time instant. This process is repeated iteratively many times. If
we consider the curl of E and H from Eq. (2.7), we can immediately appreciate that the
time derivative of the E field is proportional to the curl of the H field. This means that
the new value of E at point in space and time can be obtained form the value of E in the
previous time instant and the value of H around E in space. The curl equations of Eq. (2.7)
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can be rewritten in terms of the vector components in Cartesian coordinates as,
µ
¶
∂H x
1 ∂E y ∂E z
=
−
− ρ0 Hx ,
∂t
µ ∂z
∂y
µ
¶
∂H y
1 ∂E z ∂E x
=
−
− ρ0 H y ,
∂t
µ ∂x
∂z
µ
¶
∂H z
1 ∂E x ∂E y
0
=
−
− ρ Hz ,
∂t
µ ∂y
∂x
µ
¶
∂E x 1 ∂H z ∂H y
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−
− σE x ,
∂t
² ∂y
∂z
µ
¶
∂E y 1 ∂H x ∂H z
=
−
− σE y ,
∂t
² ∂z
∂x
µ
¶
∂E z 1 ∂H y ∂H x
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−
− σE z .
∂t
² ∂x
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(2.38)

These equations are solved in finite time differences using the Yee’s algorithm[98]. In this
algorithm, the Maxwell’s curl equations are solved by using a set of finite difference equations. Each electric field component in 3-D is surrounded by four circulating magnetic
field components and vice-versa. All the electric field components are computed at a
particular time using the magnetic field at the previous time instant and viceversa for the
magnetic fields. Throughout this thesis we use a commercial FDTD software (Lumerical
Solutions Inc. Vancouver, Canada) to verify the experimental results.

2.2 Light-matter interaction in the sub-wavelength scale:
to create, to manipulate and detect local fields
Understanding the interaction of light with matter at sub-wavelength scales beyond the
diffraction limit is essential for potential instrumentation, sensing and imaging applications. This study requires the understanding of generation, manipulation and detection
of the elusive near-field in the vicinity of structures. However before going in depth, we
discuss the broad aspects and motivation which emphasised the importance of the study
of sub-wavelength structures.

2.2.1 “There’s plenty of room at the bottom”
Richard Feynman, in his legendary lecture [99] at the American Physical Society meeting
at Caltech in 1959 proposed, for the first time, the idea of miniaturized matter in the
sub-wavelength scales. He talked about the possibilities of “manipulating and controlling
things on a small scale”[100] and predicted the endless possibilities associated with what
we know today as “nanotechnology” [101]. With the advent of different possibilities of
nano- and micro- fabrication, sample sizes were reduced dramatically, giving rise to new
studies of light-matter interaction in sub-wavelength scales.
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As suggested by Feynman, focussed electron beams have been used in the recent past
to write nanoscale samples, what we know today as electron beam lithography [102].
He suggested the use of electron beams for imaging atoms, which was the idea behind
the development of electron microscopes [103]. His ideas regarding complex, active
nanoscale mechanisms in biology forms the basis of recent techniques used in state-ofthe-art biotechnology. A major driving force behind the trend towards nano-science and
nano-technology was originally for miniaturization and integration of electronic circuits
for the computer industry. More recent shift of focus in this field is fueled by the fact
that as we move towards smaller scales, new physics becomes more prominent with the
promise of exploitation in future technologies.
A large part of this technology is inspired by examples in nature. Some examples
include the efficient photosynthetic membranes in leaves for harvesting solar energies
and channeling it to neighboring proteins, diffractive nano-structures used by butterflies
to render beautiful colors, nano-scale structures found in the retina of various insects
which acts as anti-reflection coatings, to name a few. Over the years, we have successfully
harvested some of nature’s creations and functionalized several devices based on their
working principles. We have used single molecules to probe the local distribution electromagnetic fields [104], resonant sub-wavelength structures as sensors [105], localized
sources of photons for high-resolution microscopy [106], sub-wavelength cavities with
extremely high quality factors for enhanced non-linear responses [107], surface-plasmon
waveguides for guiding light in sub-wavelength scales [108], photonic bandgap systems to
suppress light propagation at specific frequencies [109] etc.
As mentioned earlier, the very basis of these advances and the implementation of
these techniques to miniaturization of devices relies on the study of light-matter interactions in sub-wavelength scales. A systematic study can be divided into the following
three parts: first, the one which deals with the generation of electromagnetic waves in
the sub-wavelength regime. Secondly, the study of manipulation and interaction of these
fields with structures and finally, the microscopic detection of the response from these
interactions in sub-wavelength scales.

2.2.2 Creation of local fields: evanescent fields and field enhancements
In this section we describe the angular spectral decomposition of an electromagnetic field
propagating in a homogeneous medium. Any arbitrary electromagnetic field propagating
in a homogeneous medium can be considered as a series expansion of plane (and evanescent) waves with variable amplitudes and propagation directions. Let us consider E (r ) is
the field at a point in a plane z=const after being scattered by an arbitrary object as shown
in Fig. 2.7. In this plane the 2-D Fourier transform of E can be written as,
Z ∞
1
Ê (k x , k y ; z) = 2
E (x, y, z)e −i [k x x+k y y] d xd y,
(2.39)
4π −∞
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where x and y are transverse Cartesian coordinates and k x and k y are the corresponding
wave-vectors in the reciprocal space. Similarly, the inverse Fourier transform reads,
Z ∞
E (x, y, z) =
Ê (k x , k y ; z)e i [k x x+k y y] d k x d k y ,
(2.40)
−∞

If we assume that the transverse plane in the medium is homogeneous, isotropic, linear
and source-free, the time harmonic optical field satisfies the vector form of the Helmholtz
equation in Eq. (2.16). The conservation of momentum requires
kz =

q
(k 2 − k x 2 − k y 2 )

with

Im{k z } ≥ 0.

(2.41)

The Fourier spectrum Ê evolves in z as,
Ê (k x , k y ; z) = Ê (k x , k y ; 0)e ±i k z z .

(2.42)

The ± sign indicates the superposition of two solutions which are propagating waves in
positive and negative directions. The factor e ±i k z z propagates the Fourier spectrum at
z = 0 to the plane at z = const ant and is known as a propagator in reciprocal space. Hence
combining Eq. (2.40) and Eq. (2.42) we arrive at,
Z Z ∞
E (x, y, z) =
Ê (k x , k y ; 0)e i [k x x+k y y±k z z] d k x d k y .
(2.43)
−∞

Figure 2.7: Wave propagation after being scattered by an object.

This equation along with its magnetic field counterpart is known as the angular spectrum representation of an electromagnetic field along the propagation direction. For the
electric and the magnetic fields to be solutions of Maxwell’s equation, they need to be
divergence free, i.e., ∇ · E = 0. This restricts the k-vectors to have directions perpendicular
to the spectral amplitudes. For a purely dielectric medium, k z can have either real or
imaginary values. This implies that the propagator e ±i k z z has an oscillatory nature or an
exponentially decaying, i.e., evanescent, nature. Thus for certain values of (k x , k y ) two

37

2 On Near-fields and THz frequencies

distinct set of solutions can be defined,
Plane waves:
Evanescent waves:

e i [k x x+k y y] e ±i |k z |z ,
e

i [k x x+k y y] −|k z ||z|

e

,

kx 2 + k y 2 ≤ k 2,
2

2

2

kx + k y ≥ k .

(2.44)
(2.45)

Hence, we see that the angular spectrum of an electromagnetic field is indeed a superposition of plane waves and evanescent waves. This means that if we consider propagation
of an arbitrary electromagnetic field, the larger the angle between the k-vector with the zaxis, the larger are the k x and k y components. For the first limiting case, we can consider
the mode propagating along the z-axis. This mode has k x 2 + k y 2 = 0. The other limiting
case is the mode which travels at perpendicular direction to the z-axis and has the maximum transverse oscillation, i.e. k x 2 + k y 2 = k 2 . This is illustrated in Fig. 2.8(a). However,
for higher spatial frequencies, the modes are evanescent, as shown in Fig. 2.8(b). As the
spatial frequencies increase the evanescent modes decay faster along the z-axis, which sets
a practical limit to the angular bandwidth of an electromagnetic wave. It can be seen from
Fig. 2.8 that the since, the k-vectors inside the circle propagate, an image formed in the farfield is only a low-pass filtered version of the original source. The high spatial frequencies
that lies outside the circle are filtered out as the evanescent waves do not propagate to the
far-field. Hence there is always a loss of information on propagation from near- to farfield. The direct consequence of this is that any object which has dimensions lesser than
1/k can not be imaged in far-field with enough accuracy. This makes the study of electric
as well as magnetic fields in the near-field or the Fresnel zone very important.

Figure 2.8: (a) Represents the wave propagating along angle θ with z-axis. The blue line
indicates the polarizaiton of the plane wave, the red line indicates the k-vector and the
dotted-red lines indicates the components of the k-vector. (b) Propagating waves have
sum of squares of x- and y-components of the k-vector smaller than or equal to the kvector squared, i.e., they lie inside the red circle, while the evanescent fields lie outside the
circle throughout the k-space.

2.2.3 Manipulation of local fields: plasmons and surface waves
The interaction of light with conducting materials is largely dictated by the free charge carriers. The response of metals to light is described by the Drude-Sommerfeld model [110],
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which states that the free electrons oscillate π radians out of phase relative to the driving
field. This free electron cloud can sustain surface charge density oscillations, which have
distinct resonant frequencies, as shown in Fig. 2.9(a). These oscillations are known as
surface plasmon polaritons[111]. It is to be noted that response of materials near the
surface plasmon polariton frequency can not be replicated in other spectral ranges using
scale invariance of Maxwell’s equations, as material properties are frequency dependent.
The surface charge density associated with surface plasmons in a material at the interface
with dielectric can generate strongly enhanced optical near-fields that are spatially confined near the interface. The surface plasmon polaritons, besides being confined to the
interface, are dispersive and highly dissipative. In case of structured conducting particles
this oscillation of electrons is confined by the particle geometry. In this case, the coherent
oscillation of the free electrons is known as the Localized Surface Plasmon Resonance
(LSPR) [112, 113], as illustrated in Fig 2.9(b). By structuring conductive matter, electromagnetic near-fields can be manipulated and enhanced. This makes the study of surface
plasmon polaritons and LSPRs significantly important for understanding the interaction
of light with matter at sub-wavelength scales.

Figure 2.9: (a) Surface plasmon polariton on a metal-air interface. The red arrows denote
the electric field lines generated by the plasmonic oscillations. (b) Localized surface
plasmon polaritons oscillating out of phase with the incident electric field bound by the
boundaries of the particle. The red arrow denote the electric displacement vector due to
the plasmonic oscillations in the particle.

The Drude-Sommerfeld model was proposed by Paul Drude in 1900. The model approximates conduction electrons in metal-like matter as a gas of freely moving spheres.
This movement is assumed to be intrinsically random and the external field acts as a
source of acceleration of the electrons in between internal collisions among them. This
acceleration leads to a small drift for the electrons. As a result a net drift current is generated, which is proportional to the complex conductivity of the material and the applied
field. The complex conductivity is expressed as,
e=
σ

ωp 2 τ²0
1 − i ωτ

,

(2.46)

¡
¢1/2
where ωp is the plasma frequency, given by ωp = Ne 2 /²0 m ∗
, where N is the free
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charge carrier density, m ∗ the effective mass of the carriers, e is the electronic charge, τ
is the average time between two consecutive collisions of the charge carriers and ²0 is the
vacuum permittivity.
When the frequency of the incident electromagnetic radiation is much lower than the
plasma frequency of the metal, its dielectric response can be approximated as relatively invariant with frequency. This is the case of noble metals like gold and silver at THz frequencies. At THz frequencies the imaginary component of the complex dielectric response of
nobel metals dominates over the real component. This is indicative of a high absorption
constant of THz radiation in nobel metals. High absorption constant indicates low skin
depth, i.e., similar to the case of a good conductor. The skin depth at THz frequencies can
be approximated by the following expression,
δ=

1
c
≈p
,
α/2
2πσ0 ω

(2.47)

where α is the absorption constant and σ0 = ωp τ²0 is the Drude dc-conductivity under
the approximation, ωτ ¿ 1 and c is the speed of light in vacuum. From Eq. (2.47), at
1 THz, the skin depth of gold is approximately λ/4000 which is almost negligible. In
this thesis, we largely deal with gold structures at THz frequencies. In view of previous
arguments, gold can be approximated as a perfect electric conductor at THz frequencies.
Thus, localized resonances in resonant gold structures can be described by multipolar
antenna resonances at THz frequencies.
A typical example of a dipolar antenna is shown in the Fig. 2.10, illustrating the current,
created by the motion of the charge distribution and the voltage distribution, created by
the transient spatial density of the charges distribution. It is the frequency associated with
the oscillatory motion of the free charges which is responsible for the far-field distribution
from these structures. The potential, or the strength of the oscillations, determines the
field distribution in the near-field. This results in the formation of near-field “hotspots”
at positions where the concentration of charges are maximum, near the edges of the conductor for the resonant frequency. The maximum current is at the center of the rod, where
the near-field intensity is the minimum.
Based on the fact that conducting structures can scatter and localize electromagnetic
radiation, arranging these structures or simply bringing them close enough with respect to
each other can result in the manipulation of fields around them. When the distinct modes
of the electromagnetic fields overlap spatially and spectrally, they couple to each other.
Efficient far-field coupling can be achieved through ordering the structures in a periodic
lattice. This was first discovered in the year 1902, when Wood reported the formation
of distinct dark and bright bands in the reflection spectrum of a diffraction grating[114].
The nature of these bands, however, were not understood and they came to be known
as Wood’s anomalies. Lord Rayleigh, came up with the explanation a few years later. He
postulated that the anomalous distribution seen by Wood can be related to the condition
where a diffracted order is radiated at an grazing angle to the surface of the grating[115]. In
another paper [116], he derived the relation between the incident and the scattered wave
vectors in a grating, which is known as the Rayleigh anomaly condition. Mathematically
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Figure 2.10: Schematic representation of a dipolar oscillation in a gold rod when
illuminated by a THz radiation. The red and the blue curves indicates the voltage and
current distribution respectively at the peak of one half cycle of the wave with resonant
frequency. The near-field distributions are indicated in red “hotspots” and the radiated
far-field is shown in blue transient.

this is as follows,

out

k∥

in

= k ∥ ±G,

(2.48)

in

where k ∥ is the component of the incident field wave vector parallel to the grating,
out

while k ∥ is the same for the outgoing wave and G is the reciprocal lattice vector.
Equation (2.48) is known as the Rayleigh anomaly (RA) condition. When we consider a
sample of resonant scatterers in a periodic configuration, the Rayleigh anomalies enhance
the radiative coupling between the scatterers. This coupling results in a modification of
the resonant response of the individual scatterers into a collective resonant behavior that
can be significantly different. In case of an arrat of resonant metallic particles, this is
known as the Surface Lattice Resonances (SLR)[117–128] and are discussed in detail in
Chapter 5. Besides modifying the spectral response of individual scatterers, SLRs enhance
the local fields in the near-field region of the scatterers. Figure 2.11(s) illustrates the
schematic of this mechanism.
Another way of manipulating local fields of individual scatterers is by coupling them
in the near-field, i.e., by bringing them very close to each other such that the evanescent
tails of the near-field distributions overlap with each other [129–131]. For efficient coupling, the distances between the individual scatterers has to be very small compared to the
wavelength of the incident light. A system showing near-field coupling is demonstrated in
Chapter 6. The schematic of near-field coupling is shown in Fig. 2.11(b).

2.2.4 Detection of local fields: near-field microscopy techniques
Near-field microscopy offers the possibility of detecting evanescent fields and, therefore
breaking the diffraction limit. This implies that the mechanisms of interaction between
light and matter at sub-wavelength scales can be visualized. This motivation has led to

41

2 On Near-fields and THz frequencies

Figure 2.11: (a) Schematic representation of a surface lattice resonance. The red arrows
indicate the localized resonances of the individual particles, the blue arrows indicate
the radiative mode under the Rayleigh anomaly condition. The electromagnetic field
distribution of the surface lattice resonance is shown in red. (b) Schematic representation
of near-field coupling of resonant structures.

many complex instruments, which can capture the illusive near-field. The most challenging aspect of a near-field microscope, which made the instrumentation difficult to realize,
is the coupling of source or detector to the sample which is to be imaged. This coupling
is not an issue for the conventional far-field techniques as the light source or detection is
not affected by the sample. The original proposition of a near-field optical microscope
was given by Edward Hutchinson Synge in 1928 [132]. His idea for an instrument became the inspiration for modern scanning optical near-field microscopes. He proposed
an illumination from a minute aperture in very close proximity to a sample, such that this
illumination is not diffraction limited, as shown in Fig 2.12. The transmitted light is then
collected by a microscope, and a photoelectric cell measures the intensity. In order to
image the object the aperture can be moved laterally in small increments and the process
can be repeated. Thus the resolution of the image should only be limited by the size of the
aperture.

Figure 2.12: Schematic of the near-field microscope suggested by Synge in 1928
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2.3 Near-field measurement techniques
Following up on the original ideas of Synge, successful experimental attempts to measure
and characterize near-fields were reported in 1972 by Ash and Nicholls in the microwave
regime [15]. They realized a microwave microscope with the spatial resolution of λ/60.
Experimental techniques to observe the near-fields in the optical domain were realized
in 1980s in a patent by Pohl and co-workers using an aperture based method [16]. This
paved the way for more advanced techniques like the one introduced by E.Betzig using
scanning fibers [17], photon scanning tunneling microscopy by three different groups in
1989 [133–135], near-field rendering of spatial maps of field distribution using hetrodyne
interferometric detection by M.Balistreri [136], light intensity measurement of propagating plasmon along nanowires by H.Ditlbacher [137], to name a few. Recent developments
to study the individual components of the local fields near photonic and plasmonic structures were achieved both in optical and near-infrared frequencies [138–141].
Following the research at optical frequencies, there were significant advances in nearfield microscopy at THz frequencies. The earliest study of THz near-field measurement
was in 1998 when Hunche and co-workers demonstrated near-field imaging with broadband THz pulses by focussing the radiation on a tapered metal tip and scanning the sample in the near-field [142]. They showed a spatial resolution of up to λ/4. Many research
groups around the world soon followed up with THz near-field techniques of their own. A
few examples of the techniques developed are THz near-field imaging with optical gating
beam on semiconductor wafer [143], apertureless THz near-field spectroscopy to measure temporal profile of the near-field pulse with spatial resolutions of 50 microns [144],
apertureless THz microscopy with resolutions of 150 nm [145], THz nanoscopy of mobile
charge carriers in nanodevices with resolutions of 30 nm with scattering from AFM tips
[146]. Other techniques which were able to probe different spatial components of the
near-field from sub-wavelength structures were also developed using electro-optic techniques on semiconductor surfaces [147, 148], photoconductive apertures [149] and photoconductive microprobe tips [150]. Some other notable techniques with similar capabilities
were also developed [125, 151–153].

2.4 THz near-field micro-spectrometer
In this thesis, we developed a near-field micro-spectroscopy setup, shown in Fig 2.13,
based on photoconductive microprobe probe tips, which are commercially available [150].
The setup is driven by a femtosecond IR oscillator operating at 800 nm with a pulse duration of 20 fs and a repetition rate of 80 MHz. The output train of pulses from this oscillator is divided in two beams. The first beam, which carries most of the power (∼350
mW), goes through a delay stage and is incident on a photo-conductive (PC) antenna
which generates broadband THz radiation [154]. This radiation is weakly focussed onto
the sample position by a pair of off-axis parabolic mirrors. The other beam carries a
small amount of power (∼5 mW), and is used to bias the detector. This detector is a
commercially available micro-probe-tip [150], which operates on the principle of photo-
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conductive sampling [155], as explained in the previous chapter. The tip is a PC antenna
downsized to sub-wavelength volumes ( 10 µm2 ). The orientation of the PC gap in the
tip defines the electric near-field component that it probes. This is explained in detail in
Chapter 3. The capabilities and uniqueness of this setup is explained in more detail in
Chapter 3.

Figure 2.13: THz near-field micro-spectroscopy setup

The near-field micro-spectroscopy setup measures the electric field in the near-field
region of a sample as shown in Fig. 2.14(a) for each position on the sample. This transient
field is Fourier transformed to generate the spectral composition of the signal measured
as shown in Fig. 2.14(b). Furthermore, the sample is mounted on a 3D stage which enables
us to measure the near-field on all spatial positions on the sample on the near-field region.
A typical measurement consists of such transients measured on a x-y plane in the vicinity
of a sample at a fixed height (z=const.). This forms a data cube of electric near-field slices
as a function of spatial coordinates and time, which can be Fourier transformed to extract
the frequency slices of amplitude and phase as a function of spatial coordinates. This is
schematically shown in Fig. 2.14(c).
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Figure 2.14: Schematic of the analysis of the data collected with the THz near-field
micro-spectrometer. (a) shows the measured electric near-field transient at a point on
the sample, (b) represents the electric field intensity spectrum of the transient, (c) the
phase spectrum and, (d) represents the data cube measured and derived from a full
measurement for many spatial positions on a sample.

45

C HAPTER 3
V ECTORIAL M APPING OF C OMPLEX
E LECTRIC N EAR-F IELD NEAR TH Z
RESONATORS

Using micro-structured photo-conducting antennas, we demonstrate full vectorial mapping of the complex electric fields at subwavelength scales in the
near-field region of a resonant structure at THz frequencies. The structure
represents the simplest case of a resonator: a metallic rod. We show electric
field amplitude as well as phase maps for the all the three field components
at the dipolar resonance condition of the rod. The amplitude as well as the
phase distributions are in excellent agreement with our physical understanding
of local electric-field distributions in the vicinity of dipolar structures and are
validated by numerical simulations. These measurements can be a platform
for performance optimization of the emerging field of photonic and plasmonic
devices with complex sub-wavelength structures at THz frequencies.
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3.1 Introduction
As explained in Chapter 2, the angular spectral decomposition of an electromagnetic wave
leads to two terms: a collection of propagating plane waves (far-field) and a distribution of spatially inhomogeneous non-propagating evanescent waves (near-field). At subwavelength distances from the source, the contribution due to the near-field is significant
compared to the far-field. These distances are referred to as the near-field region [77, 156].
The initial motivation to measure the near-field was an attempt to break the ’diffractionlimit’ of far-field imaging [132]. This study led to the feasibility of accessing and probing
directly the electromagnetic field formation near sub-wavelength structures. Advances
in near-field microscopy opened the world of manipulation of light in sub-wavelength
volumes leading to several promising applications in the field of photonics [157–162].
Attempts to measure and characterize near-fields were done first at optical frequencies,
which paved the way for near-field detection techniques at THz frequencies [142, 144–
150, 163–166].
Owing to the relatively long wavelengths of THz radiation (∼ 100’s of microns), the
creation of highly confined THz local fields in small volumes is critical for enhancing
the interaction of THz waves with matter. The use of resonant structures for this purpose has been the topic of many interesting studies, especially for spectroscopy of deepsubwavelength structures [126, 167–173]. For these studies, it is important that the vectorial electromagnetic fields around these resonant structures are fully characterized both
in frequency and space to ensure optimal performance. This characterization becomes
more relevant owing to the significant frequency shift between resonances measured in
the far- and the near-field [174, 175]. This shift has been recently shown to reach values
comparable to the line-width of the resonance at THz frequencies due to the Fano interference in the far-field between the incident and scattered fields [176]. Therefore, the sole
characterization of the far-field is not sufficient to describe resonant THz structures.
In the past, several groups have shown vectorial mapping of in-plane electric
near-fields in optical and infrared frequencies by scattering polarization resolved
techniques [138–141]. These techniques offer a high spatial resolution but the detected
field at different positions are a superposition of different field components [177].
Vectorial mapping of near electromagnetic fields at THz frequencies offers the potential
to gather full information as local fields rather than intensity, which can be measured
as a function of time. Several schemes have been developed for this purpose. Vectorial
mapping of near-field components of resonant structures has been measured on top of
non-linear crystals, using electro-optic detection [151, 178, 179]. This approach is limited
by the necessity of having the sample on top of the high refractive index crystal and
thus, modifies the intrinsic near-field distribution of the investigated structure. Another
approach uses electro-optic crystals as external near-field probe [153]. This technique
is limited by low sensitivity as well as partial invasiveness to the near-fields. Out-ofplane magnetic near-fields calculated from measurements of in-plane electric near-fields
have been shown using photo-conductive antennas on substrates [125, 152]. Direct
measurement of magnetic fields in the near-field region has also been demonstrated [180].
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In this chapter, we use photoconductive switches (explained in Chapter 2) imprinted
on 1-µm-thin low-temperature-grown GaAs micro-probe tips [150], to measure all the
individual components of the complex electric near-field in three dimensions near a gold
rod resonant at THz frequencies. It has been already shown that these tips show negligible invasiveness to resonant structures [176, 181]. Also, as the signal-to-noise (∼ 104 in
intensity) and the rejection ratio for cross polarizations (∼ 103 in intensity) in our measurements are high, we can characterize both the spatial distributions of spectral intensity
and phase of all the electric field components with high accuracy. These results are in very
good agreement with the basic understanding of local field distributions at resonances
and are further validated by numerical simulations.
To demonstrate the spatial distribution of the near-field components of the electric
field, we used the simplest sample geometry: a micro-rod resonant at THz frequencies.
The sample consists of a rectangular rod made of gold on a quartz substrate. The dimensions of the rod are 100 µm along the long axis and 40 µm along the short axis. The
thickness of the rod is 100 nm. The fabrication was done using UV lithography in combination with standard gold evaporation and subsequent lift-off techniques. A single rod
was made on the substrate to avoid perturbation of the near-field due to the presence of
other scatterers.
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LT-GaAs

along y

Au electrodes
Probe beam

Rod (Au)
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z
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y
x
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y

PC-gap
Quartz substrate
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Figure 3.1: Schematic representation of the probe-tips (TeraSpike TD-800-X-HR, Protemics GmbH) for measuring the different near-field components. (a) shows the PCgap oriented along the long axis (Y) of the rod. Zoomed image of the PC gap is shown.
(b) shows the same probe-tip oriented along the X axis, and (c) shows another probetip
(TeraSpike TD-800-Z-N, Protemics GmbH) for measuring the Z-component of the nearfield. The red arrows indicate the orientations of the PC-gaps in the probe-tips and hence
the measured field component of the electric near field. The sample is illuminated by a
broadband THz source from below. The THz polarization is along the long axis of the rod
in all the cases, i.e. along Y-axis.

3.2 Terahertz near-field imaging
The technique for measuring the THz electric near-field around the rod is explained in
Chapter 2 in section 2.4. All the near-field measurements were done on a plane with tipto-sample distance of 1 µm. The polarization of the incident THz radiation was oriented
along the Y axis. The long axis of the gold rod was also oriented with the Y-axis such
that the length of the rod is parallel to the polarization of the THz beam. For measuring
the in-plane (Y and X) field components of the electric field we used the same probetip (TeraSpike TD-800-X-HR, Protemics GmbH) in parallel and crossed configurations as
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shown in Fig. 3.1(a) and (b). For measuring the out-of-plane (Z) component we used a different probe-tip (TeraSpike TD-800-Z-N, Protemics GmbH) which has the PC gap oriented
along the Z axis as shown in Fig. 3.1(c). Figure 3.2(a) shows the different components of the
electric field transients measured by the probe-tips as a function of time delay at one of the
corners of the gold rod. The field strength for the Y component (green open circles) is the
highest as the incident field is along Y-axis. The X-component (blue open triangles) of the
electric field in the same figure is multiplied by a factor of 5 and the Z component (red open
inverted triangles) by a factor of 10 to elucidate their temporal responses compared to the
Y-component at the same position on the sample. Figure 3.2(b) shows the spectra derived
from the transients of Fig. 3.2(a) by Fourier transformation. There is a clear resonant
response at around 0.7 THz for all the field components. When the rod is illuminated by
a broadband THz excitation, the charges near the surface of the rod are set into coherent
oscillations. This forms a surface wave, which travels back and forth along the long axis
of the rod (along Y). This oscillations of surface charges give rise to a scattered field as
well as an evanescent distribution of local fields around the rod. The local fields around
the rods are highly enhanced near the sharp corners of the rod due to a large density of
surface charges (lightning-rod effect). The frequency response of the surface charges is
shaped by the geometry of the rod (also by the intrinsic losses) which gives rise to the
resonant behavior at a well defined frequency. The local- or near-field intensity reaches
its maximum at approximately the wavelength that corresponds to twice the dimension
(l ) of the rod which is oriented to the incident polarization. This is known as the λ/2
resonance as shown in Fig. 3.2(b). Higher order resonances in the response (not shown
here) are also generated following the progression l ≈ n λ/2 where n is the order of the
resonance. As the polarization of the incident THz radiation is along the Y-axis and this
sets the electrons into a coherent oscillation, E y is the dominant field component near the
corners of the rod (X-component of the electric near-field intensity has been multiplied
by 100 and corresponding Z-component by 500). This behavior is elucidated later when
we analyze the spatial maps of the different components of the near-field at resonance.
Note, that the near-field spectra of the measured field components represent a product of
response from the structure with the spectrum of the incident field as well as the response
of the probe-tip itself. The pure spectral response from the structure can be extracted by
referencing these measurements with similar measurements on a bare substrate under
same conditions. However, measurements of orthogonal components of the near-field
for a certain incident polarization on a bare substrate are physically meaningless as they
vanish, i.e. the X- and the Z-components can not be referenced. In order to keep the definition of the near-field amplitude consistent, the Y-component was also not referenced.
Furthermore, both the response of the probe as well as the substrate are non-dispersive
in the bandwidth of interest, which means that the resonant behavior in the spectra of
Fig. 3.2(b) are indeed due to the gold rod.
The physics behind the mechanism of the resonance can be best explained by the the
spectral analysis of the data. As the near field transients are measured at all the points
around the rod at a fixed sample-to-probe distance, the data extracted is in the form of a
3D matrix with in-plane spatial coordinates along the two axis and temporal delay along
the third axis. Fourier transform allows us to get two more data-matrices of the electric
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(a)

(b)

Figure 3.2: (a) Transient response of each component of the electric near-field 1 µm above
a corner of the Au rod when irradiated with broadband THz pulses. The green open circles
shows the Y-component (parallel to incident polarization) of the detected electric field. In
blue open triangles is the X-component (crossed with the incident polarization) and in red
open inverted triangles is the Z-component (out-of-plane). The X-field is multiplied by a
factor of 5 and the Z-field by a factor of 10. Symbols indicate measured data, whereas, the
solid curves are guides to the eye. (b) Spectral response of three different electric nearfield components in intensity. The color schemes are same as in (a). The X-component in
this case has been multiplied by 100 and the Z-component by 500 to show their spectral
behavior compared to the dominant Y-component.

field amplitude and phase as a function of spatial coordinates and frequency. We have obtained the spatial maps of the field amplitude and the phase at the resonance frequency for
the three electric field components. These maps are is shown in Fig. 3.3, where panels (a)
and (d) represent the measured amplitude and phase of the Y-component of the electric
near-field at 0.7 THz. Panels (b) and (e) show the maps of the X-component and (c) and
(f) are the near-field maps of the Z-component. The boundaries of the rod are marked on
Fig. 3.3 by the white dashed rectangles.

3.3 Numerical simulations
To verify our results, we have simulated, using the Finite difference in time domain
method (FDTD), the local fields in the vicinity of a rod. The rod has the same dimensions
as explained earlier and it is illuminated by a broadband THz pulse similar to the
experiments. Gold at THz frequencies behaves almost like a perfect electric conductor.
Therefore, in our simulation we define the material of the rod as a perfect electric
conductor. The simulation volume, containing a single rod, has boundaries that are
perfectly matched in impedance to the environment. Figure 3.4 shows the spatial
distributions of amplitude ((a), (c), (e)) and phase ((b), (d), (f)) of the different components
of the simulated electric field at the resonant frequency of 0.7 THz at a height of 1 µm
above the rod. The simulated field profiles qualitatively match the measured profiles.
However, the features seen in the simulated field distributions are much sharper. This
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Figure 3.3: (a), (b) and (c) show the spatial distribution of the real component of the
different electric near-field components (Y, X and Z respectively) around the gold rod at
the resonant frequency, i.e. 0.7 THz. Panels (d), (e) and (f) show the spatial distribution of
phase at the resonant frequency around the gold rod. The dotted white rectangles indicate
the boundaries of the gold-rod.

discrepancy is due to the fact that in the simulations we used a field monitor which has
an infinitesimal resolution (10 nm), whereas, the micro-probe tips in the measurements
have a finite resolution (∼10 µm). Hence, in the measurements, the fields are averaged
over a larger sampling area, which results into a smeared out signal, i.e. the real field
distributions are convolved with the spatial resolution of the tip.
To elucidate further the unique amplitude and phase distributions associated with the
individual field components near the rod, we have simulated the same rods as before,
however, this time illuminated by a monochromatic THz light (See Fig. 3.5). The frequency
of this radiation was chosen to be precisely the resonance frequency of the rod, i.e. 0.7
THz. We define two electric field monitors: the first detects the field in the XY plane at
a height of 1 µm above the rod, while the second detects the field in the YZ plane in the
middle of the rod, i.e. X=0. The rod is denoted by the green rectangle in the in-plane
(XY) and by the green line in the out-of-plane (YZ) electric field maps. The white arrows
represents the electric field vectors. The magnitude of the local field intensity is shown
by the color scale. We define the two times, t 1 and t 2 , which represents two phases of
the incident field at which the incident field amplitude reaches the positive and negative
maxima in adjacent half cycles of one oscillation. Figures 3.5(a) and (c) represent the inplane and out-of-plane electric field distributions respectively in the vicinity of the rods
at t = t 1 . In Figs. 3.5(b) and (d) the same information is shown for t = t 2 . If we project
the electric field vectors in Figs. 3.5(a) and (b) along X and Y, it becomes evident that E y
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Figure 3.4: (a), (c) and (e) show the spatial distribution of the simulated real component
of the different electric near-field components (Y, X and Z respectively) around the perfect
electric conductor rod at the resonant frequency, i.e. 0.7 THz. Panels (b), (d) and (f) show
the spatial distribution of simulated phase at the resonant frequency around the rod. The
dotted rectangles indicate the boundaries of the rod.
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at both the ends of the rod have equal magnitude and direction, which gets shifted by
π radians in the next half cycle of the illuminating field. This explains the measured field
distribution of Fig. 3.3(a). The uniform phase distribution of Fig. 3.3(d) is also described by
the simulations because for all the edges of the rod E y oscillates in-phase with the driving
field. We see in Fig. 3.5(a) that the projection of the electric field vectors along X results in
opposite orientation of E x in the adjacent corners of the rod. This explains the formation
of electric field ’hotspots’ of opposite signs in the adjacent corners of the rod as shown in
Fig. 3.3(b). E x at the four corners of the rods oscillate with the driving field, but phaseshifted with respect to the adjacent corners, which gives rise to the phase distribution of
E x in Fig 3.3(e). It is worth mentioning that along the long and the short axes of the rod, the
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Figure 3.5: Simulated electric field distribution near a gold rod (in green). The times t 1
and t 2 indicate the phase of the incident electric field at which the field amplitude reaches
the positive and negative maxima, respectively. Panel (a) shows the in-plane electric field
vectors (white arrows) thereby elucidating the in-plane field components, E x and E y , at
t = t 1 . Panel (b) shows the in-plane distribution of the electric field vectors at t = t 2 . Panel
(c) and (d) shows the out-of-plane (cross-cut through the long axis of the rod) electric field
vectors showing the E y and E z along the rod at t = t 1 and t = t 2 , respectively. The color
scale indicates the intensity of the local field in the maps.

magnitude of E x goes to zero. The phase is not defined along these axes, which define lines
of phase singularities. The phase singularity lines are clearly seen in the measurements of
Fig. 3.3(e).
By analyzing Figs. 3.5(c) and (d), with similar reasoning, we can explain the field and
phase distributions of E z in Figs. 3.3(c) and (f ). Again we see the formation of a phase
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singularity along the short axis of the rod. The field profiles in the measured maps in
Fig. 3.3 are in excellent agreement with the explanation based on the simulated maps in
Fig. 3.5

3.4 Conclusions
In this chapter, we have shown a complete characterization of near-fields generated near
a resonator at THz frequencies. The field profiles were explained and supported by numerical simulations. The full vectorial characterization of the THz near-field will serve for
the optimization of emerging photonic and plasmonic devices at THz frequencies.
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C HAPTER 4
L ARGE N EAR- TO -FAR S PECTRAL
S HIFTS FOR TH Z RESONANCES
We have performed far-field extinction measurements and near electric field
measurements on gold bowtie resonators at THz frequencies. These measurements show a very large shift between the resonant frequencies of the near-field
and the far-field spectra. We used the established damped-driven harmonic
oscillator model for resonators to model the far-field response of the bowtie resonators from the near-field spectrum and show that there is a large
discrepancy between the predicted and measured far-field response. We are
able to explain this discrepancy by improving the oscillator model with a Fano
model. This large shift makes the prediction of the near-field response of resonant
structures at THz frequencies very imprecise, provided that only information of
the far-field response is available and establishes the necessity of measuring nearfields for a correct and accurate characterization of these structures.
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4.1 Introduction
We have already seen in Chapter 2, that when metallic structures are illuminated with
electromagnetic radiation, the free charges are driven into a periodic motion following
the excitation field. This oscillation of free charges can result into the generation of highly
enhanced and confined local electric fields in the vicinity of the structure that are referred
to as near-field ’hotspots’ [158]. At visible and infrared frequencies the hotspots are caused
by localized surface plasmon polaritons or the coherent oscillation of charges in the metallic particle. The generation of these hotspots enables the manipulation of electromagnetic
fields in deep sub-wavelength volumes [157, 159, 160, 162], which opens up the possibility
of imaging and spectroscopy of small objects [17, 182–185]. This concept has been also
proposed and demonstrated at THz frequencies [167, 186–189]. Therefore, there is the
necessity of optimizing the intensity of confined fields as well as the frequency response
for real applications, which is achieved by designing the structure in such a way that it is
resonant at the frequency of interest. This resonant behavior is usually characterized with
far-field measurements.
Since the interaction of the near-fields with sub-wavelength objects determines the
spectral response of the system, it is of utmost importance to characterize the near-field
response of the resonant structures. The relation between the near-field response of a
structure and its far-field spectrum has been the subject of several studies that have consistently reported a small, yet distinct shift between the near- and far-field resonant frequencies [175, 190–193]. The origin of this shift is ascribed to the intrinsic damping of the
structure and has been modeled using the damped-driven oscillator model [192]. Zuloaga
et al. have shown that the oscillator amplitude is related to the induced near-field by the
surface plasmon polariton and the oscillator dissipated power to the far-field extinction.
In a more recent publication by Kats et al. [194], it is shown that there are two distinct
loss channels by which the localized plasmon mode decays: internal damping via free
carrier absorption and emission of radiation or scattering to free space. Using this simple
model it was shown that the calculations were in excellent agreement with the numerical
simulations in the infrared range. Thus, this result suggests the conjecture that we can
accurately predict the near-field spectral response from a far-field measurement, which is
intrinsically much easier to perform.
In this chapter we show experimentally that there can be an anomalously large shift
between the near- and far-field resonances, which can not be explained entirely by the
oscillator model. We have performed measurements of the THz near-electric field and of
the THz far-field extinction of the gold bowtie resonators. Our results show that the frequency shift is comparable to the FWHM of the resonance. Even though our findings are
in qualitative agreement with previous studies, the observed spectral shift is significantly
larger than what has been previously reported and calculated. We ascribe this discrepancy
to the fact that the measured far-field is not just the scattered field from the structures but
its interference with the incident field. This spectral interference, described by a Fano
model,[195] explains the total response of the system and should be taken into account
when designing plasmonic structures for subwavelength spectroscopy.
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4.2 Sample description
To study the interaction of THz waves with scattering structures, both in the near- and
far-field, we use bowtie resonators made of gold which are designed to resonate at THz
frequencies. A bowtie resonator consists of two isosceles triangles with pointed tips facing
each other and separated by a small gap. These structures are interesting because they
combine two distinct electromagnetic effects: the lightning rod effect due to the sharp
metallic tips, which leads to high electric field accumulation in the gap and resonant response to the driving field which results from the size and shape of the bowtie. As a
result, they do not only create highly enhanced and localized fields in the gap between
the two triangles [187, 196–199] but also give precise spectral and spatial control over
the response with relatively large bandwidths [200]. These structures have been used
in the optical range to study effects like single molecule fluorescence [197], two-photon
photoluminescence [196],surface-enhanced Raman scattering [201] or as sensors in the
THz regime [167].

(a)
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Figure 4.1: Optical microscope images of two samples. (a) shows a single bowtie resonator
on a quartz substrate, and (b) shows a random array of resonators on a quartz substrate.

The gold resonators were fabricated on quartz substrates using e-beam lithography
in combination with standard gold evaporation and lift-off process. Both triangles of the
bowtie are 108 µm long with a base of 40 µm each and a gap of 5 µm between them as
shown in Fig. 4.1(a). The bowties are ∼100 nm thick. In this work, we have used two
different samples. For the near-field measurements, we have fabricated single isolated
bowtie structures, as shown in Fig 4.1(a), to avoid any distortion of the near-field signal
by neighboring resonators. For measuring the far-field response we have made a random
array of bowties (surface filling fraction 5%) with the same orientation of the long axes, so
that all of them are aligned with the polarization of the driving THz field. A microscope
image of the sample used for the far-field measurements is shown in Fig. 4.1(b). The
random spatial distribution of the bowties cancels out the effects of radiative coupling
between neighboring structures. Moreover, the resonators were placed sufficiently far
from each other to avoid any significant near-field coupling between them.
The measurement of the near-field was done with the THz near-field microspectrometer as explained in Chapter 2 section 2.4 at a distance of 1 µm above the gap between the
bowtie triangles. The far-field measurements were done with conventional electro-optic
sampling techniques, also explained in Chapter 2.
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4.3 Experimental results
We define two quantities for comparing the near-field to the far-field measurements. First,
the near-field intensity spectrum, S N F , of the bowtie resonator is defined as, S N F (r , ν) =
¯
¯
¯ E N F (r , ν) ¯2
¯
¯
¯ NF
¯ , where E N F (r , ν) is the electric near-field at frequency ν and position r in the
¯ E (r , ν) ¯
re f
proximity of the bowtie resonator and E rNeFf (r , ν) is the electric field at the same position
and frequency but without the resonator. For now, we define this quantity at the gap
between the triangles of the resonator. The second quantity is the far-field extinction
¯
¯
¯ E F F (ν) ¯2
¯
¯
spectrum, S F F , of the sample. The extinction is defined as S F F (ν) = 1 − ¯ F F
¯ , where
¯ E (ν) ¯
re f

E F F (ν) is the transmitted electric field through the sample with the random array of the
bowtie at frequency ν and E rFeFf (ν) is the transmitted field without the bowties, i.e. the bare
substrate.

Figure 4.2: Near-field spectrum measured at the gap of a gold bowtie resonator (red
triangles) and far-field extinction spectrum (green circles). The solid curves are guide to
the eye. The vertical dashed lines indicate the resonant frequencies in the near- and farfield.

The measured near- and the far-field spectra are shown in Fig. 4.2. The triangles represent the near-field spectrum in the gap of the single bowtie resonator at a height of 1 µm
above the substrate and the circles correspond to the far-field extinction of the random
array of bowtie resonators. Both spectra show a resonant behavior but not at the same
frequencies. For the near-field spectrum, the resonant frequency is at 0.62 THz. The far-
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field spectrum is remarkably blue-shifted from the near-field, with the resonant frequency
at 0.85 THz. As it is discussed in the following section, the observed shift in our measurements can not be explained by the extensively used driven-damped oscillator model that
approximates the response of the bowtie [191, 194].

Figure 4.3: (a) Electric field intensity map measured at 0.62 THz and at a height of 1 µm
above the bowtie resonator.(b) Electric field intensity map at 0.85 THz. The color scales
are kept the same. In both panels the dashed lines indicate the boundaries of the bowtie
resonator.

To investigate the spectral properties of the near-field around the bowtie resonators,
we have measured spatial maps of the near-field at two different frequencies marked by
the dotted lines in Fig. 4.2. The first line at 0.62 THz indicates the resonant frequency of
the near-field and the second line at 0.85 THz corresponds to the resonant frequency of the
far-field spectrum. Figure 4.3 shows the spatial maps of near-field intensities around the
bowtie resonator at these frequencies. The color scale is kept the same in both the measurements to facilitate a direct comparison. These measurements show the local intensity
enhancement in the gap of the bowtie at 0.62 THz (Fig. 4.3(a)). The sharp tips give rise to
localized electromagnetic fields, whereas, the spectral resonance due to the dimensions
of the bowtie enhances these fields. The field is pronouncedly less enhanced at 0.85 THz
(Figure 4.3(b)) inspite of this being the resonant frequency of the far-field.

4.4 Numerical Simulations
We have performed numerical simulations using the Finite-Difference in Time-Domain
method (FDTD) to model the response of a single bowtie resonator. Since gold is a very
good conductor at THz frequencies we can approximate the material as a perfect electric
conductor. The excitation is done with a broadband THz source similar to the experiments. The simulation volume contains a single bowtie resonator and the boundary
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conditions are perfectly impedance matched layers to the surroundings. Both the nearfield and the far-field of the bowtie are calculated by referencing the power of the total
field by the power of the total field without the resonator. Similar to the experiments, the
illumination is done from the side of the quartz substrate.

Figure 4.4: (a) The circles represent the measured near-field spectrum of the bowtie
resonator on the gap between the two triangles at a height of 1 µm, while the solid black
curve is the simulated spectrum. The inset shows the near-field intensity map at 0.62
THz.(b) The circles represents the extinction spectrum of the random array of bowtie
resonators and the solid black curve is the simulated far-field extinction spectrum.

We have simulated the far-field extinction spectrum and the near-field intensity spectrum at a height of 1 µm above the resonator and at the center of the gap. Figure 4.4(a)
displays the measured near-field (open circles) together with the simulation (solid curve).
The experimental data and the simulation results are in a excellent agreement. From this
result we can conclude that the probe-tip used for the measurements does not perturb
the near-fields significantly. The inset of Fig. 4.4(a) illustrates the near-field intensity map
at the resonance frequency of 0.62 THz. The maximum enhancement in the near-field
intensity is, as expected, in the gap. Figure 4.4(b) shows the measurements (open circles)
and the simulations (solid curve) of the far-field extinction, illustrating also the excellent
agreement between the measurement and the simulation. The small discrepancy at high
frequencies is most likely due to the fact that the experiments were performed with a
weakly focussed beam, whereas in the simulations a perfect collimated beam is used. Also
we have used perfect electric conductor instead of gold in the simulations.

4.5 Driven-damped Harmonic Oscillator Model
The relation between the near- and the far-field response of resonant metallic structures
has been approximated in the literature by driven-damped harmonic oscillator model.
This analogy is often justified by the the fact that the dynamics of free electrons in a conducting structure under the influence of a driving electric field follows an harmonic oscillation which is damped by Ohmic losses in the metal and by radiation damping from
the accelerated charges. The resonant nature of the harmonic oscillator is determined
primarily from the geometry of the structure. The oscillatory motion of the electrons in the
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bowtie can be affected due to the capacitive coupling between the two resonant elements
of the bowtie resonator, i.e., the gold triangles. A comparison between the simulations
of individual triangles of the bowtie (not shown here) with the whole bowtie structure
establishes that although there is a very weak coupling between the triangles of the bowtie,
both responses are similar. Thus, without the loss of generality we can approximate the
bowtie resonator as a single damped oscillator.
The spectral amplitude of the near-field close to the gap of the bowtie depends on the
localization of charges accumulated at the two tips of the bowtie structure. Due to the
symmetry of the structure, we can assume that both charge distributions are the same.
Using the model described in Refs. [191] and [194] we can describe the motion of free
charges using the equation of motion of a damped harmonic oscillator,
d 2Q
dQ
d 3Q
2
−2πi νt
+
2πν
Γ
+
(2πν
)
Q
=
A
(ν)e
+
2πν
Γ
,
0
a
0
0
0
s
dt2
dt
dt3

(4.1)

where Q(ν, t ) is the charge distribution as a function of time, A 0 (ν) is the harmonic driving
field, ν0 is the natural frequency of the oscillator, Γa is the internal damping constant
and Γs = (1/ν0 )Q t2ot /6π²0 c 3 is the radiation reaction coefficient also known as AbrahamLorentz force, which represents the force that the free charges feel when they emit radiation [202]. The 1/ν0 is the scaling factor and Q t ot is the total number of free charges
contributing to the damped oscillation. The value of Q t ot is estimated from the number of
free electrons present in the structure, which is calculated by taking into account the freeelectron density of gold (N Au = 5.9·1022 cm-3 ) and the effective volume of the resonator by
considering the penetration of the driving THz electric field is approximately equal to the
height of the bowtie resonators. The harmonic charge oscillation is determined by solving
Eq. (4.1) and is given by,
Q(ν, t ) =

p
S N F (ν)e −i (2πνt +φ(ν)) ,

(4.2)

where,
¯2
¯
¯
¯
¯
¯
1
¯
¯
S N F (ν) = ¯ q
¯ ,
¯
¯
¯ (2νν0 (Γa + ν2 Γs ))2 + (ν2 − ν20 )2 ¯

(4.3)

is the frequency dependent near-field intensity response with Γa + ν2 Γs as the frequency
dependent damping term and, φ(ν) is the corresponding phase response of the damped
harmonic oscillator, both referenced with respect to the source.
By fitting the calculated S N F (ν) to the near-field measurements as shown in Fig. 4.5(a),
we can extract the natural frequency and damping constant of the oscillator, which are
ν0 = 0.683 ± 0.004 THz and Γa = 0.302 ± 0.018 respectively. With these parameters the
harmonic oscillator model fits excellently the experimental near-field intensity.
The time averaged scattered and absorbed power spectra by the oscillator can be cal-
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Figure 4.5: (a) The open circles represent the measured normalized near-field intensity,
while the solid line is the fit to the measurements using the damped oscillator model. (b)
Absorption and scattering spectral powers calculated from the harmonic oscillator model
using the same parameters as in (a). The red dotted curve shows the scattering spectrum
and the absorption spectrum is shown by the red dashed curve. Both the scattering and
the absorption spectra have been normalized to the maximum of the scattering spectrum.
The absorption spectrum is multiplied by a factor of 10 after normalization to elucidate its
spectral response. The black line with circles represents the measured extinction spectrum
from the random bowtie sample normalized to its maximum.

culated using the following expressions [194],
P abs (ν) = ν2 ν0 Γa S N F (ν),
4

P scat (ν) = ν ν0 Γs S N F (ν).

(4.4)
(4.5)

These spectra are shown in Fig. 4.5(b) with a dashed (absorption) and dotted (scattering) red curves, where we can appreciate that both the absorption and scattering spectra are blue-shifted with respect to the near-field intensity spectrum. The absorption
spectrum peaks at the natural frequency of 0.68 THz, whereas the peak of the scattering
spectrum is around 0.75 THz. Similar shifts have been reported in Ref. [194]. The use of a
good conductor at THz frequencies is manifested in the fact that the spectral absorption
is far lesser than the scattering. Gold behaves close to a perfect electric conductor in this
frequency range and the absorption is low. Thus, we can conclude that the extinction
spectrum of these structures in the far-field is dominated by scattering.
If we compare both the measured extinction (black circles in Fig. 4.5(b)) and the calculated scattering (red dotted line), we see a discrepancy in the resonant frequencies.
The resonance of the scattering spectrum is at 0.75 THz, whereas the resonance of the
extinction spectrum is at 0.85 THz. A quantitative description of this discrepancy is given
in the next section.

4.6 Fano model
In order to explain the discrepancy between the experimental extinction and the oscillator
model, we need to consider the incident field in the extinction. The incident field that is
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not perturbed by the bowtie, interferes with the scattered far-field defining the extinction.
This interference is not considered by the simple harmonic oscillator model and it is the
origin of the discrepancy between this model and the extinction measurements. This interference effect can be described with a Fano model[195, 203], which defines a distinctly
asymmetric line-shape with the functional form
F (ν) =

(qνD Γ + ν − νD )2
(ν − νD )2 + ν2D Γ2

,

(4.6)

where νD and Γ are the frequency and line-width of a discrete state with a Lorentzian
resonance profile that interferes with a continuum. The phenomenological shape parameter, q, is defined as the ratio between spectral amplitude of the discrete state and
the continuum. In the limit |q| → ∞ the resonance is dominated by the lineshape of
the discrete state (Lorentzian resonance), whereas at values close to unity (q ∼ 1) the
discrete state and the continuum have equal strengths and the resonance profile shows
an asymmetric lineshape similar to the one observed in the far-field extinction spectrum
of the bowtie resonators (Fig. 4.2).
In the far-field extinction measurements the measured quantity is the total field, which
corresponds to the interference of the scattered (discrete state) and the incident field (continuum). Therefore, it is expected that these fields give rise to a Fano-like resonance. The
pronounced shift of the resonance frequency can be ascribed to the relative strength of
the incident field in the interference effect.

Figure 4.6: The black circles represent the measured and normalized extinction spectrum,
while the solid line is a Fano fit to the measurements using the Fano model.

To verify the asymmetric nature of the far-field resonance and the consequent shift
of extinction peak from calculated values, we have fit Eq.(4.6) to the measured extinction spectrum using the parameters extracted from the fit of the oscillator model to the
near-field intensity spectrum, i.e., νD = 0.75 THz (the resonant frequency of the scattering
spectrum) and Γ = (ν0 /νD )(Γa + ν2 Γs ) (the frequency dependent damping term from the
oscillator model with proper scaling factor) with q=2.02±0.05 as the only fit parameter.
This result is shown in Fig. 4.6, where the circles illustrate the far-field extinction measure65

4 Large Near-to-Far Spectral Shifts for THz resonances

ments and the solid curve is the fit. The small deviation of the fit at high frequencies can
be attributed to the approximation of the broad THz source as a continuum.
The relatively low value of q obtained from the fit indicates that the transmitted unperturbed field amplitude is marginally smaller than the scattered field by the bowtie. With
this value of q the anomalous shift of the resonant frequency in the experiments can be
explained. This shift is related to the ratio between the field strengths of the scattered
and the incident fields, which depends on several factors. The most important one is
the ratio between the total spectral powers integrated over all frequencies of the scattered
and the incident field. The filling fraction of the bowtie resonators forming the sample
also determines the ratio of the scattered to incident fields, and as a result, contributes
to this Fano-like resonance and the consequent anomalous shift. Therefore, the far-field
spectrum depends not only on the size and shape of the resonant structures and on their
surface filling fraction of the sample, but also on the properties of the incident field.
The model presented above should be valid in all frequency ranges provided that material resonances are far from the spectral window of interest. However, this spectral interference effect should not affect substantially the spectrum of the near-fields in the confined
hotspots mostly due to the fact that the electric fields in these regions are enhanced with
respect to the incident field amplitude, hence approximating the condition q → ∞. In this
limit, the spectrum is dominated by the lineshape of the near-field and the measured nearfield resonance will be at the same frequency as the predicted resonance by the oscillator
model. This results establishes the necessity of measuring the near-field for an accurate
characterization of resonant structures.

4.7 Conclusions
In this chapter we have shown that the far-field extinction spectrum of resonant structures
at THz frequencies can have very large spectral blue-shifts with respect to the near-field
intensity spectra. These shifts can be comparable to the FWHM of the resonance and
can not be solely attributed to the intrinsic nature of the structures. Rather, the incident
field plays an important role in defining the far-field spectral response of these structures.
The large shifts can be explained analytically by using a Fano model that improves the
driven-damped harmonic oscillator model extensively used to describe these structures.
An important consequence of these results is that the characterization of resonant structures based solely on their far-field response can lead to misleading results that suggest
field enhancements at frequencies at which the near-field is not changed significantly.
Therefore, near-field measurements are necessary for an accurate description of resonant
structures.
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C HAPTER 5
D IFFRACTION ENHANCED
TRANSPARENCIES AND SLOW TH Z
LIGHT

In this chapter we demonstrate that a periodic lattice of detuned resonators can
suppress the THz extinction at the central resonant frequency, leading to an
enhanced transparency due to diffraction. The system consists of metallic rods
of two different sizes, each of them supporting a strong half-wavelength (λ/2)
resonance, which are spatially displaced within the unit cell of the lattice. Using
a coupled dipole model we show that the Diffraction Enhanced Transparency
(DET) window has its origin in the interference between two surface lattice
resonances, arising from the diffractively enhanced radiative coupling of the λ/2
resonances in the lattice. Group-index measurements show that the THz field
is strongly delayed by more than four orders of magnitude at the transparency
window. Since DET does not involve the near-field coupling of resonators,
the fabrication tolerance to imperfections is expected to be very high. This
remarkable response renders these systems as very interesting components for THz
communication.
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5.1 Introduction
Small metallic particles are among the simplest electromagnetic resonators. The
resonances in these scatterers depend on the particle size, shape, orientation and
material [204], and are usually broad due to radiative losses [205]. Ensembles of
scatterers have properties that depend on the individual scatterers, as well as their
relative arrangement. As shown in Chapter 2, bringing two metallic nanoparticles close
together in dimer [206–208] or more elaborate [209] configurations can have a significant
effect on the resonance frequency due to overlap of the local electromagnetic fields and
consequent coupling between them. An important recent development in nanophotonics
involves the generation of transparency windows induced by coupling of electromagnetic
resonances [210–212]. This phenomenon usually involves a bright (dipolar) resonance
that can couple to the radiation field and a dark (multipolar) resonance that couples to
the bright resonance through its near field. [211] The coupling and interference of the two
resonances leads to a frequency window in which the transmission is close to unity, while
local fields are enhanced [213, 214]. These transparency windows are analogous to the
electromagnetically induced transparencies (EIT) observed in atomic systems coupled
to light fields[215]. The most important characteristic of these systems is that they can
slow light to extremely low group velocities while having a transmission close to unity.
Bozhevolnyi and coworkers have recently demonstrated the existence of a transparency
window in the transmission spectrum of a system of two coupled particles of different
dimensions, such that their dipolar resonant frequencies are detuned from each other
at optical frequencies [216–218]. The mechanism leading to this transparency window
is the radiative coupling between the two resonators and the destructive interference of
the electromagnetic fields radiated into the far-field, and can be described as a coupled
resonator induced transparency [219, 220]. Other examples include resonators coupled
to a waveguide [221, 222], coupled microcavities [223] and ring resonators [224].
In this chapter, we demonstrate a spectral transparency window at THz frequencies
with nearly perfect transmission in a periodic lattice of metallic rods with different dimensions. In contrast to previous works on detuned resonant particles, [216–218] we consider
here a periodic lattice of detuned resonators, which supports surface lattice resonances
(SLRs). As explained earlier in Chapter 2, these resonances are the result of the enhanced
radiative coupling of the localized resonances in the individual particles through diffraction orders in the plane of the array (Rayleigh Anomalies [117–128]). Periodic arrays of
detuned dipoles have been recently considered by Humphrey et. al. as a means to reduce
the line-width of surface lattice resonances[225]. Our experimental results show a highly
enhanced group-index, i.e., reduced group velocities, in the transparency window. Since
the periodic arrangement of particles are responsible for the enhanced transparency of the
sample, we term this phenomenon as diffraction enhanced transparency (DET). These results are explained with a coupled dipole model, which describes the system as interfering
SLRs. Slow THz light has been reported in several works [226–229]. In contrast to these
works, our system of detuned-dipoles shows a simple approach to engineer frequency
selective transparency windows with very large transmission and group velocity reduction. The group velocity reduction is significantly larger than in plasmonic induced trans-
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parency systems [210, 211, 228]. The enhanced reduction of group velocity is a result of
DET not relying on near-field coupling, but on the interference of surface waves, as shown
in the chapter. These remarkable properties make these arrays interesting components
for the emerging field of THz communication.

5.2 Sample description
Using optical lithography, metal deposition and lift-off, we have fabricated samples containing 2D periodic lattices of gold rods on top of a 2 mm thick amorphous quartz substrate. Before the thermal evaporation of the 100 nm gold layer a 2 nm chromium adhesion
layer was deposited.
Figure 5.1(a) shows an optical microscope image of the periodic lattice of detuned
resonators. This sample consists of two gold rods with different sizes per unit cell of the
lattice. The dimensions of the rods are 200 µm × 40 µm and 125 µm × 60 µm, and are
referred to as the ‘long’ and ‘short’ rods, respectively. Both type of rods support resonances
when illuminated with THz radiation, however the resonant frequencies are detuned from
each other due to the different dimensions. Note that the width of the short rods in Figure
5.1(a) is larger than that of the long rods, which ensures a similar volume and surface
coverage for the two types of rods. The lattice has a square symmetry with a period of 300
µm in both directions. The separation between the detuned resonators is 150 µm along
the short axis of the rods.
A similar sample was prepared in which the short rods were replaced by the long rods
in each unit cell. An optical microscope image of this sample is shown in Figure 5.1(b).
We refer to this sample as the array of identical resonators. Two other samples are shown
in Figures 5.1(c) and 5.1(d). These samples represent the periodic arrays of the individual
long and short rods in each unit cell respectively. The periodicity of all the samples is the
same as in the array of detuned resonators. The samples shown in Figure 5.1(b), (c) and (d)
are control samples to understand the underlying mechanism of DIT in the sample of the
detuned resonators. To study the effect of periodicity on the response of these samples we
have also made samples where each of the detuned, identical, long and short resonators
respectively are randomly distributed over the substrate.

5.3 Experimental results
The experiments were carried out using a commercial THz time domain spectrometer
(Menlo Systems GmbH) based on photo-conductive generation and detection techniques
as explained in Chapter 2. Figure 5.1(e) displays the transients of the THz transmission
in the forward direction through the periodic arrays containing the detuned (red curve),
the identical (blue curve), the individual long (magenta) and the individual short (green)
resonators. The polarization of the THz electromagnetic field is set parallel to the long
axes of the rods, and the THz beam propagates at normal incidence through the sample.
The black curve in Figure 5.1(e) corresponds to a reference measurement taken through a
quartz substrate without any rods. This reference shows the single-cycle THz pulse. The
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Figure 5.1: Optical microscope images of square periodic arrays of (a) detuned, (b)
identical, (c) long and (d) short gold rods defining THz resonators with a period of 300
µm on top of a quartz substrate. The dimensions of the long rods are 200 µm × 40
µm, and those of the short rods are 125 µm × 60 µm. (e) THz transients of the forward
transmission measured for the periodic arrays of detuned (red curve), identical (blue
curve) long (magenta curve) and short (green curve) rods respectively, as well as the
reference (black curve) measured through a quartz substrate without rods are shown. The
transients are displaced vertically for clarity.
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thickness of 3 mm of the substrate leads to a first reflection which is delayed by 40 ps
with respect to the main THz pulse, i.e., outside the time window of the measurements.
The transient measured through the array of identical resonators shows some oscillations
(blue curve in Fig. 5.1(e)) after the main peak. For the long resonators, the oscillations (the
magenta curve in Fig. 5.1(e)) extend to later times up to around 12 ps and for the array
of shorter resonators the oscillations (the green curve in Fig. 5.1(e)) vanish within 6-7 ps.
The main peaks in the transients at 0 ps correspond to the fraction of the THz amplitude
that it is not scattered or absorbed by the array. The rapid vanishing of the THz amplitude
is an indication of a limited resonant interaction of the THz pulse with the array. The
THz transient of the transmission through array of detuned resonators is pronouncedly
different although the metal filling fractions of both samples are very similar. For the array
of detuned resonators we observe that the THz transient contains a harmonic damped
oscillation (red curve in Fig. 5.1(e)) which extends up to 25 ps. Such strong dispersion
due to a periodic system is a characteristic behavior of diffraction enhanced transparency
(DET). The harmonic THz signal at long time delays indicates the reduction of the group
velocity in a narrow frequency window, as we show next.
The THz transients can be Fourier transformed to obtain the extinction of the arrays
and the phase spectra of the transmitted signal. The complex transmitted field through the
sample of detuned resonators can be written as E (ν) exp (i φ0 (ν)), where E (ν) is the transmitted amplitude and φ0 (ν) the phase. The transmitted field through the bare substrate is
given by E r e f (ν) exp (i φr e f (ν)). The resulting amplitude transmission can be expressed as
0

t=

E (ν)e i φ (ν)
E r e f (ν)e

i φr e f (ν)

=

E (ν) i ∆φ(ν)
e
,
E r e f (ν)

(5.1)

where ∆φ(ν) = φ0 (ν) − φr e f (ν) is the phase delay spectrum. We define the THz extinction
spectra of the samples as
S = 1 − |t |2 .

(5.2)

The extinction spectra are shown in Figure 5.2(a), where the blue curve corresponds to
the extinction of the array of identical resonators and the red curve to the extinction of
the arrays of detuned resonators. The former is characterized by a broad resonance with
a maximum extinction at 0.45 THz. This resonance in the extinction corresponds to the
resonant absorption and mainly to the resonant scattering of the λ/2 resonance along the
long axis of the rods. The THz electric field drives an electrical current along this axis that
resonates over the length of the rods at this particular frequency. Note, that the resonance
wavelength (667 µm) is longer than 2 times of the physical length of the rods, which can
be attributed to the presence of the quartz substrate, the impedance at the edges of the
rods [156], and diffractive coupling with the other rods in the array. The extinction spectrum changes drastically when one of the rods in the unit cell is replaced by the shorter
one (red open circles in figure 5.2(a)). A window in which the extinction vanishes (the
DET window) appears at 0.45 THz, and an additional maximum in the extinction appears
at 0.4 THz. The vanishing extinction corresponds to a nearly full transmission at this
particular frequency (Transmission = 99.2 ± 0.5 %). In the next section we show, using
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a coupled dipole model, that the DET window is the result of the interference of surface
lattice resonances in the array of detuned resonators. The period of the lattice, which
plays a crucial role, was chosen such that the DET is the largest in the frequency range of
maximum sensitivity of the THz spectrometer.
The frequency-dependent phase delay, ∆φ(ν), obtained from the Fourier transform of
the THz pulses transmitted through the arrays are displayed on Fig. 5.2(b). The phase
delay for the array of identical resonators (blue open squares) presents the characteristic dispersion of a damped oscillator, with a change of sign in the phase at the resonant frequency of maximum extinction (marked by the vertical dashed line in the figure).
The phase delay dispersion for the array of detuned oscillators (red open circles in Figure 5.2(b)) is pronouncedly different. The phase changes sign at the frequency of maximum extinction, but recovers its positive values at the transparency frequency (marked
with the dashed line in the figure), where the system is highly dispersive in spite of the
vanishing extinction. The phase delay, as defined earlier, can be written as,
∆φ(ν) = φ0 (ν) − φr e f (ν) = (φ(ν) + φquar t z (ν)) − (φ0 (ν) + φquar t z (ν)),

(5.3)

where, φ(ν) is the phase introduced solely by the array of the detuned resonators,
φquar t z (ν) is the phase introduced by the quartz substrate (which is the same for sample
and the reference) and φ0 (ν) is the phase introduced by the layer of air with the same
thickness as the lattice of detuned resonators. Therefore,
∆φ(ν) = (k(ν) − k 0 (ν))L,

(5.4)

where k(ν) is the wave vector in the array of the detuned dipole and k 0 (ν) = 2πν/c is the
wave vector in air and L is the thickness of the array of resonators. The group index can be
determined from the phase delay using the following expression[230, 231]
n g (ν) =

c0
d k(ν) c 0 d ∆φ(ν)
= c0
=
+1 ,
v g (ν)
dν
L
dν

(5.5)

where c 0 is the speed of light in vacuum and v g (ν) is the group velocity, and phases are
in units of 2π radians. In figure 5.2(c) we plot the dependence of the group index on the
frequency for both arrays of detuned (red open circles) and identical (blue open circles)
resonators. The group index has a maximum value of more than 6 × 104 for the array
of detuned resonators. This remarkably large change in group index, corresponds to a
group velocity of 5 × 103 m/s at 0.45 THz, i.e., at the frequency of full transmission. At
this frequency the wave is delayed by scattering within the array and is re-radiated in the
forward direction. In comparison, it can be seen that no such dramatic increase in the
group index is observed for the array of identical dipoles.
We have performed more measurements to elucidate the mechanism of such a unique
spectral behavior. First, we have measured a random array of the detuned resonators to
illustrate the influence of the periodic array on the DET. We see from Figure 5.3(a)(red
open circles), that although there is a window of partial reduction of the extinction, it
does not reach very low values at that frequency. This indicates that the periodicity in the
array of the detuned resonators plays an important role in the DET. The spectral response
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Figure 5.2: Extinction (a), phase delay (b), and group index (c) spectra of the arrays of
detuned (red open circles) and identical (blue open squares) resonators corresponding to
the transients shown in figure 5.1(e). The reference sample is an empty quartz substrate.
The vertical dotted line at 0.45 THz indicates the frequency of induced transparency for
the array with the detuned resonators.
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from the random array of the identical resonators is also shown in Figure 5.3(a) (blue open
squares). The different curves in Fig. 5.3(b) show the extinction due to the periodic array
of the individual long rods (magenta open circles), the periodic array of the individual
short rods (green open triangles), the random array of the long rods (magenta solid) and
the random array of short rods (green dashes). The measurements in random arrays are
done to elucidate the spectral responses of the individual rods keeping in mind that the
randomness averages out any effect due to diffractive coupling between individual rods.
Hence, the extinction of the random arrays of the short and the long rods are proportional
to their individual spectral responses. We can appreciate in Fig. 5.3(b) that the spectral
responses of the periodic arrays of both the short and long rods are different from the
response of the random arrays of similar rods. This difference is the result of the radiative
coupling of the rods. This coupling is enhanced through diffraction in the periodic array.
In particular, when the wave-vector of the scattered wave is equal to an integer number
times the inverse of the lattice constant of the array, the condition for in-plane diffraction
is fulfilled. This condition known as the Rayleigh anomaly, leads to an increased scattered
intensity along the plane of the array, which causes an enhanced coupling between the
rods. This enhanced coupling is known as surface lattice resonances[119, 120, 122, 126]
and gives rise to the red-shift and narrowing of the resonance. Note that the values of
the extinctions of the arrays of long and short resonators (Figure 5.2(a)) do not reach
zero around the DET frequency of 0.45 THz. Therefore, the incoherent sum of the two
extinctions will never vanish at the DET window. This finite extinction of the arrays of
equal resonators supports the interpretation that the response of the array of detuned
resonators is the result of the coherent interference of the amplitudes of the two SLRs.
The physics behind the formation of SLRs and their interference can be explained by
considering the rods as radiatively coupled resonant dipoles. Therefore, in the following
section we use the coupled dipole model to elucidate the underlying mechanism of DET.
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Figure 5.3: (a) Extinction through a random array of detuned resonators (red open circles)
and through a random sample of identical resonators (blue open squares). (b) Extinction
through periodic array of individual long rods (magenta open circles), periodic array
of individual short rods (green open triangles), random array of individual long rods
(magenta solid) and random array of individual short rods (green dashes).
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5.4 Coupled dipole model
We have used a coupled dipole model to elucidate the underlying mechanism that gives
rise to DET. For simplicity we have considered a 1D chain of dipoles embedded in a homogeneous environment with the refractive index of quartz (n=2). These approximations
facilitate the interpretation of the results, without reducing their generality.
The extinction cross section of an ensemble of metallic scatterers is related to the
amount of work an incident electromagnetic wave does while driving the conducting electrons of these scatterers. This cross section can be expressed in terms of the wavenumber
k, the polarization pi of the i th -scatterer and the incident field Einc
according to the foli
lowing equation,[232]
X Im(Einc
· pi )
i
C ext = 4πk
.
(5.6)
|Einc
|2
i
i
The polarization in turn depends on the incident field, the properties of the scatterer like
material and shape and, for an ensemble of scatterers, their relative arrangement. The
properties of the scatterer are described by the polarizability tensor α which relates the
polarization and the local field as pi = αi Eloc
. In an ensemble of scatterers the local field
i
at each scatterer i is the sum of the incident field, Einc
, and the field scattered by all other
i
scatterers, Esca
:
i
inc
sca
pi = αi Eloc
i = αi (Ei + Ei ) .

(5.7)

The interaction through scattering between two sub-wavelength scatterers as a function of
their respective distance r can be approximated with the dipole-dipole interaction tensor
G(r)[233]. Considering the sum over all dipoles gives
Esca
i =

X

G(ri − r j )p j .

(5.8)

j 6=i

In an infinite periodic lattice that is illuminated by a plane-wave, the behavior of all
unit cells is identical over the full array and similar scatterers will have similar polarizations. When each unit cell contains two -not necessarily similar- scatterers the sum over
all dipoles in Eq. (5.8) can be split in two contributions: one accounting for the interaction
with all like dipoles, and the other accounting for the interaction with all unlike dipoles. If
we label the dipoles either ◦ or •, we can express the polarization of Eq. (5.7) as
"
#
X
X
inc
(5.9)
p◦ = α◦ E◦ + G ◦, j p◦ + G ◦, j p• ,
and

j ∈◦

j ∈•

X

X

"
p• = α• Einc
• +

#
j ∈•

G •, j p• +

j ∈◦

G •, j p◦ .

(5.10)
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Equations (5.9) and (5.10) can be re-written in matrix form Einc = M · P, where the matrix
M accounts for the diffractive coupling. More explicitly,
µ

Einc
◦
Einc
•

Ã

¶
=

α◦ −1 − S ◦◦

−S ◦•

−S •◦

α• −1 − S ••

!µ

p◦
p•

¶
.

(5.11)

Each of the S matrices contains a lattice sum, which is defined as
S

AB

=

X

G

j ∈B

A, j

pB ,

(5.12)

where A and B correspond to either ◦ or •.
The dipole interaction tensor takes a simple scalar form, G(r), when a 1D chain of
dipoles is considered and the polarization is orthogonal to the direction of the chain.
The scalar approximation is justified since, as a result of symmetry, the polarization of
the particles is always parallel with the polarization of the incident field. The interaction
tensor can be simplified to [234]
µ
G(r ) = exp (i kr )

¶
ik
1 k2
−
+
,
r2 r3
r

(5.13)

in which r is the distance between the respective dipoles. Solving the above equations for
P, and applying Eq. (5.6), the total extinction cross section of the array can be expressed as
−1
2S◦• − 2S◦◦ + α−1
◦ + α•

µ
C ext = 4πkIm

−1 −1
−1
S2◦◦ − S2◦• − (α−1
◦ + α• )S◦◦ + α◦ α•

¶
.

(5.14)

The periodic array of the long rods is a limiting case of this equation in which we have
α• = 0. In this case Eq. 5.14 is reduced to
µ
¶
1
C ◦ = 4πkIm −1
.
(5.15)
α◦ − S◦◦
For the calculations the rods are approximated as perfect electric conductors, i.e., the
permittivity of the metal is −∞. The polarizability of the particles is calculated assuming
that they have an ellipsoidal shape [235] and using the modified long wavelength approximation described in Ref. [232], which accounts for a finite size dynamic polarization and
radiative damping. This results in
α◦ =

1
3F
V

−

2
2k 2
3
3ik − d

,

(5.16)

where V is the volume, d the length and F the form factor of the rods for a wave vector
k. Figure 5.4(a) shows the calculated extinctions of the periodic array of the long rods
(magenta solid curve) and of one individual isolated long rod (magenta dotted curve) as
a function of frequency. Diffraction from the lattice modifies the extinction spectrum
of the localized resonance, with a reduction at the Rayleigh anomaly frequency and an
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enhancement at lower frequency, which leads to a narrowing of extinction spectrum. This
is the characteristic line shape of surface lattice resonances. Figure 5.4(b) shows the lattice
sum of the array of the long rods (black curve) as well the inverse polarizibility (magenta
curve) of the individual long rods. The frequency of maximum extinction is indicated
with the vertical dashed line in the figure, and it occurs when α−1
◦ equals S ◦◦ , as shown in
Figure 5.4(b). At this frequency the denominator in Eq. 5.15 vanishes. The dotted line at 0.5
THz corresponds to the frequency of the Rayleigh anomaly condition, where a diffraction
order propagates along the plane of the array. Constructive interference of the scattered
amplitudes by the array gives rise to the suppression of extinction in the forward direction
at the Rayleigh anomaly, which corresponds to the divergence of the lattice sum, S.
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Figure 5.4: (a) Coupled dipole model calculation of extinction for an 1D array of long rods
(magenta solid curve) and a single isolated long rod (magenta dotted curve), and (b) the
real components of the lattice sum S ◦◦ and the inverse polarizibility tensor, α−1
◦ of each
rod. Both the quantities are in units of inverse volume.
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Figure 5.5(a) displays the calculated spectrum using Eq. 5.14 for arrays of detuned
dipoles with dimensions similar to those used in the experiments. This spectrum shows a
sharp resonance with an enhanced extinction followed by a window of diffraction induced
transparency at 0.45 THz. This window, indicated by the vertical dotted line in Fig. 5.5(a),
qualitatively reproduces the main characteristics from the experimental response of the
detuned dipoles as shown in Fig. 5.2(a).
The interference of the fields scattered in the plane of the array by the individual lattices of the detuned resonators, indicated by the lattice sum S ◦• , is essential for explaining
Fig. 5.5. If we consider S ◦• = 0 in Eq. 5.14, the equation is reduced to
µ
¶
1
1
C ext = 4πkIm −1
= C◦ + C• .
(5.17)
+ −1
α◦ − S◦◦ α• − S◦◦
This expression corresponds to the incoherent sum of the extinctions of the two individual
lattices of long and short rods. Both C ◦ and C • are SLRs which have finite and positive
extinctions for frequencies lower than the Rayleigh anomaly. Therefore, the incoherent
sum can not vanish. This situation is represented in the measurements of Fig. 5.3(b) by
the black dotted curve and is distinctly different from the diffraction induced transparency
shown by the red open circles in Fig. 5.2(a). The necessity to include S ◦• in our analysis
confirms that DET is the result of the interference of the electromagnetic fields scattered
in the plane of the array defined by the lattice sum of equal and unequal scatterers.
Figure 5.5(b) shows the calculated real components of S ◦◦ (black solid curve), S ◦•
−1
(black dashed curve), α−1
◦ (magenta curve), and α• (green curve). The lattice sums (S ◦◦
and S ◦• ) diverge at the Rayleigh anomaly condition, i.e. at 0.5 THz, but the corresponding
extinction is still finite at this frequency because of their similar values and opposite signs.
The opposite signs of the lattice sums can be attributed to the fact that the distances
between the like dipoles follow the progression |r | = a, 2a, 3a..., whereas for the unlike
5a
dipoles |r | = a2 , 3a
2 , 2 ..., where a is the period of the lattice. Hence, the periodicity is
the same for both lattice sums, which explains the divergence at the same frequencies;
However, they are out of phase, which explains the opposite signs. The large group index,
i.e., low group velocity, described in the previous section with the measurements can be
understood by the delay in the wave propagation introduced by scattering into the surface
modes of the array. We note that the experimental results do not show a strong reduction
of the extinction due to Rayleigh anomalies for single SLRs (open circles and triangles
in Fig. 5.3(b)). This discrepancy with the calculations can be explained by the presence
of air-quartz interface in the experiments. This interface leads to an inhomogeneous
surrounding around the particle array. However, the inhomogeneous surrounding does
not suppress the DET window introduced by the array of detuned resonators in the
measurements, which confirms the robustness of these structures for the realization of
induced transparencies.
The dependence of the extinction with displacement between the two detuned dipoles
within the unit cell is shown in Fig. 5.6. Figure 5.6(a) shows the spectra calculated for three
different displacements: 150 µm (red curve), 100 µm (black curve) and 75 µm (blue curve).
The curves are vertically offset to elucidate the spectral features with respect to each other.
The Rayleigh anomaly, which is represented by the dash-dotted vertical line at 0.5 THz, is
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Figure 5.5: Coupled dipole model calculation for a 1D chain of 2000 unit cells of an array
of detuned dipoles. (a) Extinction spectrum (b) real components of S ◦◦ (black solid curve),
−1
S ◦• (black dashed curve), α−1
◦ (magenta curve) and α• (green curve) as presented in
Eq. 5.14.
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fixed for all the calculations. However, for the three different cases the spectral response
is very different. By changing the displacement between the two detuned dipoles, it is
possible to tune the transparency window in the response of the array. This indicates that
even though the individual SLRs do not change, it is the interference between the two
SLRs that is modified due to the relative displacement between the dipoles. Figure 5.6(b)
shows the extinction due to the lattice of detuned dipoles as a function of frequency and
displacement between the two dipoles. The three cases shown in Fig. 5.6(a) are marked
by the three horizontal lines at 150, 100 and 75 µm displacement. The Rayleigh anomaly
is indicated by the vertical white dash-dotted line at 0.5 THz. The transparency window is
symmetric on both sides of the horizontal line at 150 µm where the window is the widest.
This is the result of rotational symmetry at this displacement, as the pitch of the array is
300 µm.

Figure 5.6: (a) Extinction spectra for two detuned dipoles in a 1D lattice with a pitch of 300
µm. The three cases represents the different displacements between the dipoles; from top,
150 µm (in red), 100 µm (in black) and 75 µm (in blue). The dimensions of the dipoles are
the same as before. The spectra are displaced vertically to elucidate the behavior clearly.
The dash-dotted vertical line marks the position of the Rayleigh anomaly. (b) Extinction
spectra for the lattice of detuned dipoles as a function of frequency and displacements
between them. The Rayleigh anomaly condition is indicated by the white dash-dotted
vertical line. The three cases shown in (a) is represented by the three horizontal lines at
150, 100 and 75 µm with same color coding.

5.5 THz near-field imaging
While the coupled dipole model elucidates the underlying physics behind the mechanism
of the diffraction induced transparency, we measured the THz near-field distribution of
the detuned resonator to validate this understanding. Figure 5.7 shows the near-field
distribution of the real part of the electric field (normalized to individual maxima) around
the rods at three distinct frequencies. Figure 5.7(a) shows the near-field map at 0.39 THz.
At this frequency, the detuned resonator array shows a distinct peak in the extinction in
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Fig. 5.2(a). From the resonant response of the long resonator in the near-field map, it is
evident that this peak corresponds to the SLR in the long resonator. Note that this spectral
peak (in the detuned resonator) is a bit red-shifted from the peak due to the SLR in the
array of individual long resonators (Fig. 5.3). This red-shift is due to the fact that in the
detuned resonator, the two SLRs (long and short) are coupled to each other. Figure 5.7(c)
corresponds to the near-field of the SLR at 0.51 THz. At this frequency the high extinction
observed in Fig. 5.2(a) corresponds to the extinction of the SLR of the short resonator.
The most interesting case is seen in Figure 5.7(b) which corresponds to the near-field at
the DET frequency, i.e., 0.45 THz. It can be deduced from the near-field map, that at this
particular frequency, the dipole moments of both rods become equal in magnitude and
with opposite phase. Such an orientation of dipole moments is due to the interference
between the two SLRs. This explains the full transmission at the DET frequency. However,
this process is not instantaneous, as it involves the resonant scattering and emission in the
forward direction. Hence, this gives rise to the high group delay at this particular frequency
which gives rise to the high group velocity dispersion.

Figure 5.7: Near-field maps of the real electric field around one unit cell of the array of
detuned resonators at (a) ν = 0.39 THz, (b)ν = 0.45 THz and (c)ν = 0.51 THz. The semitransparent rectangles marks the position of the individual resonators.

5.6 Conclusions
In this chapter, we have demonstrated that a periodic array of scatterers with different
dimensions can give rise to a narrow spectral transparency window with a transmission
close to unity and very large group index. This transparency, which we have termed
diffraction enhanced transparency (DET), is the result of the interference of collective
resonances known as surface lattice resonances. The surface lattice resonances are
the result of the enhanced diffractive coupling of localized resonances in the individual
scatterers. The slow wave propagation (the group velocity is reduced by more than 4 orders
of magnitude) due to the in-plane scattering and the near perfect transmission, makes
DET an interesting phenomenon for the design of components for THz communication,
such as delay elements. Our measurement of near-field maps of electric field in the
vicinity of one unit cell of this array, further validates our understanding of the physics
behind the DET window.
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C HAPTER 6
V ISUALIZING MODE HYBRIDIZATION
IN THE NEAR - FIELD OF TERAHERTZ
DOLMENS

In this chapter we demonstrate that coupling between resonant structures in
the near-field at length scales shorter than the wavelength can be exploited
for modifying the electromagnetic radiation. Dolmens represent a geometry
of significant interest, as they have been shown to exhibit electromagnetically
induced transparency (EIT) through coupling between bright and dark modes,
concurrently providing sharp spectral selectivity in transmission and a large
reduction in group velocity. We use near-field terahertz scanning microscopy to
map the electric fields in the vicinity of a metallic dolmen in both amplitude and
phase i.e., the interaction between bright and dark modes in the time-domain,
unraveling the physics resulting in EIT. We experimentally demonstrate the
hybridization of bright and dark modes accompanying the near-field coupling,
as well as the excitation of the dark mode at the frequency of the induced
transparency.
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6.1 Introduction
Resonant structures provide useful building blocks for designing components to manipulate terahertz (THz) radiation [236, 237]. By exploiting the scattering properties of these
structures, it is possible to fabricate THz modulators and filters as well as beam routing
optics [238–241], where the thickness of these devices can reach only a fraction of the
wavelength [242]. While the transfer function of optical components is typically evaluated
in terms of the response to radiation incident from the far-field, for sub-wavelength scatterers those properties will depend sensitively on the near-fields in their vicinity [243, 244].
Moreover, these scatterers can consist of multiple elements placed in close proximity to
one another, where near-field interactions between constituent elements can be exploited
to manipulate the spectral behaviour [129–131]. Characterizing these interactions demands a probe with a resolution below the diffraction limit for uncovering the redistribution of electromagnetic radiation in the vicinity of coupled systems.
In this chapter, we present a study on dolmens, consisting of a horizontal rod with
the long axis along the polarization of the incoming THz radiation and two orthogonal
rods in close proximity to the two ends of the horizontal rod. In these structures nearfield coupling leads to electromagnetically induced transparency (EIT) with successful
implementations in two- and three dimensions [245, 246]. The near-field coupling occurs
between bright and dark resonances, leading to the appearance of sharp peaks in the
transmission spectrum accompanied by a large group velocity dispersion. These characteristics have potential applications in sensing or information processing [247]. Nearfield measurements on plasmonic dolmens using scattering NSOM [248] and EELS/CL
[249] have revealed the hybridization between bright and dark modes giving rise to socalled bonding and antibonding resonances which arise from near-field coupling [250].
Nevertheless, in spite of the impressive spatial resolutions achieved by these techniques,
which probe structures at the deep subwavelength scale, they are restricted to measuring
only intensity distributions unless combined with interferometry [251].
As explained in Chapter 2, investigating dolmen structures at THz frequencies, instead of optical, we gain the ability to measure the electric fields induced in the vicinity
of the resonant structure in the time domain. The measurements presented in this work
using THz near-field microscopy thus allow to directly characterize in both amplitude
and phase the hybridization of modes giving rise to the far-field transparency window.
We first introduce the structure and sample preparation for our experiments including
a far-field spectroscopic characterization of the constituent parts of the dolmen. We then
present near-field spectral maps of the electric field distributions which give rise to the farfield spectral features. Finally we demonstrate the spatial dependence of the interaction
between bright and dark resonances.

6.2 Experimental results
The dolmen geometry consists of two resonators and can be summarized as follows: a resonant structure, here a horizontal gold rod oriented along the polarization of the incoming
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radiation, is placed in close proximity to a pair of orthogonally oriented rods which constitute the second resonator. The horizontal rod supports a bright dipolar-like resonance,
which couples to the incident field, while the vertical rod pair supports a quadrupolar resonance which does not couple to the incident plane wave radiation for symmetry reasons,
and is thus dark and spectrally narrow from the absence of radiative losses.
By bringing the two resonators forming the dolmen into close proximity, the bright
mode of the dipolar rod drives the dark mode through capacitive coupling across the gap
separating them. This coupling is enhanced by minimizing the gap, and subsequently
leads to the hybridization of modes in the structures, leading to a lower energy or bonding
mode, and a higher energy or antibonding mode. The energy shifts result from attractive
and repulsive interactions of charges across the gap, as shown in Fig. 6.1(a). In the spectral
region between the bonding and antibonding modes, interference leads to the suppression of scattering in the forward direction, giving rise to EIT. Other geometries have been
conceived by extension of this design principle, using various combinations of radiant and
subradiant modes to obtain sharp and dispersive spectral features [252–255].
The dolmen structures were fabricated following standard photolithography procedures. Substrates were first cleaned and their surfaces activated using oxygen plasma, after
which a layer of photoresist (MAN-1400, thickness 1µm) was deposited by spincoating.
The structures were imprinted onto the resist using a positive mask. The unexposed areas
of the photoresist were then removed using a developing solution (MAD-533S). Gold was
deposited onto the structured resist with a thickness of roughly 100 nm, with subsequent
lift-off in acetone. The top rod has a length of 150 µm and width of 40 µm, corresponding
to the lowest fundamental resonance of ∼ 0.5 THz along the long axis, while the vertical
rods have lengths of 140 µm and widths of 40 µm.
To characterize the resonances supported by the samples using far-field spectroscopy,
we prepared arrays of structures arranged in a quasi-random fashion, such that the extinction can be measured while avoiding interferences related to diffractive coupling. The
results shown here correspond to arrays with filling fractions ranging from ∼7-20%, corresponding to the total area covered by metal. The spectra are collected using a commercial
THz-TDS setup (Menlo Systems GmbH) using photo-conductive detection technique as
explained in Chapter 2. The far-field transmission measurements are shown in Fig. 6.1. In
panel (b), time domain measurements of the transmitted electric field reveal the presence
of a resonance supported by the top resonator for this polarization, and the effect of bringing the two resonators together: the THz transients for the substrate (grey) and vertical
rods (black) are very similar, showing no resonant behaviour, while the transient associated with the sample of horizontal rods exhibits an overdamped resonance and attenuated
trace corresponding to the excitation of its fundamental mode. For the dolmen sample
(blue), the transient exhibits an underdamped component arriving at delayed times corresponding to the sample becoming transmissive at certain frequencies as compared to
the horizontal rods by themselves.
By Fourier transformation of these transients and referencing to the transmission of
the bare substrate, we compute the intensity extinction spectra for these samples as shown
in Fig. 6.1(c). The sample of horizontal rods supports a strong and broad resonance centred at ν = 0.55 THz (red curve in Fig. 6.1(c)). This resonance corresponds to the funda-
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Figure 6.1: (a) Illustration of the formation of hybrid modes and excitation of a dark
quadrupolar resonance as a result of near-field coupling in a dolmen. E d , E q , E b ,
and E ab represent the energies of the dipolar, quadrupolar, bonding, and antibonding
resonances, respectively. (b) Time domain transients corresponding to the reference THz
pulse transmitted through the substrate (grey, dashed), the pulse transmitted through a
random array of dipolar rods (red, dotted), quadrupolar rod pairs (black, dotdashed), and
dolmens (blue, solid). (c) Extinction measurements corresponding to transients in panel
(a), where the filling fractions are 5%, 12% and 12% for the dipolar rods, quadrupolar
rods and dolmens, respectively. The frequency resolution is 15 GHz. Inset: dark-field
microscope image of dolmen at 20× magnification).

mental (dipole-like or λ/2) resonance along the length of the rod. For the vertical rod pair
we observe a featureless far-field spectrum since for this polarization the fundamental
resonance along the short axis occurs at higher frequencies. For the dolmen we observe a
splitting of the bright mode into two peaks (blue curve), corresponding to the aforementioned bonding and antibonding modes.
To support the assignment of these modes and ascertain the near-field distributions
giving rise to the transparency observed in Fig. 6.1(c), we probe an isolated dolmen in
the THz near-field microscope explained in Chapters 2 section 2.4 to measure the electric
fields surrounding the dolmen. For these measurements, we collect the local fields polarized out-of-the-plane of the sample (Ez ) using a tip (TD-800-Z-WT, Protemics GmbH)
with a spatial resolution on the order of 5 µm [150].
The results of these scans for a dolmen with a 1 µm gap separating the horizontal and
vertical rods are shown in Fig. 6.2, where we plot the real part of E z . Beginning with the
measurement for ν = 0.47 THz (Fig. 6.2(a)), the near-fields in the horizontal rod assume
a dipolar shape corresponding to the λ/2 resonance of the rod. Similarly, the two vertical
rods also exhibit dipolar field distributions, with opposite phases, leading to an overall
quadrupolar character for the dark mode. For this frequency of radiation the relative
phases of the electric field across the gap separating the resonators are opposite, giving
rise to the so-called bonding mode corresponding to the lower energy resonance observed
in the far-field. At 0.53 THz (Fig. 6.2(b)), the near-fields in the vicinity of the horizon86
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Figure 6.2: Measured real part of the out-of-plane component of the near-field,
corresponding to an excited dolmen with a gap of 1 µm separating bright and dark
resonators at selected frequencies. Each spectral map is normalized to its own maximum
value, with contours given at 5%. (a) and (c) correspond to the bonding and antibonding
modes, respectively, while (b) reveals the excitation of the dark mode with a quadrupolar
field profile.

tal rod vanish. These fields are enhanced entirely in the vicinity of the vertical rod pair,
consistently with the reduction of extinction observed in the far-field spectrum for those
frequencies. Finally, at 0.58 THz (Fig. 6.2(c)) we observe a change in the relative phase of
the horizontal resonator, corresponding to the antibonding mode where repulsive interactions between horizontal and vertical resonators.
The spectral location at which the near-fields corresponding to the bright resonance
are minimized (see Fig. 6.2(b)) is in very good agreement with the location of the transparency window in the far-field. The spectral locations of the bonding and anti-bonding
modes as shown in Fig. 6.2 are somewhat shifted relative to their maxima as observed
in Fig. 6.1(b), although not dramatically within the spectral resolution of the measurement. While a discrepancy between near- and far-field features in dolmen structures has
previously been predicted for plasmonic dolmens [129], there spectral shifts arise largely
to the material losses in the metal acting to damp the motion of charges induced by the
driving field. For THz frequencies this effect is minimized by the fact that gold behaves
approximately as a perfect electrical conductor, and the resonances are broadened by
radiative losses. Moreover, the absolute peak positions in the far-field results in Fig. 6.1b
may be shifted relative to their near-field equivalents due to interference between the
incident and scattered fields resulting from the high scattering efficiency of the sample
at the filling fractions employed [176].
The near-field maps for a gap of 1 µm, corresponding approximately to λ/600, demonstrate strong hybridization between the different resonances in the structure. Increasing
the gap allows to tune the strength of the near-field coupling. Through fabrication of dolmens possessing larger gap sizes, we show in Fig. 6.3 the gap dependence on the spectral
features discussed thus far. The extinction spectra highlight that for gaps on the order of
20 µm or larger, near-field coupling becomes negligible leading to unresolved bonding
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and antibonding modes and little induced transparency. For a gap of 20 µm the extinction
already resembles that of the dipolar-like resonance.

Figure 6.3: Extinction measurements on random arrays of dolmens (12% filling fraction)
as a function of gap size separating resonators, with traces shifted by 0.3 for clarity. For
reference, the extinction spectrum of the bright mode is shown in shaded grey.

By monitoring the frequencies of the hybrid modes in Fig. 6.4(a), we confirm that once
the structures are brought to within a distance of approximately 20 µm the effects of nearfield coupling become important, and that for larger gaps no hybridization takes place.
This distance over which the two coupled modes will interact strongly can be understood
from the spatial decay of the bright mode. In panel (b) we show the distribution of electric
near-field around an isolated rod at the dipolar-like resonance frequency, i.e., the bright
mode. By taking a line profile across the width of the rod as in panel (c), we recover the
decay of the electric field at the position where the vertical rods are placed in the dolmen
samples. We find that the field decays by approximately 80% relative to its maximum
value within a 20 µm distance from the edge in the lateral direction, consistently with the
onset of hybridization measured in the far-field spectra for those gap sizes. This distance
is perhaps an overestimate, due to the finite spatial resolution of the near-field tips, but
corroborates the spectral features and gap size dependence observed in the accompanying measurements. These results also provide an intuitive link between the measured gap
dependence in extinction and the properties of the constituent elements of the dolmen.

6.3 Conclusions
Using THz spectroscopy in the near- and far-field we have investigated electromagnetically induced transparencies at THz frequencies in a gold dolmen structure. Near-field
scanning microscopy was used to map out the field distributions of the modes which are
formed via near-field coupling within the dolmen structure, where the bonding and antibonding modes which arise due to hybridization of bright and dark modes was revealed
in both amplitude and phase. By varying the geometry of the structures, the coupling
strength between bright and dark modes was tuned with accompanying variation in hy88
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Figure 6.4: (a) Frequencies of bonding and antibonding modes as a function of gap
size. Error bars given by the frequency resolution in the measurement. Shaded grey area
indicates the resonance frequency of the bright mode. (b) Near-field map of an isolated
rod taken at the resonant frequency. Amplitudes are normalized to the maximum value,
and contours are given at 5%, with shape of rod given in grey overlay. (c) Line profile of the
near-field map, showing the decay of the field in the Y direction. The cross-section of rod
shown in grey, for illustration.

bridization and induced transparency. Moreover, near-field microscopy on the bright resonator revealed the minimum distance required for observation of effective coupling between bright and dark modes. These results highlight the underlying physics in this structure of two interacting resonators, resolving the coupling which gives rise to the transparency by measuring the near-field excitation of the dark mode at the frequency where
extinction is suppressed in the far field. This technique can be easily extended to probe
more complex metamaterial structures, or combined with near-field excitation to interrogate dark modes directly. Finally, by extension of this approach to materials for THz
plasmonics or photoactive THz materials we can explore the near-field dynamics and
couplings associated with carrier dynamics in semiconductor microstructures, to provide
input for the design of active devices for THz photonics applications.
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S UMMARY
The understanding of electromagnetic radiation and its interaction with matter, (Optics,
broadly speaking), have engaged the brightest minds from ancient times to these days.
Being one of the oldest fields of research, optics has evolved enormously over time. One of
the most dramatic evolution is that of understanding light-matter interactions in the subwavelength scales. This led to a revolution in optical instrumentation in terms of size and
efficiencies. The study of electromagnetic radiation, other than the visible spectrum, also
gained momentum at the same time. One spectral band of interest is the Terahertz (THz)
frequency window. The THz frequencies correspond frequencies of 0.1 to 10 THz, with
free space wavelengths of 0.3 to 3 mm, and with characteristic photon energies ranging
from 0.4 to 40 meV. It is only recently, that research at this part of the electromagnetic
spectrum has gained a huge momentum, although the interest due to unique properties
of these region were well known. Firstly, most materials have spectroscopic signatures at
this frequency range due to low energy rotational and vibrational modes of the constituent
molecules of matter. Due to relatively slow oscillations of the electromagnetic fields, compared to the optical counterpart, it is possible to measure the full THz electromagnetic
transient field in time domain with simple optomechanics. This allows a direct probe of
the complex dielectric constant of most materials at THz frequencies. Furthermore, THz
frequencies have low photon energies, thus it is non-ionizing. All these features make THz
a perfect candidate for contact-less spectroscopy. Secondly, THz frequencies offers the
possibility of quenching the bottleneck between optical and microwave communication
in terms of bandwidth. Intrinsically, its ability to penetrate most materials without significant effect, makes THz a better choice than microwaves for wireless communication;
added to that it also offers more bandwidth. So it is not surprising that THz is finding
relevance in many modern research directions as well as daily applications, such as, spectroscopy and material research, semiconductor science, bio-medical sciences, high-speed
communication engineering, astronomy, security and quality control. However, THz being a relatively new research direction, the instrumentation is not fully optimized for many
daily applications. A lot of scientific effort is being put into this pursuit presently.
In this thesis, we study the interactions of THz radiation with resonant subwavelength
structures. The motivation behind this study is two-fold. Firstly, the limitation faced by
conventional THz spectroscopy is the large diffraction limited spot size of the probe beam.
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This makes probing new energy-relevant materials such as, graphene, 2D semiconductors,
nanowires and perovskites impossible due to their sub-millimeter surface profiles. So
it is necessary to confine THz radiation beyond the diffraction limit for spectroscopic
purposes. Photonic structures have the ability to do this very efficiently. Secondly, arrays of such photonic structures can efficiently cause large changes to the THz radiation,
making them relevant for THz communication systems. However, for these devices to
work efficiently, we need to study, understand and optimize their interaction with the
THz radiation by studying the near-field distributions in the vicinity of these structures.
This is why we have developed a THz near-field micro-spectrometer which can measure
a broadband THz electric near-field in the time domain with a subwavelength spatial
resolution of 10 microns.
In the Introduction of this thesis, we have presented a broad historical overview of
optics followed by a general discussion on THz frequencies. We discussed the various generation and detection mechanisms of THz radiation along with the different measurement
techniques.
In Chapter 2, we have presented the basic concepts of the interaction of light with
matter in subwavelength scales. This study is based on the creation, manipulation and
detection of near-fields in the vicinity of subwavelength structures. In this chapter, we
have also presented the THz near-field micro-spectroscopy setup that was developed during the course of this thesis.
In Chapter 3, we have shown how such a device can be used to map the complete
transient electric near-field vector using time-domain spectroscopy near a resonant subwavelength resonator. For the sake of simplicity we used the simplest geometry of a resonant rod. We have also provided a complete description of the three dimensional distribution of the electric fields around the resonator on resonance.
In Chapter 4, we have shown how conventional far-field spectral signatures can lead to
misleading results and established the necessity for near-field spectral characterization of
resonant structures. As these results have implications in the field of sub-wavelength spectroscopy using resonant structures at THz frequencies, for this study we chose a structure
that is commonly used in spectroscopy of sub-wavelength objects, i.e., bowtie resonators.
In Chapter 5, we have studied the coupling of THz fields in photonic metasurfaces
to create changes in the far-field spectrum. The technique used for this study is that of
diffractive coupling between resonant structures (frequency detuned gold rods) in a lattice
by Rayleigh anomalies (diffraction orders in the plane of the lattice). Far-field coupling
of THz fields with the structures results into near perfect transparency at particular frequencies with highly reduced group velocities. This study has implications in the field of
photonic devices for THz communication.
Lastly, in Chapter 6, we have shown another mechanism of coupling in which the local
fields of individual photonic structures (bright and dark modes) couple to each other in
the near-field and show similar effects as in Chapter 5. The far-field effect in this case is
shown to depend on the overlap between the near-fields of the photonic structures, as
expected.
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Thus, this thesis aims to provide a holistic picture of how THz radiation interacts
with resonant photonic structures in the near-field for a better understanding of THz
photonics.

Arkabrata Bhattacharya
Eindhoven, The Netherlands
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