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C HAPTER 1
I NTRODUCTION
This chapter contains a brief overview of the physics described in this thesis as
well as giving a historical perspective. Even though the work is focused purely
on the terahertz (THz) frequency range, most results and conclusions are general
and can be applied across the electromagnetic (EM) spectrum. This property
of electromagnetic waves makes the terahertz range and ideal breeding ground
for novel ideas and detailed investigations that might be impossible or very
impractical anywhere else in the electromagnetic spectrum.

1

1 Introduction

1.1 History
Mankind has always relied on light for its survival, both infrared radiation to keep us
warm in the winter as well as visible light with which we observe the world around us,
spotting opportunities and threats as one of our primary senses. The scientific description of light started with the earliest philosophers (5th century BC), which did not have
the sophisticated equipment that we have today, and had to rely on their naked eye for
observations. But amazingly, based on their observations alone, they started to ponder
about the fundamentals of light and vision. These accounts where recorded in ideology
and where still quite crude. Many explanations have obvious flaws that can be easily
exposed by logical reasoning; such as Emphedocles’ belief that we see objects because
light streams out of our eyes and touches them. Even though this explanation is obviously
wrong, it contributed to the basic understanding and is considered an important theory
of light and vision. In the 3rd century BC, Euclid, a Greek mathematician is fascinated by
geometry and tries to capture as much of his observations in mathematical description.
In the process he describes vision of objects as follows; "things seen under a greater angle
appear greater, and those under a lesser angle less, while those under equal angles appear
equal". He unfortunately did not consider reflections, and this concept would need another 300 years for the great inventor Hero of Alexandria (1st century AD) to formulate the
‘principle of the shortest path’ the fundament of ray optics. Shortly after, in the beginning
of the second century AD, Ptolemy would take Hero’s observations and extend them with
the first description of light bending at an interface, creating the first table of refraction
between air, water and glass. He proposed that the angles of incidence and refraction are
proportional to some constant, but was unable to formulate an equation capturing this
behavior. It would take till the end of the first millennium until a first law of refraction
was to be formulated by Ibn Sahl, who used it to calculate the shapes of lenses and curved
mirrors [1, 2]. Even though he might have been the first, 500 years later beginning the
‘enlightenment’ both Descartes and Snell would still take the honors, and are credited with
what is now called Snell’s Law [3],
sin (θ2 ) n 1 v 2
=
= ,
sin (θ1 ) n 2 v 1

(1.1)

where θ1 and θ2 describe the incoming and outgoing angles of an interface, and n 1,2 the
refractive indices of the mediums involved. Pierre de Fermat independently came to a
similar conclusion. He realized that this was equivalent to describing the different speeds
at which light traveled through a material based on the principle of the shortest path,
which was introduced by Hero of Alexandria. The assumption that light actually slows
down in matter (v 1,2 ), being proportional to the indices of refraction, ignited a new era
of wave theory for light with contemporary pioneer Huygens. A frantic pursuit followed
to determine the speed of light, while at the same time the wave character of light was
investigated. After careful observations Grimaldi concluded that light does not always has
to move in a straight line, but that it can break up into pieces or fragment, and called it
diffraction. This work later led to the famous double slit experiment by Young in 1802,
confirming the wave character of light [4]. A couple years later Foucault was able to pin
2
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down the speed of light to be 298 000 km/s, within 1 % from the value we know today [5].
Even after these groundbreaking discoveries, an universal description of light was not
formulated until 1865, when Maxwell postulated that light is an electromagnetic phenomena [6]. He had build upon previous works by Gaus, Ørsted, Ampère and Faraday to arrive
at a set of 20 equations that described the divergence and rotation of electric and magnetic
fields. Heaviside would reduce this down to just 4 by applying the now widely used vector
notation; [7]
1
ρ,
ε0
∂B
∇×E = − ,
∂t
∇ · B = 0,

(1.2)

∇·E =

∇ × B = µ0 J + µ0 ε0

(1.3)
(1.4)
∂E
.
∂t

(1.5)

Which can be reduced even further to the famous differential forms for the wave-equation
in vacuum:
1 ∂2 E
,
c 2 ∂t 2
1 ∂2 B
∇2 B = 2 2 ,
c ∂t
∇2 E =

(1.6)
(1.7)

p
with the speed of light as c = 1/µ0 ε0 . The beauty of these theoretical results was not lost
on the scientific world. Soon after, intrigued Hertz figured these equations should be experimentally verified. He managed to achieve this in the form of the wireless transmission
of a spark over a distance of 4 meters in 1887, using a crude dipole antenna and a capacitor [8]. This spark ignited a whole new field of experimental research of electromagnetism
and electrodynamics. From this time onward the applications of these, at first glance,
simple equations are continuing to expand the capabilities of mankind in the modern
world. Giving us a glance at the early universe in the form of radio telescopes, connecting
people across the globe with wireless communication using millimeter-, micro- and radiowaves and imaging the human body with X-rays. These applications, among many other,
rely on the manipulation of these electromagnetic waves through interactions as well as
clever antenna design. These antennas and/or interactions can be engineered with specific applications in mind, where the fundamental design rules are general and thus span
the entire electromagnetic spectrum.
At its basis, an antenna facilitates the generation and detection of electromagnetic
waves by distributing/constraining charges to specific regions in space. Disturbance
of these charges by for example a sudden change in voltage will result in a harmonic
oscillating dipole, as was discovered in Hertz’s early experiments. These oscillations will
be damped by both Ohmic losses, induced by the resistance of the conductive material,
3
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as well as due to the generation of electromagnetic radiation. How well an antenna emits
can be quantified by the amount of electromagnetic field that leaves the vicinity of the
antenna and freely propagates though free-space. These waves are called far-field waves
as they will continue to propagate even if the antenna would be suddenly turned off. In
contrast, close to the dipole in the near-field zone, the electromagnetic field can be large
as well, but these fields will not contribute to the radiation losses as they return their
energy back to their source, given that they do not interact with another object.

1.2 Terahertz radiation
The visible part of the electromagnetic spectrum has been a natural starting point for
science and has been researched intensively, as humans have always relied on their eyes
for observations [9]. However, the realization that the electromagnetic spectrum actually
extends upwards and downwards in wavelength beyond our vision, was a shocking one.
After Hertz’s experiment, it was clear that electromagnetic waves with long-wavelengths
(λ = 10 − 10 000 cm) could be relatively easily created using electronic components. Marconi followed up on these promises and was the first to send radio-waves across the Atlantic ocean in 1896. This achievement was later debated to be made possible by inventions that Nikola Tesla did prior but never capitalized upon. Nevertheless, the ability to
send information over these vast distances ended up transforming the world. Military
applications in the first- and second world wars accelerated this area of research towards
a high level of maturity. For example, great advances where made in the infrared part of
the spectrum (λ = 30 µm − 700 nm) again with military application, such as night vision
and heat tracking.
Slowly but surely, the whole electromagnetic spectrum was being investigated in search
for new exciting applications. One gap still remained unexplored; the Terahertz (THz) frequency domain (ν = ω/2π = 100 GHz − 10 THz) sandwiched between the worlds of electrical engineers with high frequency radio waves on one side, and the world of deep infrared
photonics on the other has long been inaccessible. With wavelengths between 3 mm and
30 µm, the THz ‘gap’ (see Fig. 1.1) was long left untouched as no convenient and/or affordable systems where available. However, within the past 25 years and thanks to advances in
ultra-fast laser technology, many new terahertz techniques have been developed, in part
motivated by the range of possible applications in THz imaging, sensing, communication
and spectroscopy [10, 11].

Figure 1.1: The electromagnetic spectrum with the THz frequency range highlighted.

4
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THz radiation in contrast to visible radiation carries very little energy (0.4 meV-40 meV)
per photon, making it a powerful non-ionizing tool for probing a broad range of materials.
Organic and inorganic structures can have vibrational, rotational and orientational modes
that have energies in the THz range. The frequency and strength of these modes act as
fingerprints as these are highly specific and linked to the microscopic structure of the
material. Apart from these fingerprints, materials are generally transparent, making THz
suitable for non-destructive optical identification of chemicals and compounds. Some
examples of the first industrial implementations range from quality control in paint applications to non-destructive testing of pharmaceutical tablets [10, 11].
Thanks to aforementioned advances in ultra-fast lasers, measuring the full transient of
a THz pulse has become convention in THz spectroscopy and allows the determination of
both amplitude and phase as a function of frequency, which in turn allows the determination of the complex permittivity (²̃(ω)) of the material under investigation. This capability
has had tremendous success on conventional semiconductors and has become a go-to
technique for novel materials such as graphene, perovskites and 2D semiconductors [12–
14]. The key here is that the electric field of the THz wave interacts with charges in the
material. In this thesis, we focus on the interaction of THz waves with free charge carriers. These charges can be electrons and/or holes intrinsically present in the material
(for example in metals or doped semiconductors), or can be temporarily introduced by
photo-excitation or electrical biasing.

1.3 The Drude model
The optical properties of any metal is largely determined by how freely charge carriers can
move through it. This seemingly simple statement was proposed by Drude in 1900 [15]
and works surprisingly well for many materials across the electromagnetic spectrum. It is
based on the assumption that the movement of charge carriers can be approximated as
that of free particles in a gas. In between random collisions these particles will interact
with an externally applied field E leading to a drift, which essentially defines a drift current J. These two are related through the complex conductivity as J = σ̃E, which Drude
approximated as [16]
σ̃(ω) =

neµe
.
1 − i ωτ

(1.8)

Where n is the carrier density, e electron charge, µe the electron mobility, ω the angular
frequency and τ is the momentum relaxation time. The relaxation time can be rewritten
as τ = m e µe /e, and depends on the effective mass m e of the electrons. If disturbed by an
electromagnetic pulse, the electrons will oscillate in response to the applied electromagnetic field. The motion will be damped due to electron-electron, electron-phonon and
defect scattering at a rate inverse to τ. The complex dielectric function of the material due
to free electrons can be retrieved by calculating the induced polarization due to the charge
displacement when a harmonic electric field is applied. This complex dielectric function

5
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is given by [16]
²̃ = ²∞ +
with σ̃(ω) expressed as
σ̃(ω) =

i σ̃(ω)
,
²0 ω

ω2p τ²0
1 − i ωτ

,

(1.9)

(1.10)

and ωp the plasma frequency given by
s
ωp =

ne 2
.
²0 m e

(1.11)

At the plasma frequency the dielectric function changes sign and the real part of the dielectric function has a minimum. Throughout this thesis nobel metals such as gold will
be used, where the plasma frequency is sufficiently far above the frequency range of interest and the metal permittivity can be accurately described by the Drude model. For
gold at THz frequencies, the imaginary component of the complex dielectric response
will dominate, pointing towards a large conductivity and absorption. However, this large
conductivity is also responsible for a large impedance difference between the metal and
the surrounding medium, which gives rise to a very small skin-depth of the field in the
metal and a concomitant low absorption. The penetration depth of the field or skin depth
of the metal is given by
δ(ω) =

1
c
≈p
.
α/2
2πσ0 ω

(1.12)

Radiation will not actually enter the gold, as from equation 1.12 follows a penetration
depth δ of just λ/6000 at 0.5 THz [17].

1.4 Scattering
As light travels through an inhomogenious medium it will be scattered. Depending on
the scattering efficiency the medium can turn from transparent to opaque. A narrow
distribution of shapes and sizes of scatterers in the medium can lead to some amazing
wavelength dependent behavior. An early historical example in the optical domain is
found in the ‘Lycurgus cup’, a 4th century glass cup made of dichroic glass. This cup, if
viewed in reflected light will appear green in color, whereas when viewed in transmitted
light the glass will appear red. Completely oblivious to the Roman glass-makers at that
time, we now know that this is caused by tiny gold and silver impurities of roughly 70 nm
that scatter the blue end of the spectrum more efficiently than the red, while not inhibiting
transmission altogether. In the case of the Lycurgus cup, the free electron cloud in the
particles is driven by the light field into a surface charge density oscillation known as a
localized surface plasmon, which is a type of localized resonance (LR). The size distribution of the particles causes a higher absorption/scattering efficiency at the blue end of the
spectrum, which explains why the Lycurgus cup appears red. The presence of localized
6
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surface plasmons is most evident in metals at optical frequencies. They can occur in
semiconductors at lower frequencies as well, and abide the same general rules.
The scattering properties of particles with a high degree of symmetry, such as spheres
or cylinders, can be calculated analytically as it is described by Mie theory [18]. When
the scatterer is much smaller than the wavelength of the electromagnetic wave, it is possible to neglect the spatial variation of the field in the particle. This is what is known as
the quasi-static limit, and the scatterer can be approximated as a radiating dipole with a
polarizability α. This polarizability for a sphere with volume V can be expressed as [7]
αspher e = 3V

²p − ²m
²p + 2²m

.

(1.13)

where ²p and ²m are the complex dielectric permittivity of the particle and the surrounding
medium respectively. The polarizability diverges when the denominator approaches 0,
leading to a plasmonic resonance and enhanced fields close to the particle (²p (ω) = −2²m ).
However, the particles considered in this thesis are all elongated along one direction. The
polarizability of a small ellipsoidal particle in the quasi-static limit can be expresses as [19]
αel l i psoi d = V

² p − ²m
¡
¢
.
3²m + ²p − ²s · S p

(1.14)

Here S p is the shape factor related to the dimension of the particle, so for S p = 1/3 we
retrieve the original spherical particle. The denominator gives us a linear scaling on the
position of the resonance with the length of our ellipsoidal particle, but this does not give
the physical reason why this is the case. However, a parallel can be drawn between the
driven motion of the electrons in the particle with a mass-spring system to achieve a more
intuitive understanding.
The harmonic motion of electrons along an elongated particle can be approximated
as that of a Lorentzian oscillator. Considering that the electrons are pulled out of equilibrium by the electromagnetic field and the Coulomb restoring force will bring them
in equilibrium
according to Hooke’s law, this will generate a resonance with frequency
p
ωr es = D/m. With D the spring constant of the restoring force and m the total effective
mass of the electron cloud [20]. For simplicity we assume that the particle can be modeled
as a cylinder with length d and cross section A, where the electrons are displaced by a
distance ∆x, as shown in Fig. 1.2. This displacement generates equal size but opposite
charges q, on both ends of the particle, which magnitude further depends on the carrier
density n as q = ne A∆x. The Coulomb force on these charges, driving them back to
equilibrium, defines the spring constant
F (∆x) = −

ne 2 A 2
∆x = −D∆x.
2π²0 d

(1.15)

Together with a total mass of the electron system given by: m = n ADm e , with m e the
electron mass, the resonance frequency can be defined as
s
ne 2 1
ωr es =
,
(1.16)
8²0 m ∗ R
7
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Figure 1.2: (a) Lorentzian harmonic oscillator model modeled by the displaced electrons
in a conductive rod under the influence of an external field. (b) Mass-spring system that
is analogous to (a).

where R represents the shape factor, or in this case, the ratio of the length of the cylinder
to its diameter. So by changing the ratio d /r the resonant frequency ωr es can shifted.
The schematically represented resonance is the fundamental or dipolar-like λ/2 mode.
Higher order resonances can be bright, having a radiative character or (non-zero) net
dipole moment when the length of the particle is approximately equal to mλ/2 with
m=1,3,5,...(odd), or can be non-radiative or dark when the length is approximately equal
to m=2,4,6,...(even).
The induced polarization vector is proportional to the applied electric fields with a proportionality constant that defines the polarizability of the particle. This polarizability
can be retrieved for the equation of motion of the driven electrical charges and can be
approximated to
q2
E0
P0 = ∗ 2
= αE 0 ,
(1.17)
m ω0 − ω − i γ
where γ is the damping rate of the oscillator. This polarizability is a complex quantity
with real and imaginary components shown in Fig. 1.3(a). The real component changes
sign when transitioning through the resonance frequency, which denotes that the particle
changes polarization from inphase to out of phase with the applied electric field, while the
imaginary component denotes the losses generated by this resonance. The in- and out of
phase behavior can be leveraged to a greater effect when particles are coupled together,
and will be highlighted in chapters 3, 4, 5 and 6.
While eq. 1.17 explains the resonant behavior, the actual polarizability of the particle is
more complicated than a simple Lorentzian. Therefore, particles are better of described
by their extinction and scattering cross sections, which is the amount of shadow they cast
with respect to their geometric cross-section. Both of these quantities can be calculated
by numerically solving Maxwell’s equations around a particle that is irradiated by a source
of known strength. Figure 1.3 shows the scattering efficiency, defined as the scattering
cross section normalized by the geometrical cross section of a flat (100 nm) golden bar
with dimensions 200 µm × 40 µm. The scattering cross-section is roughly 17 times larger
than the geometrical cross section at the resonance frequency of 0.4 THz. The scattering
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Figure 1.3: (a) Real (blue curve) and Imaginary (red curve) components of the
polarizability of a Lorentz oscillator. (b) Simulated using full-wave electromagnetic
simulations (Finite Differences in Time Domain, FDTD) scattering efficiency (blue curve)
of a 200 µm × 400 µm gold bar which displays its fundamental mode at 0.4 THz (red curve)
extinction of the same rod arranged in an infinite 300 µm × 300 µm lattice simulated by
introducing periodic boundary conditions in simulation.

properties of a single particle can already be a fascinating topic in of itself, however greater
effects can be achieved by coupling many of these particles in a lattice, as is discussed next.

1.5 Diffraction and Rayleigh anomalies
Ensembles of elongated particles or rods will be utilized widely in this thesis, exploring
different orientations and ordering that influence their interactions. The investigation
of arrays started in 1902, when Wood observed a sudden drop of reflected intensity on
periodic gratings under certain angles of illumination [21]. Uncertain about the exact
origin, Wood would called these anomalies, which would draw the attention of contemporary Lord Rayleigh [22]. Rayleigh predicted with success that these anomalies occur at
wavelengths at which diffracted waves will propagate parallel to the surface [23]. They
thus define the condition at which diffracted orders become evanescent. His theory is
based on conservation of momentum of the scattered wave, which in the case of a lattice
or diffraction grating is given by
~
~
k out ,|| = ~
k i n,|| + G,

(1.18)

where ~
k i n,|| and ~
k out ,|| are the in-plane components of the incident and diffracted wave
~ the lattice momentum or reciprocal lattice vector. For a lattice
vectors respectively, and G
constant (a 1 , a 2 ), and (m 1 , m 2 ) defining¡ the diffracted orders in
¢ the x and y-directions, the
~ = 2π (m 1 /a 1 )x̂ + (m 2 /a 2 ) ŷ . We are particularly interlattice momentum is given by G
ested in square arrays where the light is incident under normal incidence; as such a 1 =
a 2 = a and equations 1.18 can be written as
µ
¶
¢
2πc 2 ¡ 2
2
sin θd =
m 1 + m 22 .
(1.19)
ω0 na
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Figure 1.4: Schematic representation of multiple unit cells of a periodic square lattice of
gold rods with a lattice constant (a 1 = a 2 ). The lattice supports diffractive coupling in the
plane of the array leading to the formation of a surface lattice resonance, where the LRs in
the individual particles oscillate collectively.

The wavelength at which the Rayleigh anomaly (RA) correspond to θd = 90°
q
2πc m 12 + m 22
ωR A =
.
na

(1.20)

By constructing an array of rods or particles with a lattice spacing tuned such that a RA
is resonant to the particle LR, a hybrid state can be formed. Close to the RA frequency
the particles will experience an enhanced in-plane radiative coupling forming a collective
resonance known as a surface lattice resonance (SLR). This mechanism is graphically depicted in Fig. 1.4, and an extinction spectrum of this SLR can be found in Fig. 1.3(b). As
can be observed, the resonance becomes sharper and stronger as a result of the in-plane
coupling, which is why SLRs play a central role in this thesis.
Such an array can be considered an artificial or metamaterial, as its frequency response
can be completely designed to the applications needs, going beyond what is possible with
naturally occurring materials. This flexibility has made these structures popular in several
fields of study, both in physics as well as electrical engineering, where a lot of pioneering
was conducted. Early applications where found in advanced radar capabilities during the
second world-war. With military applications such as radar beam steering, shaping as
well as stealth [24, 25]. By engineering flat conductive structures with particles or holes
total absorption or transmission can be achieved at a single wavelength, and therefore
sometimes also referred to as Frequency Selective Surfaces or FSS [26–28].
To visualize the electric fields around the structures, similar to the schematic representation of Fig. 1.4, we cannot simply resort to a conventional transmission type imaging
system. As the particles are sub-wavelength and the spatial resolution ∆L is limited to the
Rayleigh imaging criterion given by [29]
∆L = 0.61
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2πc
.
ω0 n sin(θ)

(1.21)

1.6 Near-field imaging

With n the refractive index of the medium, θ half of the opening angle of the focused light
beam, and n sin(θ) the numerical aperture (NA) of the focusing element. For a typical THz
imaging setup, with f = 0.1 m, D = 0.05 m, at 0.5 THz, this gives ∆L =1500 µm. Tighter
focusing is possible with higher NA optics, but will never lead to the desired resolution
needed for the investigation of resonators at length scales of 200 µm or less. Even-though
these resonators can substantially affect the light field in their immediate vicinity, imaging
them if they are about half a wavelength or smaller is challenging. So a different approach
is warranted in the form of near-field imaging, in which the detection takes place close to
the investigated structure as will be discussed in the next section.

1.6 Near-field imaging
To perform imaging and spectroscopy on sub-wavelength length scales has mayor scientific and industrial benefits in a variety of domains [10]. Applications range from noninvasive characterization of devices, where the spatial distribution of charge carries can be
imaged, to spectroscopy on tiny samples and electromagnetic field mapping in the vicinity
of sub-wavelength sized metal structures, such as resonators both isolated and embedded
in arrays forming metamaterials [11].
A near-field technique allows to detect the evanescent field and, in this way, breaks
the diffraction limit. There are different approaches that have been explored in the past
century, but the origin lies within a note written by Synge asking advise from Einstein [30].
Synge proposed the radical idea to use a gold particle as a local probe near a sample of
interest. An image could then be reconstructed by raster scanning this particle across the
sample and in this way resolving it with sub-diffraction resolution. In Einsteins response
he mentioned this approach would be ‘highly unpractical’ but theoretically possible, and
was published a result of their discussion. Later it was successfully pioneered across wave
physics, in acoustic- [31], radio- [32], micro-waves [33].
The adoption in the THz domain began with the use of sub-wavelength sized apertures. This approach is the most logical starting point and involves reducing the size of
the source, the detector, or both, essentially squeezing the light through a small pinhole.
Kielmann, a pioneer in the THz near-field community started out with a resolution of
λ/2, based on conically tapered waveguides to squeeze the THz source [34]. However,
a mayor disadvantage of this technique is that the power transmitted progressively drops
with the radius of the aperture r as 1/r 6 . Further development by Mitrofanov and others
has ultimately resulted in resolutions of < 10 µm [35]. Part of this achievement is possible
due to the large signal to noise ratio that THz spectroscopy permits, and the fact that the
electric field E can be measured directly instead of the intensity E 2 reducing the 1/r 6 to
1/r 3 .
Even greater resolution can be achieved by near-field scanning optical microscope
(NSOM), these near-field microscopes rely on the near-field enhancement around a
sharp metal tip to locally sample or scatter THz from the near-field region to the far-field.
Information about the position-dependent dielectric properties can be measured by
collecting the scattered light while moving the tip over the sample. The pioneering work
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Figure 1.5: Both images display a sample, illuminated with a THz pulse and probed using
different methods. (a) Shows near-field detection by a small photoconductive antenna.
(b) Shows near-field detection by focusing a probe pulse in an electro-optic crystal.

started in the visible- and infrared wavelengths, later reaching the THz domain [36, 37].
The spatial resolution is largely determined by the shape and size of the apex, and is still
going down as nano-engineering approaches the atomic scale. The recent cross-overs
of atomic force microscopy (AFM) and scanning tunneling microscopy (STM) imaging
techniques into the THz domain has energized the field with renewed interest [38, 39].
These techniques have incredible resolution and are therefore most appropriate for
nano-scale applications.
The preferred technique in this thesis is based on a quasi-apetureless detection of THz
waves, where as the name suggests no pinhole is presented to locally enhance the field.
The desired resolution and near-field detection is achieved by simply shrinking the detector area in combination with bringing the detector close the the sample. The detection
of THz waves in general occurs through the recombination of an optical beam and a THz
transient in a electro-optic (EO) crystal or photo-conductive antenna (PCA), for more details see chapter 2. Both the EO and PCA techniques can have a similar resolution to that
of apeture based detection, so down to < 10 µm. By shrinking either the probing beam
that interacts with the EO crystal (see Fig. 1.5) or the PCA gap between the electrodes to
the micron scale, one can guarantee a sub-wavelength spatial resolution. This technique
has some inherent benefits over the appeture based ones; first the absence of the appeture
will result in less distortion to the near-field and thus can be considered non-invasive [40].
Second, the use of different shaped antennas for the PCA or different crystallographic
directions for the EO allows for the separate detection of all three vector components of
the electric field. The different configurations that are used in this thesis can be found in
chapter 2 [40].
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1.7 Near-field emission
Most conventional near-field techniques rely on either near-field detection or -generation.
But what happens if both the detection and emission take place in the near-field? The PCA
used in this case is preferably much smaller than the wavelength it emits [41], and can thus
be approximated as a point or Hertzian dipole. A dipole can be modeled as a small charge
displacement d s(t ) oscillating in time and expressed using the retarded time t r = t − c/r ,
which causes a time dependent dipole moment, equal to p(t ) = q · d s(t ) · ẑ. Using the
retarded potential formulation, the electric field is calculated with [42].
µ
¶
¸
·
¢
¤
¢
1
1 d ¡ £
1 d2 ¡
1
r̂ × p(t r ) × r̂ + 3 + 2
3r̂ r̂ · p(t r ) − p(t r ) .
E=
4π²0 c 2 r d t 2
r
c r dt

(1.22)

This equation indicates that the field drops as a function of distance from the source r at
two different rates r13 and r1 . Each of these components will dominate when observing
close to or far away from the source. These two components are exactly what is being
referred to if the terms ‘near-field’ and ‘far-field’ are used. Using equation 1.22, a ‘movie’
of a perfect Hertzian dipole can be calculated in 3D-space [20], which are displayed on the
cover of this thesis. We can calculate a couple of snapshots of the dipole field emitted by a
THz source pointing out of the page (z-direction) recorded in the plane (x-y) Fig. 1.6(a) as
well as recorded along a plane that points along the source (y-z) Fig. 1.6(c). This situation
is then replicated in experiment using a pair of near-field PCAs. The detector and emitter
are both aligned such that they are sensitive to the electric field out of the page Ez . The
planes perpendicular (x-y) and parallel (y-z) are raster scanned and the time traces that
are recorded are shown in figures 1.6(b),(d).

Figure 1.6: Comparisons between calculated (a),(c) and measured (b),(d) electric fields
propagating from a z-oriented dipole source on ultra short timescales, recorded on planes
perpendicular and parallel to the source.
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The measurements bear close resemblance to the theoretical calculations. The ability
to place a dipole wherever we want whilst also detecting at an arbitrary location in space,
time and polarization gifts an unprecedented flexibility that will challenge future experiments to leverage the full capabilities of this system.

1.8 Outline of this thesis
This thesis discusses the resonant behavior of sub-wavelength gold microsctructures, both
on their own as well as assembled in periodic arrays. The chapter that you are reading
right now contains an historical background dating back to early philosophy of human
interaction (and its fascination with light). You can also find scientific context for some of
the key concepts that will be used/discussed throughout the thesis. Experimental setups
and methods play an central role in this thesis and claim the spotlight in chapter 2. Here
the experimental details that make the measurements possible, as well as the concepts
that have been developed in the lab over the coarse of this thesis are highlighted. Chapter
3 shows the investigation of a canonical example in the field of metasurfaces and metaatoms which is the dolmen structure. Here, we will visualize the hybridization of the nonradiative dark mode with the bright dipolar-like mode by using near-field THz microscopy
to selectively interrogate the constituent resonators in the dolmen. The hybridization
yields a transparency window in which light will interact strongly with the structure (is at
resonance) but almost all of it eventually couples out. In Chapter 4 we investigate the formation and controlled suppression of DET (diffraction enhanced transparency) in arrays
of detuned resonators. The diffractive coupling of two detunded SLRs leads to a collective
response that, similar to the dolmens of chapter 3, generates a transparency window.
Tunability of the transparency window is achieved by adding a graphene layer on top and
controlling the Fermi level via molecular adsorption. The formation of the transparency
window is investigated in chapter 5, where we take a closer look at the situation in which
the detuning between the two SLRs is lifted. A symmetry-protected bound state in the
continuum or BIC emerges when the rods are identical and a theoretically infinitely sharp
mode is created. Remarkably, such BIC condition will be shown to be independent of both
the relative position between dipoles/rods inside the unit cells and the lattice constants
(provided that no other diffractive orders come into play). Whilst no radiation will escape
from a BIC it also means that none will couple to it. Chapter 6 circumvents the coupling
issue by exciting the BIC mode directly in the near-field, the symmetry protection can be
lifted and allow the symmetry protected BIC to be imaged. The near-field mapping of the
BICs, associated to the subradiant mode, allows to unveil the field-symmetry protection
that suppresses far-field radiation. Chapter 7 will show the value of THz time-domain
spectroscopy for material characterization by using the spectroscopic capabilities of the
THz near-field microscope to non-invasively asses the conductive properties of a silver
nanowire network. Chapter 8 shows a novel experimental setup of combining optical
photo-excitation with THz near-field microscopy to assess the response and dynamics of
photo-excited semiconductors with sub-diffraction spatial resolution.
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C HAPTER 2
E XPERIMENTAL SETUPS AND
METHODS

Terahertz time domain spectroscopy (THz-TDS) is a powerful technique to
investigate and analyze optical- and electronic properties of materials. In this
chapter, the techniques applied in the rest of the thesis will be described. THzTDS is, as the name suggests, a technique where the electric field of an ultra-fast
terahertz pulse is retrieved as a function of time. Four variations of this technique
will be introduced and explained. Even though these setups are different and
have their own specific strengths and weaknesses, the underlying principle of
their operation is still the same. All setups rely on a highly stable near-infrared
laser that generates ultra-short pulses of light (<100 fs). The beam exiting the laser
is split into multiple beams that are subsequently used for time-synchronized
generation, detection and photo-excitation of carriers.
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2.1 THz time domain spectroscopy
A typical layout of a THz time domain spectroscopy (THz-TDS) system is shown in Fig.2.2.
This setup makes use of synchonized femtosecond laser pulses to generate and detect THz
pulses based on photoconductive antennas (PCA). These PCAs are versatile components
as they can be used as both detectors as well as emitters. To generate THz radiation a
bias is applied across the electrodes of the PCA, depicted in Fig. 2.1(a). The semiconductor material between the electrodes prevents the flow of current across them until it is
illuminated by a light pulse with enough energy to create free carriers by band-to-band
excitation. These carriers are accelerated by the bias and subsequently are captured in
deliberate defect rich semiconductor material (usually low temperature GaAs, InGaAs or
InAlAs). The acceleration and capture of these carriers is what generates a single cycle THz
pulse that will be used in experiments.

Figure 2.1: A schematic representation of a PCA used as a THz emitter (a) and a THz
detector (b). Emission is produced by applying a DC electric field between two electrodes
on a piece of defect-rich semiconductor material. Detection is done by measuring the
current induced by the electric field bias.

Detection can be achieved by also using a PCA. However, in this case the THz field is
used to bias (generate a potential between) the electrodes, see Fig. 2.1(b). The amount of
current that flows as a result of photoexcitation of the PCA with a light pulse is proportional
to the THz electric field strength. This current will only flow in a small time window of
approximately 100 fs during photoexcitation and thus will only sample part of the THz
transient. By changing the arrival time of the photoexcitation pulse relative to the THz
pulse a full THz transient can be recorded, see Fig. 2.3(a). These transients can be Fourier
transformed to have intensity and phase information as a function of frequency instead,
see Fig. 2.3(b).

Technicals
The far-field THz-TDS system using for the experiments described in this thesis is driven
by a Erbium doped fiber (TeraK15 made by Menlo systems) laser operating at 1560 nm,
which produces a train of 100 fs long pulses at a repetition rate of 100 MHz with an average
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power of 500 mW. Approximately 20 mW of this optical power is sent to an InGaAs/InAlAs
PCA generating a train of THz pulses at the same repetition rate. The generated spectrum is centered at 1 THz with a bandwidth of approximately 3 THz. The THz beam is
collimated and focused at a sample area after which it is again collected and focused into
an InGaAs/InAlAs detector in a 4-f configuration. Detection of the current is done by an
internal ADC, while noise reduction is realized by averaging multiple measurements. A
transient signal and accompanied intensity spectrum, recorded on this setup are shown
in Fig. 2.3.

Figure 2.2: 3D impression of a 4-f far-field THz-TDS setup. The polarization fibers guide
the light from the femtosecond laser (fiber oscillator) to the emitter and detector (left and
right respectively). The optical delay stage necessary for the time delay that is required to
achieve TDS operation is situated inside the oscillator housing before being fiber coupled
to the detector.

2.2 THz near-field microscopy
Many measurements in this thesis have been acquired with a THz near-field microscope,
see Fig. 2.4. This setup contains many elements of the THz-TDS setup discussed above,
with one main difference in that the near-field PCA has replaced the far-field PCA responsible for detecting the THz pulse (an enlarged version is shown as inset of Fig. 2.4). The
operating principle of this near-field PCA or THz-NF probe is the same as conventional
PCAs, but its active area has been shrunk down to 3 µm. With this reduction in size the
resolution that can be achieved increases as it scales with the size of the photo conductive
gap [43]. The resolution achieved with these probes is better than what is achievable with
conventional optics, which is ∼ λ/2 and limited by diffraction, where λ is the wavelength.
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Figure 2.3: (a) THz transient, or electric field as a function of time as produced by the setup
shown in Fig. 2.2, and (b) Fourier transform of (a) resulting in the intensity spectrum as a
function of frequency.

With a resolution of 10 µm compared to wavelengths between 1000 µm and 100 µm, we
can comfortably operate below this diffraction limit. The spatial resolution, combined
with the time resolution inherent to THz-TDS, makes the THz near-field microscope a
formidable tool to examine both resonant and non-resonant (meta)materials, and will be
used in this configuration in chapters 3, 4 and 7.

Technicals
The THz-NF probe that has replaced the far-field THz-PCA is purchased from Protemics
GMBH [44]. The probe is positioned in the apex of the THz beam, 0.5 µm above the sample and properly centered using pinholes. The probe is made out of low-temperature
GaAs and is excited by a 3 mW, 780 nm free-space optical pulse that has been frequency
doubled in a BBO-crystal. This beam is routed through an optical delay stage similar to
section 2.1 and focused on the 3 µm switch to detect the instantaneous E -field. Different
probe designs allow to isolate a specific polarization of the electric near-field. In this case
the PCA is located either in the plane (Y-polarized) or out of the plane (Z-polarized), see
Fig. 2.4 for orientation. The electrical bias on the emitter is modulated at a frequency of
1500 Hz to generate a differential photocurrent that is amplified and detected using a lockin amplifier (Ametek, SR-7270) to suppress dark current and reduce noise. A transient
signal recorded using this setup is shown in Fig. 2.5. The spatially resolved near-field
temporal dynamics of the THz field is collected by raster-scanning the sample through
the optical axis defined by the incident THz beam and the near-field tip. Fourier analysis
of the measured THz transients allows to generate 2D spectral maps.

18

2.3 Double near-field microscopy

Figure 2.4: A 3D impression of a THz near-field microscope. A fiber guides 1560 nm light
from the oscillator to the emitter while part of the light of the oscillator is frequency
doubled and coupled to free-space. It gets routed through an optical delay line and
focused onto the near-field detector.

2.3 Double near-field microscopy
In some cases far-field excitation is not viable or desirable, in these cases, both near-field
excitation and detection might be possible. Compared to a conventional TDS system (see
Fig. 2.2) both the detector and emitter PCAs have been replaced by near-field PCAs, which
are both positioned very close to the sample. The operating principle remains the same;
i.e. using a time gated laser pulse to activate the near-field emitter PCA, and using a
changing path length at the near-field detector PCA to capture the transient electric field.
As these devices interact with the sample on a local level, precise control over emitter and
detector positions is required. Two computer controlled 3-axis stages are used to achieve
the desired level of accuracy. The near-field PCA will emit dipole like radiation, an example
that was already shown in chapter 1. In chapter 5 this setup will be used to interact with a
bound state in the continuum, where symmetry forbids radiation to couple to or from the
far-field continuum.

Technicals
The THz-NF probes are puchased from Protemics GMBH [44]. Both devices are made
out of low-temperature GaAs and can be switched by a 3 mW, 780 nm free-space optical
pulse that has been frequency doubled in a BBO-crystal. The NF-emitter is biased with
a maximum of 2 V and mounted on a computer controlled 3D stage, where flexibility is
achieved by fiber coupling through a short polarization maintaining single mode fiber to
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Figure 2.5: (a) THz transient, or electric field as a function of time as produced by the setup
shown in Fig. 2.4, and (b) the Fourier transform of (a) resulting in the intensity spectrum
as a function of frequency.

minimize dispersion and keep the pulse width around 100 fs. Instead of having the same
fiber coupling complexity with the detector, we have chosen to move the sample, which
gives the same flexibility but is experimentally much easier to implement. As the two
probes approach, laser scattering from one onto the other can occur leading to artifacts.
A modulation scheme is used to filter out this cross-talk contribution as much as possible,
which will be discussed in section 2.4.

2.4 Time resolved terahertz microscopy
Time resolved terahertz spectroscopy or TRTS is an extension of THz-TDS used to study
carrier dynamics in photoexcited materials. In this technique, an optical pump beam is
used to photoexcite the sample. Assuming that the sample is a semiconductor, and the
photon energy of the pump beam exceeds the band-gap energy, the light will be absorbed
and electron-hole pairs will be created. Depending on the details of the sample, these
electron-hole pairs are bound (exciton) or roam through the lattice freely (photo-excited
free charge carriers) [11, 45]. As a THz beam propagates through a sample, it will be
partially absorbed by the presence of photoexcited charge carriers reducing its amplitude.
Generally the absorption is a measure of the conductivity of the sample under investigation, σ(n, µ, ω), which is a function of both carrier density n and carrier mobility µ. To
selectively measure the effect of the photo-excited carriers, a modulation of the pump
beam is introduced. With THz transients recorded both with an without photo-excitation,
a transmittance T as a function of angular frequency ω can be defined as the ratio between
these two. By noting that the amount of material that is effected, i.e. the penetration depth
of the photoexcitation, is generally much smaller than the wavelength of a THz wave,
we can invoke the thin film approximation. This approximation relates the conductivity
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Figure 2.6: 3D impression of a double THz near-field microscope. The 1560 nm light from
the oscillator is frequency doubled and coupled to free-space. It gets routed through an
optical delay line guided by a fiber and focused onto the near-field emitter. While the
beam is split and it gets routed through a different optical delay line and focused onto the
near-field detector.

directly to the transmittance according to [11]
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Time-resolved carrier dynamics can be retrieved when an ultra-fast laser is used for the
optical excitation of the sample in combination with an additional optical delay stage.
Following the initial pulse, the population of photo-excited free carriers will start to recombine. The recombination time is an important measure of material quality, as generally a longer recombination time means less carrier trapping defects and as such better
electrical/optical properties.

Technicals
This system is also based on the same laser, detector and emitter as discussed in section 2.2. However, the free space beam with wavelength 780 nm is split, where approximately 95 % sent through an additional delay stage towards the sample for photoexcitation. The introduction of the pump beam to the near-field microscope poses an important
challenge as its intensity is sufficient to permanently damage the fragile THz near-field
PCA. This problem is solved by exciting the sample in a total internal reflection configuration from the back, using a truncated (or Dove) prism. By guiding the pump beam
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Figure 2.7: 3D impression of a TRTS near-field microscope. The 1560 nm light from the
oscillator is frequency doubled and coupled to free-space. It is routed through an optical
delay line and focused onto the near-field detector. The beam is split, is routed through a
different optical delay line, and focused through a Dove prism into the back of a sample to
photoexcitate it.

from the back toward the sample at a large angle compared to the normal, we can prevent
any light from leaking towards to THz near-field detector. The large angle under which
the pump pulse excites the sample stretches this pulse to ∼300 fs, which sets the upper
limit in temporal resolution. To ensure optical contact between the Dove prism and the
substrate of the sample a refractive index matching liquid is used. A mechanical chopper
that is phase-locked to the modulation of the THz, modulates the pump at a frequency
of 1 kHz to evaluate the THz near-field measured at the sample with and without pumping. This modulation, together with that of the THz emitter at 1.5 kHz, allows for selfreferenced differential transmission measurements [46, 47]. The advantage of this dual
modulation detection scheme is that it simultaneously records both the absolute THz
intensity through the excited and unexcited sample, Epump and E0 , respectively.
The modulation scheme is shown as a function of time in Fig. 2.8. The THz generation
is modulated by periodically applying a bias voltage to the PCA at a frequency of 1.5 kHz,
denoted as M1 , while the pump is modulated by an optical chopper at a frequency of 1 kHz,
denoted as M2 . The signal that is measured by the detector is shown in the bottom of
Fig. 2.8. The signal will be equal to E0 when the THz is on and the pump is off (shown as
red blocks), and Epump (shown as blue blocks) when both the THz and pump are on. The
difference between these signals is defined as ∆E=E0 −Epump .
The periodicity of this system is determined by the smallest common divider of the
modulation frequencies. Therefore, one period will contain three modulations of M1 and
two modulations of M2 . The signals related to these frequencies are labeled S1 and S2 . Per
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Figure 2.8: Dual modulation detection scheme for simultaneous detection of pumped and
reference states in a TRTS experiment.

period, S1 will be comprised of 1.5 Epump and 1.5 Er e f in the on state, and the off state will
only contain dark counts. While S 2 will contain 1.5 Epump in the on state and 1.5E r e f in
the off state. Since Epump =Er e f − ∆E the signals in S1 and S2 will be given as:
S 1 = 1.5E r e f + 1.5E pump = 3E r e f − 1.5∆E ,

(2.2a)

S 2 = −1.5E r e f + 1.5E pump = −1.5∆E .

(2.2b)

The pumped and reference signals can be obtained from the two channels, Epump =
(S1 +S2 )/3 and Er e f = (S1 −S2 )/3. In Fig. 2.9(a) we can see the raw signals from a measurement with low excitation fluence, the signal is comparable to the noise floor. But the
transmittance shows that differences as small as 0.1 % are still measurable (see Fig. 2.9(b)),
due to the simultaneous detection scheme.

Figure 2.9: (a) The raw signal of Er e f (blue) and Epump (red) of a measurement with low
excitation power. (b) The extracted transmittance T plotted as a function of delay time,
showing that sub-picosecond dynamics can be recorded up to a difference of only 0.1%.

23

2 Experimental setups and methods

24

C HAPTER 3
T ERAHERTZ DIFFRACTION
ENHANCED TRANSPARENCY PROBED
IN THE NEAR - FIELD

Electromagnetically induced transparency in metamaterials allows to engineer
structures which transmit narrow spectral ranges of radiation while exhibiting a
large group index. Implementation of this phenomenon frequently calls for nearfield coupling of bright (dipolar) resonances to dark (multipolar) resonances in
the meta-molecules comprising the metamaterials. The sharpness and contrast
of the resulting transparency windows thus depends strongly on how closely these
meta-molecules can be placed to one another, placing constraints on fabrication
capabilities. In this chapter we demonstrate that the reliance on near-field
interaction strength can be relaxed, and the magnitude of the electromagnetic
induced transparency enhanced, by exploiting the long range coupling between
meta-molecules in periodic lattices. By placing dolmen structures resonant
at THz frequencies in a periodic lattice, we show a significant increase of the
transparency window when the in-plane diffraction is tuned to the resonant
frequency of the meta-molecules, as confirmed by direct mapping of the THz
near-field amplitude across a lattice of dolmens. Through the direct interrogation
of the dark resonance in the near-field we show the interplay of near- and farfield couplings in optimizing the response of planar dolmen arrays via diffraction
induced transparency.
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3.1 Introduction
Resonant metallic structures can be engineered to possess very high scattering cross sections, and constitute versatile components for the manipulation of electromagnetic radiation. They are frequently placed in densely packed arrays, which then demonstrate
the response of the constituent elements over larger areas. In the limit of high densities,
i.e., when the average distance between scatterers becomes smaller than the wavelength
of radiation, we reach the regime of metasurfaces or metamaterials [48, 49], where the
scatterers represent the constituent meta-molecules. In metamaterials, the response to
electromagnetic radiation is then approximated by an effective medium with unconventional or exotic properties [50].
One such property that has garnered attention is plasmonic electromagneticallyinduced transparency (EIT) [51–54]. In plasmonic EIT, a medium can be rendered
transparent to incident radiation over a narrow spectral range due to the near-field
coupling between bright (dipolar-like) plasmonic resonances and dark (multipolar)
resonances supported by metallic scatterers. This coupling and interference of resonances
gives rise to a large far-field transmission at frequencies of high near-field enhancement,
which significantly increases the group index in the material and thus reduces the
group velocity of the radiation traversing it. As a result, EIT offers opportunities for the
manipulation of electromagnetic radiation for optical communication applications and
sensing using thin planar arrays of scatterers. One important disadvantage of plasmonic
EIT, however, is its reliance on near-field coupling between resonators [51, 55]. This
requires precise positioning of the structures to create small gaps between them, unless
the structures are arranged in three dimensions [53, 56], defining fabrication constraints
which limit the magnitude of the induced transparency.
In this chapter we exploit the long-range coupling between meta-molecules in a periodic lattice to demonstrate an enhanced transparency at terahertz (THz) frequencies that
can be termed diffraction induced transparency (DIT). The meta-molecules in this case
are dolmen structures consisting of coupled resonators: a dipolar rod separated by a small
gap from a pair of orthogonally oriented rods with quadrupolar character. The dolmens
are arranged in a periodic lattice, where the response to the incident electromagnetic
radiation is enhanced by diffraction. Recently the combination of radiative and nearfield couplings has drawn attention in this respect, for demonstrating DIT in split-ring
resonator (SRR) arrays [57], and pairs of detuned dipoles [58], as well as for exciting radiant
antisymmetric collective resonances in near-field coupled structures [59].
Here we exploit near-field microscopy at THz frequencies, a powerful technique which
allows for the measurement of electric near-fields in both amplitude and phase with subwavelength resolutions, to experimentally demonstrate the dynamics underlying DIT. In
this way we measure the exchange of energy between the bright and dark resonators that
leads to DIT, by directly probing the near-fields in the vicinity of the individual bright and
dark resonators in the lattice. As a result, we show how the appropriate tuning of the
lattice allows for the efficient excitation the subradiant-mode in the dolmens as compared
to the isolated structures. A sharper and deeper transparency window is thus achieved
without varying the intra-dolmen coupling, relaxing the requirement for very small gaps
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and strong near-field coupling between the constituent elements of the dolmen.
The dolmen structure is one of many geometries giving rise to EIT [51, 54, 60–62]. It
consists of two elements: a metallic rod oriented along the polarization of the incident
field, and two orthogonally oriented rods placed nearby each end of the first rod. The top
rod is tuned to support a dipolar-like resonance resulting from the driven oscillation of the
charges in the metal, providing a radiant mode which can couple to incident radiation.
The vertical rod pair supports a subradiant quadrupolar mode, however, which cannot
be directly excited by incident radiation due to symmetry. The radiant mode is spectrally
broad due to its strong radiative losses, while the subradiant mode is spectrally narrow. If
the distance between the two elements of the dolmen is sufficiently small, the near-field of
the top rod will couple to the orthogonal rods and drive the subradiant mode, in a manner
which can be well described by a classical coupled oscillator model [50, 63].
The consequences of this near-field coupling are thus the excitation of a quadrupolar
mode leading to a transparency window in the far-field spectrum, and the associated
formation of resonances which hybridize the constituent dipolar and quadrupolar modes.
These hybrid modes are commonly referred to as bonding and anti-bonding modes on
the basis of the relative phase of the polarization, as illustrated in Fig. 3.1(a). For this
non-radiative near-field coupling, the interaction occurs on a subwavelength length scale
via the evanescent near-fields of the dolmen’s elements. Therefore, very small gaps between the elements are appealing due to the enhanced coupling strength between the
resonators [51, 53, 64], placing a strict restriction on fabrication. As we show ahead, this
condition can be relaxed by exploiting the long-range coupling of dolmens in a lattice.

3.2 Materials and methods
The investigated dolmen structures consist of gold (Au) evaporated onto patterned
photoresist by UV-lithography using 3 mm thickness quartz as a substrate. The dipolar
rods have a length of 150 µm and a width of 40 µm, while the quadrupolar rods
have dimensions of 140 µm by 40 µm as can be seen in the microscope image of
Fig. 3.1(b). All structures have a gold thickness of 100 nm. The spacing between the
vertical rods is set to 80 µm, and the distance between the top dipolar resonator and
the vertical quadrupolar rod pair is 10 µm. In Fig. 3.1(c) we show a microscope image
of the periodic sample, with a pitch of px = 250 µm and p y = 290 µm. In order to
facilitate the comparison of the intrinsic far-field response of the dolmens to that of
the periodic samples, we also prepared samples where the dolmens are placed in a
random array with a filling fraction of 12%, where the filling fraction is defined by the
total area covered by metal. The far-field transmission spectra of the samples were
measured using a THz time-domain spectrometer consisting of a photoconductive
antenna and photoconductive switch separated by lenses in a 4-f configuration (Menlo
Systems GmbH, Germany). The transmission measurements are referenced to a quartz
substrate. The THz near-field microscope used in these measurements has been
described previously in chapter 2, where THz microprobes [44] (Protemics GmbH,
Germany) are used to measure the near-fields at a distance of 0.5 µm above the sample.
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Figure 3.1: (a) Illustration of near-field coupling in dolmen structures. Dipolar (Ed ) and
quadrupolar (Eq ) resonances in metallic rods interact through the near-field as the rods
are brought together, leading to bonding (Eb ) and anti-bonding (Eab ) resonances and
resulting in the appearance of a transparency window. (b) Optical microscope image of
a dolmen structure, scale bars of 100 µm shown in white. (c) Microscope image of the
dolmen lattice with pitches px = 250 µm and p y = 290 µm. (d) Intensity transmission
spectrum of a random array of dolmens with a 12% filling fraction (dotted red) and
transmission spectrum of dipolar resonators with 5% (solid black). (e) Transmission
spectrum of the dolmen lattice.
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The THz microprobes used in these experiments allow to isolate a specific polarization of
the electric near-field. The spatially resolved near-field temporal dynamics are collected
by raster-scanning the sample through the optical axis defined by the incident beam and
the near-field tip, where Fourier analysis of the obtained THz transients allows to generate
2D spectral maps.

3.3 Results and discussion
The far-field transmission spectra for the dolmens outside of the lattice exhibit a two-dip
structure with a small peak of increased transmission between them, as seen in Fig. 3.1(d).
The frequency of this transmission peak (ν = 0.53 THz) corresponds to the resonance frequency of the dipolar resonator (shown in solid black in Fig. 3.1(d)). The two dips in the
dolmen’s far-field transmission are associated with the so-called bonding and antibonding
modes in the structure [51], surrounding the transparency window. This transparency
window is very modest for dolmens with a gap size distance of 10 µm separating the top
dipolar resonator and the vertical quadrupolar resonator. This indicates that the nearfield coupling between bright and dark resonators would need to be increased in order to
generate significant EIT for the isolated dolmen structure [65].
However, by using the same dolmen as the meta-molecule for a periodic array, a drastic
difference is immediately borne out the far-field extinction in Fig. 3.1(e). There, we find
a more pronounced transparency window, and sharper peaks at the spectral locations of
the bonding (ν = 0.51 THz) and antibonding (ν = 0.58 THz) modes. In this lattice we select
the pitch along the y-direction (p y ) to correspond to the Rayleigh anomaly (RA) condition
for normal incidence in glass at the frequency of the dipolar resonance, namely:
λR A = np y

(3.1)

Where n is the refractive index of the substrate. The RA condition corresponds to the
frequency at which incident radiation normal to the array is diffracted into the (0, ±1)
diffraction order. Therefore, the incident THz field that excites the bright resonance not
only couples to the quadrupolar resonance through the near-field, but also diffracts in the
plane of the array enhancing the radiative coupling between the resonators.
In Fig. 3.2 we demonstrate for comparison the case of structures where the intra-dolmen
coupling is increased by reducing the gap separating the horizontal and vertical rods.
For this case, we observe that for a 1 µm gap separation the transparency window is well
resolved due to a stronger interaction between the constituent bright and dark resonators,
yet the spectral range over which the transparency occurs is broader owing to the greater
separation between bonding and antibonding modes. This broad transparency can be
undesirable for certain applications, since the anomalous dispersion accompanying EIT
will be strongest for sharp features due to the Kramers-Kronig relations. Moreover, further
increasing the transparency requires yet smaller gaps, which can become susceptible to
fabrication errors. The periodic sample, however, exhibits a sharp and deep transparency
window which is more appealing for maximizing the group index, and is resilient against
imperfections in sample preparation.
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Figure 3.2: Far-field transmission spectra corresponding to a random array of dolmen
structures with a gap size of 1 µm (solid red), as compared to the spectrum for dolmen
structures with a 10 µm gap size but placed in a periodic lattice (dashed blue)

We have performed THz near-field measurements to further investigate the effect of
the lattice in this system, and to characterize the electromagnetic coupling between the
different elements. Near-field THz microscopy has seen tremendous progress over recent
years towards very high spatial resolutions [66–69], and has previously been employed in
many successful implementations to explore near-field dynamics in both resonant structures [70–72] and apertures [73–77]. In the work of Bitzer et al. [70], lattice modes were
investigated for the case of split ring resonators (SRR), where the array was shown to hybridize lattice modes with magnetic dipole resonances. The lattice geometry was thus
used to redistribute electric fields in the vicinity of the SRR and modify the quality factors
of the modes by suppressing their radiative losses.
In Fig. 3.3 we show the experimental THz time domain amplitude of the Ez (out-ofplane) component of the field, corresponding to near-field transients recorded at different
spatial locations on the sample. For reference, we also show the near-field transient collected at the end of an isolated dipolar rod in Fig. 3.3(a), where we observe damped oscillations corresponding to the dipolar resonance excited in the rod, with a rapidly decaying
amplitude due to aforementioned radiative losses. When probing the same position at the
end of the dipolar rod in the dolmen, we observe a markedly different transient. In particular, we measure underdamped oscillations persisting for over 20 ps following excitation,
which illustrates the enhanced group index caused by DIT. These oscillatory components
are also manifest when probing the ends of the vertical rod pair, where we record an
opposite phase in the THz transient amplitude oscillation measured on either side of the
pair, as seen in Fig. 3.3(b). These correspond to the out-of-phase oscillations of the fundamental resonances in each vertical rod, defining the overall quadrupolar character for
the subradiant mode in the rod pair. In Fig. 3.4 we show a comparison of the transmission
spectra measured in the far-field (black solid curve) and the near-field spectra measured in
the vicinity of the quadrupolar rod (red dotted curve) and dipolar rod (blue dashed curve).
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Figure 3.3: (a) THz transients of the out-of-plane component of the electric near-field
at the tip of the dipolar resonator in the dolmen in a periodic lattice (dashed). For
reference, the fields induced in an isolated rod are also shown (dotted). (b) THz transients
corresponding to near-fields measured at the tips of quadrupolar rod pair (solid red and
dot-dashed blue). The insets indicate (circles) the positions on the dolmens at which the
transients were measured.

These near-field spectra correspond to the power spectra of the Fourier-transformed transients in Fig. 3.3. These results demonstrate how the transparency window in the far-field,
with a transmission higher than 80%, occurs at the resonant frequency of the quadrupolar
dark mode, showing the origin of the increased transparency in the coupling to this dark
mode. Likewise, the near-field spectrum corresponding to the horizontal rod matches that
which is radiated to the far-field and observed in the transmission spectrum. To uncover
the electric field distributions responsible for the features in the far-field transmission
shown in Fig. 3.4, we display 2D maps of the real part of the Ez field component at three
different frequencies in Figure 3.5, obtained by Fourier transformation of the transients
measured across three unit cells in the lattice. Notably, the near-field maps reveal the
hybridization of bright and dark modes resulting from near-field coupling in the dolmen.
The bonding mode occurring at ν = 0.51 THz can be seen in Fig. 3.5(a), and is associated
with a superposition of dipolar and quadrupolar modes. Here the relative phase between
these modes leads to an attractive electrostatic interaction across the gap of the dolmens,
lowering the bonding modes energy relative to the bare dipolar resonance. Likewise, in
Fig. 3.5(c) we observe the antibonding mode at a frequency of ν = 0.58 THz, where the
phase between the dipolar and quadrupolar resonances is reversed, leading to repulsive
interactions and a higher energy for that mode. In Fig. 3.5(b) we observe that the nearfields at the frequency ν = 0.55 THz are enhanced in the vicinity of the quadrupolar rod
pair, revealing the excitation of the dark mode in the lattice giving rise to the DIT window
in the transmission spectrum of Fig. 3.4.
Moreover, for all near-field maps in Fig. 3.5, we observe fields extending across the unit
cell, which highlights the lattice assisted coupling. This field extension across unit cells is
best visualized in Fig. 3.5(d), which displays the Ez field amplitude at ν = 0.55 THz along the
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Figure 3.4: Far-field transmission spectrum of dolmen lattice (solid black), with power
spectra of the near-field transients measured at the end of vertical rod (dotted red), and at
the end of the horizontal rod (dashed blue). The inset indicates the positions (circles) on
the dolmen at which the near-field power spectra were measured, revealing the excitation
of the dark quadrupolar mode.

dotted line shown in Fig. 3.5(b). We should stress, however, that we are not yet in the nearfield coupling regime across the unit cell. For the lattices studied here, with a pitch along
the y-direction of 290 µm, the (0, ±1) in-plane RA occurs at the same frequency as both the
bright and dark intra-dolmen modes. As the incident field drives a polarization along the
length (x) of the dipolar rods, the radiation patterns from the rods will be strongest along
the orthogonal direction (y) at the RA condition [78].
This efficient radiative coupling between the dipolar resonances of scatterers and surface modes has previously been shown to result in strong high-Q resonances with Fanolike lineshapes [79–81] in arrays of dipolar resonators at optical frequencies, and also been
exploited for reducing radiative losses in arrays of scatterers [70]. In the system studied
here the losses of the dipolar mode are reduced by the same mechanism, leading to a
higher quality factor and thus allowing for more cycles of exchange between the radiant
and subradiant modes before the decay of the polarization. As a result we observe an
improved coupling of the incident field to the quadrupolar mode and pronounced DIT
in the far-field. To further illustrate how the lattice enhanced coupling can be used to
optimize EIT in arrays of dolmens, we have performed full-wave simulations using the
Finite Difference Time Domain (FDTD) method to explore the effect of p y on the transmis-
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Figure 3.5: (a) Near-field map corresponding to the Ez component at a frequency of ν
= 0.51 THz, showing the bonding mode resulting from the near-field coupling between
bright and dark resonators in a lattice of dolmens. The maps show three unit cells along
y. (b) Near-field map corresponding to the Ez component at a frequency of ν = 0.55
THz, corresponding to the DIT frequency. (c) Near-field map of the Ez component at a
frequency of ν = 0.58 THz, showing the anti-bonding mode. (d) Cross-section through
panel (b) along the dotted line showing the extended fields associated with radiative
coupling across the y-direction. All maps are normalized to their respective maxima.

sion spectrum. These results are shown in Fig. 3.6, where we demonstrate the difference
between dolmens possessing a gap of 10 µm, for several values of p y spanning both the
metamaterial and radiative coupling limits. For very small pitches on the order of 220 µm
or less, we observe a single broad peak in the transmission spectrum and no transparency
window.
For those small periodicities the detuning between the RA (ν ∼ 0.65 THz) and the dipolar
mode is large, to the detriment of radiative coupling. In this limit, near-field coupling
also occurs between dolmens in adjacent unit cells, such that they no longer act as independent meta-molecules. The associated breakdown of the tight-binding approximation
results in new resonances which can no longer be understood by “bonding" or “antibonding" modes as we have described here, since the dipolar rods couple capacitively
both to the vertical rods pair below and above them. Here what we previously referred to
as the bonding mode becomes strongly suppressed due to symmetry reasons, as has been
recently described in detail for dolmens at near infrared frequencies [82].
On the other hand, as we approach the overlap of the RA condition with the dipolar and
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Figure 3.6: Numerically calculated far-field transmission spectra for a fixed px = 250 µm,
for values of p y spanning both the radiative coupling and metamaterial limits. The
simulations are performed using commercial FDTD software. The Rayleigh anomaly
condition for each pitch is plotted by dashed line.

quadrupolar modes in the system, the transparency window reaches its maximal value,
owing to the interplay between the three coupled modes in the system. Here, the interference between the RA, radiant, and subradiant modes yields sharp features in the transmission spectra due to the suppression of radiative broadening, and where the precise
detuning condition allows to tune the intensities of bonding and antibonding modes. For
larger values of pitch, we reach a regime where neither near-field nor radiative couplings
contribute, and where the lower density of scatterers leads to weak extinction of the incident field and the absence of EIT.

3.4 Conclusions
In conclusion, the combination of near-field and radiative couplings can be used to significantly enhance the electromagnetically induced transparency in coupled resonant systems. We have probed this phenomenon, termed diffractive induced transparency (DIT),
using near-field THz microscopy to selectively interrogate the constituent resonators in
the dolmen. This near-field study reveals the hybridization of bright and dark modes in
resonant structures when placed in a lattice where the additional coupling to in-plane
diffractive orders occurs. Making use of DIT also relaxes constraints placed on the distance
between elements in coupled resonant structures, which may be very practical for the
extension of DIT to previously investigated plasmonic structures in other spectral regions,
where fabrication is more challenging. We expect that extensions on this principle could
be readily harnessed both for slow-light applications and strong light-matter coupling.
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C HAPTER 4
D IFFRACTION ENHANCED
TRANSPARENCY IN A HYBRID

G OLD -G RAPHENE TERAHERTZ
METASURFACE

Terahertz (THz) near-field microscopy is used to investigate the underlying
physics that leads to diffraction enhanced transparency (DET) in a periodic
array of detuned metallic rods. At the transparency frequency, the system is
highly dispersive and THz radiation is delayed for several tens of picoseconds
before being re-emitted into the forward direction. Using polarization sensitive
measurements of the electric THz near-field spectrum, we demonstrate that an
out-of-phase field distribution is formed in the unit cell leading to a reduced
coupling to the far-field. This quadrupolar field distribution originates from the
excitation and interference of surface lattice modes produced by the enhanced
radiative coupling through the lattice of localized resonances in the metallic rods.
These results represent the first experimental near-field investigation of DET,
shedding light onto this phenomenon and providing important information for
its further development. Implementing DET in applications requires control over
the transparency window. We demonstrate that adding a monolayer of graphene,
absorbing at THz frequencies, is sufficient to fully suppress the DET despite its
monoatomic thickness. This efficient suppression is due to the diffractive wave
character of DET and a Metal Insulator Metal (MIM) resonance formed between
the localized resonance of the gold resonator and the extended graphene layer.
The possibility to exert control over the transparency window by changing the
conductivity of graphene by altering the Fermi level, opens the possibility of active
THz devices.
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4.1 Introduction
The large scattering cross sections of conducting resonant structures leads to field localization [83, 84] and can be exploited to manipulate electromagnetic radiation. Designed
arrangements of these structures on a surface leads to scattering and interference that
enables wavefront shaping [85]. Active control of near-fields and wavefronts has fueled the
research field of metasurfaces, opening interesting perspectives for applications at THz
frequencies [86–89]. One of the most interesting phenomena that has been reported with
resonant scatterers on structured surfaces is analogous to electromagnetically induced
transparency (EIT) [90]. EIT refers to the quantum interference of two optical fields interacting with quantum states in an absorbing material.Within the so-called "transparency
window" this interference will renders the material transparent, while still being at resonance with the incident light field [91]. The interest in EIT resides in the strong dispersion
in the transparency window that will significantly delay the wave propagation, [92] finding
applications in THz communication and sensing [93, 94]. The recent analogy of EIT with
a classical model of coupled oscillators has sparked a large interest in the realization of
this phenomenon in resonant systems across the electromagnetic spectrum [95–97]. One
of the most severe limitations of EIT in a set of coupled oscillators is the requirement of
efficient coupling, which has limited most of the studies to near-field coupling [90, 98–
100]. However, near-field coupling requires the resonators to be positioned with a spatial
precision much smaller than the wavelength of radiation, which limits the tolerance in the
fabrication and the realization of EIT metasurfaces. Therefore, the recent suggestion that
radiative coupling of detuned resonators can lead to EIT, [101, 102] and the demonstration
that this effect can be significantly improved by exploiting the radiation enhanced coupling through in-plane diffraction, will enable new designs of metasurfaces with improved
performance [103–105]. However, for applications such as high data rate communication,
sensing and non-linear optics, one still needs active control over the frequency response,
which can be acquired when combining a static EIT surface; built on quartz and resonant
conducting structures, with a tunable material system.
The unique properties of two-dimensional (2D) materials, such as high electron mobility and electrical tunability of graphene, has driven the scientific community to produce
and investigate these materials eagerly [106, 107]. Free electrons in graphene follow a
Drude-like behavior with significant absorption at THz frequencies even though it consists
of only a single atomic layer [108, 109]. The linear electronic band diagram of graphene
enables the continuous tuning of the carrier density, that consequently, alters the response
of graphene to THz radiation. Many promising metasurfaces solely based on patterned
graphene have been predicted [110–112]. However, experimental realization has proven
difficult as the quality of graphene has to be exceptional [113, 114]. Therefore, the resonant
response of graphene based structures at THz frequencies is currently achieved in hybrid
structures in which graphene is combined with metalic resonators and metasurfaces. With
these combinations, it is possible to exploit the tunability of the response of graphene with
the large scattering cross sections of resonant metallic structures [114–120].
In this chapter, we demonstrate a metal-graphene hybrid metasurface with a tunable
transparency window at THz frequencies consisting of a periodic pattern of gold particles.
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When a single gold particle of appropriately chosen dimensions is aligned with the polarization of THz radiation, it will exhibit a (dipolar-like) λ/2 resonance. These localized
resonances are spectrally broad, but can be enhanced by organizing the resonators in
an array. Diffraction in the plane of the array through the so-called Rayleigh Anomalies
(RAs) leads to an enhanced radiative coupling of localized resonances when they are frequency matched, as also introduced in chapter 1 [121–123]. The generated resonance, the
so called surface lattice resonances (SLRs) have sharp spectral features in the vicinity of
the RA. The metasurface described in this chapter is designed to exhibit a transparency
window arising from the the interference of two SLRs, [105] this phenomenon is known
as lattice- or diffraction enhanced transparency (DET). DET does not rely on near-field
coupling of nearby resonators, but is achieved by creating an array with two frequency
detuned resonators per unit cell. The resonators are spread out symmetrically such that
the distance to the next neighbor is half of the unit cell size. The different resonance
frequencies are achieved by varying the lengths of the resonators. As we will show, the
coupling and interference between SLRs leads to a frequency window in which the transmittance approaches unity, while the electric field close to the resonators is enhanced
significantly. To unravel the underlying dynamics of DET we have measured the associated
THz electric near-field amplitude and phase. These measurements show how the two
SLRs couple to form an out-of-phase field distribution that suppresses the coupling to
far-field radiation at the resonant frequency and results in a sharp transparency window.
Bringing a monolayer of graphene in close proximity to the array reduces the field enhancement around the resonant structures by an order of magnitude and fully suppresses
DET. This remarkable response is caused by the surface character of the SLRs and by the
confinement of the THz field between graphene and gold particles, which forms a metalinsulator-metal (MIM) structure. Furthermore, changing the Fermi level of graphene by
ambient doping modifies the THz field distribution around the detuned resonators, which
enables the tuning of DET.

4.2 Results
4.2.1 Sample fabrication
The array was fabricated using optical lithography, metal deposition and lift-off techniques. It consists of a 2x2cm2 2D square lattice of gold rods with a lattice constant of
300 µm. The particles in the unit cell are formed by two 100 nm thick gold rods with
different lateral dimensions. The ’long’ rod has a length and a width of 200 µm and
40 µm, respectively; while the ’short’ rod is 125 µm long and 60 µm wide. The difference
in length of the two rods will lead to different natural frequencies when illuminated
with polarized THz radiation along their long axes. The widths of the two types of rods
are different to insure that the volume and surface coverage are the same, making their
off-resonance polarizability in first approximation similar. The λ/2 resonances of the long
and short resonators are designed to be frequency detuned and resonant at approximately
0.4 and 0.5 THz, respectively, when deposited on a medium of refractive index 2.1 (i.e.,
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quartz). The center-to-center distance between rods is 150 µm, making the array highly
symmetrical. This sample design was based on a previous study [105].

200x40µm
125x60µm

300x300µm

Figure 4.1: Dark-field microscope image of an array of detuned resonators of which the
right half is covered by a monolayer of graphene. A single unit cell is graphically illustrated
and labelled with dimensions.

For our experiments, graphene has been grown using chemical vapor deposition
(CVD) [124] and transferred onto the array of detuned resonators with a 300 nm thick
PMMA substrate [125]. The transfer is carried out such, that the PMMA is located between
the gold rods and the graphene, acting as an insulating layer. The layer of PMMA on its
own has no significant effect on the THz transmission. A dark-field optical microscope
image of the sample is shown in Fig. 4.1. This image shows the edge between the bare
(left) and graphene covered (right) part of the array. The edge between the covered and
uncovered parts of the sample is defined by the transfer process and was created on
purpose to enable reference measurements with and without graphene on the same
sample. The PMMA layer with the graphene monolayer on top shows a high density of
cracks close to the edges, as can be appreciated by the turbid image in Fig. 4.1. This optical
contrast is caused by the thicker PMMA at the edges leading to the formation of these
cracks. Further away from the edge the image is more clear and the graphene is uniform,
showing no signs of cracks. The measurements shown in this chapter have been obtained
at least 15 unit cells away from the graphene edges.

4.2.2 Far-field transmittance
The far-field transmittance spectra of the samples were measured with a THz time-domain
spectrometer, that records the THz transient as it passes through the sample and is Fourier
transformed to get transmission spectra. The setup consists of a photoconductive antennas separated by lenses in a 4-f configuration that was introduced in chapter 2 (also see
inset Fig. 4.2). The polarization of the incident THz radiation is oriented along the long
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axis of the resonators (vertical in Fig. 4.1). These measurements are shown in Fig. 4.2(a) for
the bare (blue curve) and graphene covered (red curve) arrays of detuned resonators. The
far-field measurements are referenced to a quartz substrate to obtain the transmittance.
The bare array shows a minimum in transmittance at 0.4 THz, followed by a peak in
transmittance at 0.45 THz, after which the transmission drops again at 0.5 THz. At 0.4 THz
the transmittance vanishes because predominantly the long rods are resonant with the
incident THz field, as will be illustrated later by near-field measurements. At this frequency the radiation is efficiently scattered by the long rods into the array, exciting a SLR.
Similarly, at 0.5 THz the short rods are predominately resonant with the incident radiation,
thus exciting a SLR through the short rods. At 0.45 THz both long and short rods react
to the incident field but are out-of-phase, creating a mode that is weakly coupled to the
far field resulting in a high transmittance. This transmission spectrum, with a sharp and
pronounced transparency window at 0.45 THz, in which the transmission reaches almost
unity, is produced by the interference between these two SLRs, generated by the short and
long rods coupling to each other through the in-plane diffraction supported by the array [105]. Transmission through the constituent parts of the array are shown in Fig. 4.2(b).
It is important to stress that the transparency window at 0.45 THz is generated while the
structure is still resonant with the incident field, therefore this phenomenon is known as
diffraction enhanced transparency (DET). The green and brown curves in Fig. 4.2(b) show
the presence of SLRs at 0.4 and 0.5 THz respectively. As these are SLRs, one has to account
for the interference between the localized resonance of the gold rods and the RA of the
lattice. This interference results in an asymmetric Fano lineshape that can be observed in
both. The RA is the same for both the long an short rods but the localized resonances are
different, resulting in two different Fano lineshapes. DET is created by the interference
between the two SLRs, leading to a transparency window that approaches unity while
the structure is still resonant with the incident field. The off-resonance transmittance
can be explained by the filling fraction gold resulting in an effective medium for lower
frequencies, < 0.3 THz. While for higher frequencies, higher order modes determine the
response. DET induces a significant group delay as the THz wave at this frequency is
scattered in the plane of the array before coupling out into the forward direction [105, 126].
A monolayer of CVD grown graphene on its own shows a strong response to THz radiation, reducing the transmitted intensity by ∼ 30% [127]. We can leverage the scattering
properties of the array by placing graphene on top of the array of detuned resonators. The
THz field of SLRs will have a significant spatial overlap with graphene as both the surface
modes and the graphene monolayer extend over the plane of the array. The measured
transmittance spectrum of the graphene covered array is shown in Fig. 4.2(a) (red curve).
The minimum of transmittance at 0.4 THz is increased sixfold, while the transmittance at
the DET window is reduced by 50 %. These changes are larger than the incoherent sum
of the graphene and array measured separately, and thus infers the coupling of graphene
with the surface lattice resonances forming hybrid gold-graphene THz metasurface, see
Fig. 4.2(a) (grey curve). The incoherent response of the graphene and the array is calculated by multiplying the transmittance of graphene (T∼ 0.7) with that of the bare array
(array without graphene). We will further evaluate the sample using near-field microscopy
at three different frequencies, namely 0.4, 0.45 and 0.5 THz, to identify the coupling of SLRs
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Figure 4.2: (a) Far-field THz transmittance spectra of the bare (blue curve), graphene
covered (red curve) array of detuned resonators and incoherent sum of graphene with
the detuned array (grey curve), normalized to the THz transmission through a quartz
substrate. The inset schematically again shows a top-down view of the 4-f THz-TDS setup
that was used for the measurements, where Tx is the transmitter and Rx the receiver. (b)
Transmittance spectra of the long rod array (green curve), short-rod array (brown curve),
and again the bare array from figure (a) (blue curve). Their respective arrays are color
coded and shown as an inset to stress that these three samples have the same lattice
constant. The dashed square in the inset represent the unit cell of the arrays.

in the formation of DET and to show how SLRs and DET are affected by graphene.

4.2.3 Near-field microscopy
Studying the interaction of THz radiation with sub-diffraction structures requires nearfield measurements. The THz near-field microscope used for our measurements has
been described in chapter 2 and published [41, 128], where THz microprobes (Protemics
GmbH) are used to detect the polarization dependent electric near-field at a distance of
0.5 µm above the sample. The spatially and temporally resolved near-fields are collected
by raster scanning the sample through the optical axis defined by the incident THz
beam and the near-field microprobe. Fourier analysis of the measured THz transients
allows for the generation of 2D spectral maps. Spatially dependent polarization sensitive
measurements carry information about the near-field enhancement in proximity of the
resonators. By measuring both the out-of-plane (Ez ) and cross-polarized (Ex ) components
of the electric field with respect to the (E y ) polarized illumination, we obtain information
about the local field enhancements and visualize the diffractive nature of the SLRs.
Before presenting the full 2D spectral maps, we first discuss a single transient. Figure 4.3
shows the Ez component of the electric field at the edge of a long rod, both on the bare
(blue curve) and graphene covered (red curve) array of detuned resonators. We observe
that the electric field on the bare array oscillates for more than 25 ps, while the oscillations in the graphene covered array are quenched within 7 ps. The first field oscillation
through the graphene covered array (centered at t = 0) has a reduction in amplitude of
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Figure 4.3: Out-of-plane electric near-field component (Ez ) measured at the edge of
a long rod as function of time. The blue curve corresponds to the bare array of
detuned resonators and the red curve to the same array covered by graphene. The inset
schematically shows a top-down view of the near-field THz-TDS setup that was used,
where Tx is the transmitter and NF-Rx is the near-field receiver.

16%, in agreement with the direct absorption by the graphene layer. However, consecutive field oscillations get attenuated more severely as the THz field would normally be
diffracted into the plane and propagate along the surface, but this is inhibited by the
presence of graphene. This reduction makes the system more interesting as the monolayer
of graphene acts on both the incident and scattered THz fields. We can create 2D spectral
maps for independently measured polarizations, by fourier transforming the spatially resolved transients, such as the one shown in Fig. 4.3 , these will be discussed next.
The 2D spectral maps of the out-of-plane electric near-field amplitude (Ez ) have been
plotted for the three frequencies of interest discussed before, i.e., 0.4, 0.45 and 0.5 THz.
These measurements are shown across a single unit cell in Figs. 4.4(a-c), respectively,
where the THz amplitude maps are normalized to the maximum near-field amplitudes
obtained at 0.45 THz. The electric near-field is localized on the long rod at 0.4 THz
(Fig. 4.4(a)), and it is in-phase with the applied electric field. The short rod shows no
significant enhancement as its fundamental resonance lies at a higher frequency. At
0.5 THz the response of the long and short rods are reversed, as can be seen in Fig. 4.4(c)
where the near-field localization is mainly on the short rod. However, the long rod exhibits
a near-field enhancement as well, as it has a finite polarizability at this frequency.
Figure 4.4(b) shows the electric near-field at the frequency of the diffraction enhanced
transparency. Both rods display a large field enhancement while being opposite in phase.
The near-field close to the long rod has reversed its polarity with respect to the incident
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THz field. As 0.45 THz is above the natural frequency of the long rods resonance, their
phase is reversed. This out-of-phase behavior of the long rods versus the short rods leads
to destructive interference in the far-field and manifests as a quadrupolar field pattern
in the near-field. This mode has a reduced net dipole moment, which in turn means
negligible radiative losses [105].

Figure 4.4: Near-field THz amplitude maps of a single unit cell in a bare array of
detuned resonators, showing the electric field enhancement: out-of-plane (or z) near-field
component at (a) 0.4, (b) 0.45, and (c) 0.5 THz, and in-plane (or x) near-field component
at (d) 0.4, (e) 0.45, and (f) 0.5 THz. These measurements are normalized to the maximum
field intensity, which for both the Ez and Ex occurs at the DET frequency of 0.45 THz, (b)
and (e), respectively. The shaded gray areas indicate the location of the gold rods.

The diffractive and thus extended character of the SLRs can be detected by measuring the in-plane cross-polarized component (along x) of the electric near-field, Ex . Figures 4.4(d-f ) show these spectral maps for the same three frequencies as for Ez , i.e., 0.4,
0.45 and 0.5 THz. For a direct comparison, all amplitudes are normalized by the maximum
absolute amplitude measured at 0.45 THz. In Fig. 4.4(d) we see the near-field enhancement of the Ex component around the long rod. The scattered field couples to neighboring
unit cells through the (1,0) and (-1,0) diffractive orders. This diffraction enhanced coupling
of localized resonances is the origin of the collective behavior of SLRs [123, 129, 130].
A similar behavior as for the long rods is observed at 0.5 THz for the short rods in
Fig. 4.4(f ). However, the Ex near-field component is more complex to interpret as the
long rod shows a field enhancement as well. The near-field amplitude at the transparency
window, i.e., 0.45 THz, is shown in Fig. 4.4(e), where both rods display a strong scattering
of the incident radiation. Furthermore, at this frequency the scattered fields couple with
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each other, across the unit cell and beyond, directly visualizing the interference between
the two SLRs and the extension of the field beyond the single unit cell.
The electric near-field components Ez and Ex have been simulated as well for comparison (details can be found in section 4.2.4). The electric near-field was recorded 10 µm
away from the surface, i.e., at the height of the photo-conductive switch in the near-field
probe. These isofrequency maps are shown in Fig. 4.5, taken at the same frequencies and
normalized in the same way as the experiments.
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Figure 4.5: THz near-field simulations in a single unit cell of a bare array of detuned
resonators: out-of-plane (or z) component of the electric near field amplitude at (a) 0.4,
(b) 0.45, and (c) 0.5 THz, and the in-plane (or x) component at (d) 0.4, (e) 0.45, and (f)
0.5 THz. These simulations are normalized to their respective maximum field amplitude,
which for both of the field components occurs at the DET frequency of 0.45 THz (b) and
(e).

The THz amplitude maps of the array covered with graphene are shown in Figs. 4.6(a-f).
The near-fields have been recorded for the same electric field components and frequencies as for the bare array. In order to quantitatively show the effect of graphene on both
Ez and Ex , all amplitudes are normalized to the maximum amplitude of the bare array of
detuned resonators. From the scale bar in the figure, it is already evident that the amplitude of the near-field is significantly reduced at. Figures 4.6(a,c) show the Ez component
of the near-fields at 0.4 and 0.5 THz, respectively. The field amplitudes are both reduced
by half with respect to the bare array. At 0.4 THz we can observe near-field enhancement
of both the long and short rod, in contrast to the measurements on the bare array where
the enhancement was observed only near the long rod. This observation indicates that
the resonances have broadened and have a response that is no longer limited to their λ/2
natural resonant frequency [131].
At the transparency window (0.45 THz) the near-field enhancement is reduced by a factor 10 at the long rod and by a factor 2 at the short rod as can been seen in Fig. 4.6(b).
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Figure 4.6: Near-field THz amplitude maps of a single unit cell in an array of detuned
resonators covered by graphene: out-of-plane (or z) component at (a) 0.4, (b) 0.45, and
(c) 0.5 THz, and near-field in-plane (or x) component at (d) 0.4, (e) 0.45, and (f) 0.5 THz.
These measurements are normalized to the same maximum values (z and x components)
from Fig. 4.4 to highlight the suppression of the field amplitude induced by the graphene
layer. The shaded gray areas indicate the location of the gold rods.

Furthermore, the near-field amplitude also shows a depolarization field for the long rod,
that is created by charge carriers in the graphene layer. This depolarization field has the
opposite phase with respect to the long rod, reducing its net dipole moment. This effect
can be observed more clearly in the simulations shown in Fig. 4.7. Figure 4.6(d) shows the
Ex component of the near-field at 0.4 THz. The field pattern is noticeably different to the
one measured for the bare array in Fig. 4.4(d). Both rods show a near-field enhancement
in-phase with the incident field, so the scattered radiation in the plane will interfere destructively. The in-plane near-field at the transparency window, i.e, at 0.45 THz, is shown
in Fig. 4.6(e), where the field profile looks similar to Fig. 4.4(e). However, the amplitude
is reduced by a factor 4, resulting in a reduction of the interference between SLRs and
suppression of the transparency window. The near-field at 0.5 THz (Fig. 4.6(f)) is similar
to that at 0.4 THz, being in-phase with the incident field. The sensitivity of the array to the
presence of graphene opens the possibility to actively modulate the transparency window
by changing the properties of the graphene layer, results of which will be presented in the
next section. The array covered with graphene was modeled to have a scattering rate of
5 meV and a Fermi level of 100 meV. The graphene layer was placed at a height of 300 nm
above the substrate as this is the layer thickness of the PMMA that supports the graphene
during wet transfer. Deviations from this exact thickness are negligible as it much thinner
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than the wavelength of THz radiation.
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Figure 4.7: THz near-field simulations in a single unit cell of an array of detuned
resonators that is covered by graphene: out-of-plane (or z) component of the electric field
amplitude at (a) 0.4, (b) 0.45, and (c) 0.5 THz, and in-plane (or x) component at (d) 0.4, (e)
0.45, and (f) 0.5 THz. These measurements are normalized to the same maximum values
of the z- and x-components of the field as Fig. 4.5, to show quantitative differences.

4.2.4 Modulation of the transparency window
The response of graphene to THz radiation can be modeled as an infinitely thin sheet with
an in-plane conductivity that is governed by the carrier scattering time and the Fermi level
(E F ) [132]. While the scattering time mainly depends on the quality of graphene, E F can
be modified by doping, [133–135] gating, [114] or by controlling the medium surrounding graphene [136]. The modification of E F will exert control over the THz transparency
window. As a proof of concept we have modified the properties of graphene by annealing
the sample in an Argon flushed oven at 150 °C for 10 hours. Annealing removes impurities
adsorbed at the surface, such as water vapor, that accumulate over time by exposure to
ambient conditions. The removal of these impurities decreases E F , bringing graphene
close to the Dirac point [137]. From the moment the sample is taken out of the oven,
molecules start adsorbing onto the graphene, slowly increasing E F . Figure 4.8 shows the
transmittance for the sample right after annealing and two spectra after exposure to ambient conditions. These spectra are normalized to the transmittance at the DET frequency
(0.45 THz) of the sample measured right after annealing the graphene.
The Fermi level was determined by comparing the far-field spectra with simulated transmittance spectra. These simulations where carried out using a Finite Difference Time
Domain (FDTD) software package (Lumerical) and are shown in Fig. 4.8 as solid curves.
The graphene layer is modeled to have a constant scattering rate of 5 meV, while varying
E F in the simulations. The three spectra shown in Fig. 4.8 where found to closely resemble
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Figure 4.8: Modulation of the relative transmittance by the array of detuned resonators
covered with graphene of different E F , showing a comparison between measured (dots)
and simulated (curves) transmittance through the gold-graphene hybrid structure. The
sample was first annealed in an Argon atmosphere at 150 °C resulting in an E F ∼ 10 meV.
The other measurements where taken several hours after, when the adsorption of water
molecules had gradually doped the graphene, increasing the E F . The transmittance at
0.48 THz for E F = 10 meV was used to normalize the spectra for an easier comparison of
the results.

the relative transmittance with graphene for Fermi levels of 10, 50 and 100 meV. A partial
recovery of the transparency window can be observed for the annealed sample with E F ∼
10 meV. As more ambient molecules adsorb onto graphene E F rises, leading to more free
carrier absorption and the suppression of the transparency window. This modulation of
E F provides an accurate control over DET. The addition of graphene on top of the array attenuates the field enhancement and thus quenches the DET. A simple explanation for this
reduction would be the enhanced THz absorption of SLRs by the monolayer of graphene
on the surface. As we show in the next section, the explanation is more subtle as it involves
the excitation of a metal-insulator-metal (MIM) resonance that is confined to the space
between the gold rods and the graphene layer.

4.2.5 Hybrid gap plasmons
To better understand the mechanisms leading to the reduction of DET, we have simulated
the electric field distribution between the gold rods and graphene. We have analyzed the
near-field distribution around the gold-graphene structure in the absence and presence
of graphene, as shown in Figs. 4.9(a) and (b), respectively. These figures show a side view
of the field magnitude |E | as a function of positions Y and Z simulated at the edge of the
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200 µm long rod. The simulation is preformed at 0.4 THz, i.e., at the frequency at which
the λ/2 resonance of the long rod dominates the near-field response. For clarity, the
rod of gold and the position of the graphene layer are highlighted in Fig. 4.9. The field
concentrates in the high index quartz substrate in the absence of graphene, forming the
SLRs that give rise to DET, see Fig. 4.9(a). The presence of the monolayer of graphene gives
rise to a very different near-field distribution: instead of the field extending in the quartz
substrate, it is now confined between the gold rods and graphene.

Figure 4.9: Electric field enhancement |E | at 0.4 THz normalized to the incident field,
recorded in the Y-Z plane that cuts through the 200 µm long rod of a gold-graphene
metasurface. The simulation was conducted (a)without and (b) with graphene (E F =
10 meV) on top. A PMMA insulating layer was present in both simulations.

This near-field distribution resembles that of Metal-Insulator-Metal (MIM) structures
supporting gap plasmons [138]. These structures consist of two metal layers separated by
a thin dielectric gap. A variant of MIM structures are the so-called particles on a mirror or
patch antennas, in which a resonant conducting structure is placed on top of a metallic
surface [139]. A mirror charge is generated by the metallic surface when driving the particle on resonance, which produces a very large field enhancement and confinement if the
distance of the particle to the surface is small. This concept is similar to microstrip patch
antennas at low frequencies using perfect conductors [140]. Extreme field confinement
was demonstrated recently at mid-IR frequencies using gold resonant particles on a conducting graphene layer separated by a monoatomic layer of boron nitride [141]. In this
system, the electromagnetic field is confined in the boron nitride layer by the excitation of
low loss gap plasmons. In our case, a similar sample geometry is realized, consisting of a
resonant metallic particle separated by a dielectric layer from a graphene sheet. The high
field enhancement in this dielectric spacer, suggests that the suppression of DET is due
to the excitation of this gap plasmon mode. As the field is now more localized and gets
absorbed by graphene, it can not propagate and interfere to generate DET, which leads to
damping in the hybrid gold-graphene structure.
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4.3 Conclusion
We have investigated the formation and suppression of DET at THz frequencies in arrays
of detuned resonators formed by gold rods of different dimensions by directly measuring
the near-field distribution. DET originates from the interference of two SLRs in the array
excited by frequency detuned rods. The fact that these SLRs are of similar amplitude
but opposite in phase is responsible for the DET, and manifests itself as a quadrupolar field pattern in the near-field at the transparency frequency. DET can be suppressed
with a monoatomic layer of graphene on top of the array. This suppression is mediated
by both absorption; and the efficient excitation of gap plasmons in the hybrid metalinsulator-metal structure defined by the conducting graphene layer and the gold rods. The
transmission at the transparency frequency is modified by controlling the Fermi level in
the graphene layer through doping from molecular adsorption. Hybrid graphene-metal
structures with properties as the ones demonstrated in this chapter, namely, nearly full
transmission at a resonance frequency, extreme field confinement in deep subwavelength
layers and active control of the THz response in a large scale device represents a very
interesting metamaterial platform for the manipulation of THz radiation.
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C HAPTER 5
R OBUST PHOTONIC BOUND STATES
IN THE CONTINUUM ON TH Z
METASURFACES

Photonic bound states in the continuum (BICs) are protected eigenstates in
optical systems with infinite lifetimes. This unique property that translates in
infinite Q-factor resonances, makes BICs extremely interesting not only from a
fundamental perspective, but also for various applications, such as lasing and
sensing. General means to achieve robust BICs are however elusive. Here, we
demonstrate analytically that BICs emerge in metasurfaces formed by arrays of
detuned resonant dipolar dimers, as a universal behavior occurring regardless
of both dipole position within the unit cell and lattice constant in the nondiffracting regime. These resonances evolve continuously from a Fano resonance
into a symmetry-protected BIC as the dipole detuning vanishes. We have verified
experimentally this very robust response at THz frequencies through dimer
rod arrays with different rod sizes, by simultaneously measuring the reduction
of linewidth and the increase of lifetime before the BIC is formed, as it is
impossible to couple to it from the continuum. Similar configurations can be
straightforwardly envisioned throughout the electromagnetic spectrum, enabling
a simple geometry that is easy to fabricate with resonances of arbitrarily high Qfactors.
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5.1 Introduction
Bound states in the continuum (BICs), have attracted much interest lately in Physics
for their (theoretically) infinite Q-factor. These states are leaky modes that in a certain
limit of some parameter space cannot couple to any radiation channel [142]. In the
absence of material losses, BICs have infinite lifetimes and zero linewidths. An approach
to trap light in such remarkable electromagnetic modes is to exploit metasurfaces [143–
150], i.e. sub-wavelength arrays (in the non-diffractive region) where only the specular
reflection/transmission channels are allowed by symmetry, wherein outgoing specular
channels can be suppressed by tuning the parameters of the system in various manners,
leading to symmetry-protected BICs. Achieving robust BICs and quasi-BICs will be
of great interest for the realization of cavities with arbitrarily high Q-factor and for
applications, such as lasing and sensing [151–153]. Nonetheless, there are no fundamental
works describing how to achieve robust BICs on a general basis, except for well-known
symmetry-protected and accidental degeneracies appearing in photonic crystals [144],
and asymmetric metasurfaces [148]. A variety of resonant phenomena, such as surface
plasmon lattice resonances in the optical domain [119, 154–159], Fano resonances [160–
166], and electromagnetically-induced transparency at optical and THz frequencies
[65, 96, 97, 100, 101, 103–105, 167, 168] have been reported in metasurfaces; however,
robust symmetry-protected BICs remain unexplored.
Metasurfaces are especially
interesting for this purpose due to their enhanced collective response [161, 166, 169–
172].
In this chapter, we will show that a simple and easily experimentally accessible configuration, based on metasurfaces of tunable dipoles, supports robust BICs that emerge in
the non-diffractive regime. The symmetry protection of these BICs is not broken or lost
by displacements of the dipoles within the unit cell, which increase the tolerance of these
systems to imperfections. In addition, we will unequivocally demonstrate experimentally
that such BICs emerge at THz frequencies in gold-rod dimer metasurfaces formed by two
rods per unit cell by observing the vanishing linewidth in the THz transmission spectra,
accompanied by the pronounced increase of the resonance lifetime, when rods are made
identical. The negligible Ohmic losses of metals at THz frequencies and the dipolar-like=
λ/2-resonances of metallic rods at these frequencies are responsible for the appearance of
BICs in this system. Apart from full numerical calculations in agreement with the experimental results, a simple model for arrays of detuned-resonant-dipole dimers is developed
to yield physical insight. Hereby, we show analytically a very general condition for the
emergence of symmetry-protected BICs in the parameter space of dipole-detuning, from
a dark Fano resonance (hybridized dipole lattice mode) that becomes an infinite Q-factor
BIC for zero detuning. These calculations fully explain the experimental results in this
wider theoretical context of detuned-dipole arrays.
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5.2 THz time-domain spectroscopy measurements
Using optical lithography, metal deposition, and lift-off, we have fabricated samples containing 2D periodic lattices of gold rods on top of a 1.5 mm thick amorphous quartz substrate. These samples were clamped against another 1.5 mm substrate with index matching liquid in between to suppress unwanted reflections, making the total sample thickness
3 mm. Before the thermal evaporation of the 100 nm gold layer, a 3 nm Ti adhesion layer
was deposited. All the samples consist of 2D periodic lattices of two gold rods per unit
cell. The lattice has a square symmetry with a pitch of a = b = 300 µm. One of the rods has
a fixed dimension of 200×40 µm, while the dimensions of the other rods are different for
each sample that is investigated.
The long dimensions of the rods are aligned with the y-axis, and the rods inside the unit
cell are separated by a distance dx along the x-axis. Both rods support λ/2-resonances in
the THz range, given by their length. The resonance frequency is controlled by the long
axis of the rods, so we classify each lattice by the length of the second rod, L 2 , covering the
range L 2 = 125 -250 µm in steps of 25 µm while keeping L 1 = 200 µm constant. The width
of the rods is scaled such that surface area covered with gold is comparable between the
rods and therefore between all samples.
Two different sets of samples have been measured, with separation between rods fixed
at dx = 120 and 150 µm. THz transmittance spectra of these samples have been measured
at normal incidence using a 4-f far-field THz time domain spectrometer (Menlo TeraK15),
described earlier in chapter 2. The transmittance of the lattices for different L 2 is shown
in Fig. 5.1(a). Numerical simulations calculated through SCUFF [173, 174] (open-source
software package for analysis of electromagnetic scattering problems using the method
of moments) are shown in Fig. 5.1(b), corresponding to transmittance spectra at normal
incidence for the same geometrical parameters, but considering gold rods as planar perfectly conducting rectangles embedded in a uniform medium with n = 1.55 (the average of
those of air and the supporting quartz substrate [175]). There is a shift between the Fano
resonances simulated and the measurements, which can be corrected by slightly adjusting
this refractive index. Good qualitative, and nearly quantitative, agreement is observed
between the measurements and the simulations.
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Figure 5.1: (a) Measured transmittance spectra for square lattices (a = 300 µm) of two gold
rods per unit cell, deposited on a quartz substrate, with two different rod separations: dx =
a/2 (solid curves) and dx = 2a/5 (dashed curves). One of the rods has fixed dimensions
of L 1 = 200 µm and w 1 = 40 µm, while the other varies as shown in the center insets, with
L 2 (µm)= 125, 150, 175, 200, 225, 250, while keeping the surface area fixed: L 2 w 2 = L 1 w 1 .
All rod thicknesses are t = 0.1 µm. (b) Transmittance spectra numerically calculated
through SCUFF [173, 174] for the same geometrical parameters, but considering gold
rods as planar perfectly conducting rectangles embedded in a uniform medium (see text).
Curves are offset by 1 for each different L 2 .

The more relevant feature in Fig. 5.1 is that for L 2 6= 200 µm all spectra present a strong
Fano resonance with a narrow asymmetric lineshape, with a high contrast approaching
zero-to-total transmittance. The resonance moves toward lower frequencies as L 2 is increased, and disappears for L 2 = 200 µm. In addition, as the rods become more similar
in size, the resonance becomes narrower; it should be mentioned, though, that the resonance narrowing is not clearly visible in the measurements for L 2 = 175, 225 µm due
to the limited frequency resolution in the measurements. The Fano resonance can be
understood in terms of the lattice resonances that the array supports: a bright, broad
symmetric mode and a dark, narrow antisymmetric mode [105]. Incidentally, by lattice
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resonances we mean the resonances resulting from the lattice-induced modification of
meta-atom resonances [176], rather than those emerging near Rayleigh anomalies [155].
The symmetry of these modes is preserved in the lattice and they interfere either destructively or constructively, producing a characteristic dip/peak pair in the spectra. Moreover,
the dark mode becomes inaccessible at L 2 = 200 µm and the interference disappears; as
we will show below, the width of the resonance thus tends to zero, leading to a BIC that
cannot be detected in the far field.
It should be noted that, when dx = 150 µm, the BIC state is connected to the guided
mode that the lattice supports. Indeed, for L 2 = 200 µm both rods are identical, so that the
array becomes a single rod lattice with lattice constant halved along the x-axis. We call this
condition as the "half-period lattice". The Brillouin zone is doubled when dx = a/4; thus,
if one artificially assumes that the actual lattice constant is still a (instead of 2a), part of
the lowest guided mode band (always below the light line of the true Brillouin zone) will
be bent back into the propagating region (above the light line) of the artificially reduced
Brillouin zone, indeed leading to an artificial BIC (stemming from a guided mode rather
than from a leaky mode) at the Γ point. Furthermore, the number of resonances that the
lattice supports can be associated to the number of particles per unit cell. For the identical
half-period lattice, i.e. one particle per unit cell, there is only a bright (symmetric) mode.
Therefore, for the half-period lattice it is difficult to relate the BIC with a real state.
Nonetheless, for a lattice with dx = 120 µm, where the half-period lattice is not recovered
at L 2 = 200 µm for equal rods, the BIC is no longer directly connected to any guided mode,
so that the system has two well defined lattice modes and a true BIC emerges. This is
further verified through numerical calculations at oblique incidence (see appendix A),
which reveal a Fano resonance emerging for equal rods only in the case of the lattice with
dx = 2a/5; yet another evidence of the true BIC behavior.
Time domain measurements (also with quasi plane wave excitation as in Fig. 1(a)),
shown in Fig. 5.2, yield further evidence of the transition to a BIC in the parameter space.
Transmitted THz transients are plotted for lattices with a spacing of dx = 120 µm and
asymmetric dimer rods L 2 = 125, 150, 175 µm. The transient for the BIC condition (L 2 =
200 µm) is subtracted from these measurements to remove the contribution of the broad
bright mode. On long timescales only this narrow, dark (anti-symmetric) resonance remains, which is in turn fitted to a single frequency damped harmonic oscillator with a
lifetime of (for increasing L 2 ) 5.9, 10 and 20 ps, and oscillation frequencies of 0.4, 0.39,
0.375 THz, respectively. The lifetimes thus extracted reasonably agree with those inferred
from the widths of the numerical transmittance spectra at resonance in Fig. 5.1(b), the
latter obviously overestimating the experimental lifetimes. More importantly, a clear increase of lifetime (resonance width becoming increasingly narrow) is demonstrated as
the condition of the BIC emergence (infinite lifetime) is approached in parameter space:
namely, as the detuning vanishes for |L 2 | → 200 µm. We note that direct measurements of
the lifetime of the BIC in symmetric dimers arrays is not possible with far-field techniques
due to the complete suppression of the coupling to the continuum. Such BIC emergence
condition will be fully explored analytically below. Alternatively, as we show later, this
observation could be achieved using near-field techniques.
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Figure 5.2: Measured transient response after background subtraction for square lattices
(a = 300 µm), as in Fig. 5.1, consisting of two gold rods per unit cell, deposited on a
quartz substrate, with rod separation dx = 2a/5 (solid curves). One of the rods has fixed
dimensions of L 1 = 200 µm and w 1 = 40 µm, while the other varies as shown in the figure
legend, with L 2 (µm)= 125 (blue), 150 (red), 175 (orange). In all cases, the transient for
identical rod dimers (L 2 = 200 µm) is subtracted; the resulting differential transients are
normalized to the maximum of L 2 (µm)= 125 and offset by 1 for convenience. Recall that
the rod surface area is fixed, L 2 w 2 = L 1 w 1 , and the rods have thicknesses are t = 0.1 µm.
Dashed lines show fits to single frequency damped harmonic oscillators, with a lifetime of
5.9, 10 and 20 ps, and oscillation frequencies of 0.4, 0.39, 0.375 THz, respectively.

5.3 Theoretical model: coupled detuned-dipole planar array
To shed light onto this rich phenomenology, we developed a simple coupled dipole-dimer
model of an infinite array embedded in a homogeneous environment, shown in detail
in appendix A. Dipoles are fully characterized by their polarizabilities along the y-axis,
(2)
namely α(1)
y and α y , where (1) and (2) account for each dimer dipole in the unit cell. The
array is excited by an external plane wave, ψ0 being its electric field polarization along
the y-axis. Upon imposing Bloch’s theorem and recalling that only normal incidence is
)
considered, the local field at the position of the dipoles, ψl(ioc
, with i = 1, 2, can be found
through a self-consistent field equation
"
#
·
¸
h←
ψ(1)
→
←
→ →i−1 ψ(1)
0
l oc = I − k 2 G ←
α
,
(5.1)
b
ψ(2)
ψ(2)
0
l oc
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"
α(1)
←
→
y
α =
0

#
0
,
α(2)
y

"
←
→
Gb y y
Gb=
G (2−1)
yy

#
G (1−2)
yy
.
Gb y y
(i − j )

G b y y describes the self-interaction of each dipole array; G y y

(5.2)

is the interaction of the

= G (2−1)
dipole array labeled as (i) over (j). Due to symmetry, at normal incidence G (1−2)
yy .
yy
Surface lattice resonances are the solutions of Eq. (5.1) in the absence of the external
plane wave. To solve it, we diagonalize the system and find the condition at which the
eigenvalues, Λ, are equal to zero. At real frequencies, the zeros of the real part of Λ give the
resonance frequencies, whereas the imaginary parts define the resonance widths. Recall
←
→
→
that the imaginary components of G b and ←
α (for lossless particles) are well defined and
satisfy the following condition
·µ
¶
¸
1
ℑ
−G b y y +G (1−2)
= 0,
(5.3)
yy
αy
where we define the magnitudes
!
Ã
1
1
1
2
+ (2) ,
=
α y k 2 α(1)
αy
y

!
Ã
1
1
1
∆α y = 2
− (2) ,
k α(1)
αy
y

(5.4)

∆α y thus representing the detuning between the two rods in the unit cell (introduced in
the experiments by changing the size of one rod). For a small detuning, ∆α y ¿ 2G (1−2)
yy ,
the imaginary components of the eigenvalues can be approximated by
£ ¤
ℑ Λ+ = ℑ

"¡
¢2 #
∆α y

,
8G (1−2)
yy
" µ
¢2 #
¶ ¡
∆α y
1
−
ℑ [Λ ] = ℑ 2
−G b y y −
.
αy
8G (1−2)
yy
Finally, the corresponding eigenvectors are given by
# · ¸
"
ψ(1)
1
±
±
l oc =
Λ =0→ν =
∓1
ψ(2)
l oc

(5.5a)

(5.5b)

(5.6)

The lattice resonances are associated to two modes in which the £rods¤ are out-of-/in-phase
(antisymmetric/symmetric). From Eq. (5.5), it follows that ℑ Λ+ goes to zero as the
detuning is suppressed, i.e. as the two rods are made equal. Hence, as expected, the out
of phase mode Λ+ is very narrow and becomes a BIC at zero detuning. On the other hand,
ℑ [Λ− ] is always larger than zero, so that the in-phase mode Λ− is broad. Therefore, for
(2)
L 1 6= L 2 (α(1)
y 6= α y ) we have a broad mode that interferes with a very narrow mode, leading
to a Fano resonance. For L 1 = L 2 , the narrow mode converges into a BIC state, precluding
any external coupling to it and the formation of the dip in transmission.
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Interestingly, if there is also an additional displacement along the y-axis, given by d y ,
Eq. (5.3) still holds. Moreover, this identity is also valid for rectangular (non-square) lattices where a 6= b. This is evidenced in the detailed formulation in appendix A, where
the expressions of the imaginary parts of all three terms in Eq. (3) are shown to cancel
out in the absence of diffraction orders despite the fact that both G (1−2)
and G b y y depend
yy
on lattice parameters. Hence, Eq. (5.3) is universal and holds for : (i) any set of lattice
constant parameters, a and b; and (ii) any relative displacement between dipoles inside
the unit cell, not only along the x-axis, but extensive to the full x y plane. Therefore, a major
conclusion is that the BIC state is symmetry-protected and robust against changes in the
specific lattice parameters: a, b, dx and d y . In this regard, bear in mind that this statement
is purely theoretical (no experimental evidence is provided). Indeed, it is thus restricted
to the domain of applicability of our coupled detuned-dipole formulation, namely: dimer
meta-atoms accounted for by parallel detuned dipoles, with couplings among them fully
reproduced by dipole-dipole interactions, and within the spectral regime where no diffraction orders are allowed other than the specular ones.
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Figure 5.3: (a-d) Theoretical transmittance spectra calculated through coupled dipole
theory for a square lattice (a = 300 µm) as in Fig. 5.1, but consisting of two detuned
dipoles per unit cell, separated by dx = 2a/5: (a,b) Transmittance; (c,d) phase. Dipole
polarizabilities are extracted from the numerically calculated scattering cross sections
shown in appendix A. One is fixed and corresponds to a rod with dimensions L 1 = 200 µm
and w 1 = 40 µm, while the other one L 2 (with identical areas L 2 w 2 = L 1 w 1 ) varies
continuously in the contour maps in (a,b), whereas those cases corresponding to three
of the experimental dimers, L 2 (µm)= 150, 200, 250, are shown in (b,d).
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Let us now analyze the Fano-BIC transition using our coupled dipole-dimer model. We
plot in Fig. 5.3(a,c) the spectra of the transmission coefficient (T = 1 − R 0 ) intensity and
phase, for a square lattice (lattice constant a = b = 300 µm) with two dipoles per unit cell,
separated by a distance of dx = 120 µm for varying L 2 ; cuts for fixed lengths are shown
in Fig. 5.3(b,d). The polarizability of the rods is calculated through SCUFF [173, 174],
considering the rods as perfect electric conductors in appendix A Fig. S2(b)].
Figure 5.3 shows that the coupled dipole-dimer model reproduces all the features exhibited in Fig. 5.1, fully extending the characterization of the BIC into the L 2 -parameter space.
Remarkably, the contour map in Fig. 5.3(a) reveals the classical narrowing of the leaky
resonance (Q-factor tending to infinity) towards a BIC state, with the distinct feature that
the resonant state [surface lattice dipole resonance with an abrupt π-phase jump shown in
the contour map in Fig. 5.3(c)] manifests itself as a narrow Fano resonance instead. Transmittance spectra (intensity and phases) are shown in Fig. 5.3(b,d) for given L 2 illustrating
this Fano-like behavior that disappears at L 2 = L 1 as a signature of the BIC.
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Figure 5.4: Spectral variation of both local field (a) phases (including the relative phase)
and (b) amplitudes, calculated through coupled dipole theory for a square lattice (a =
300 µm) as in Fig. 5.1, but consisting of two detuned dipoles per unit cell, separated by
dx = 2a/5 for L 2 = 200 µm and L 2 = 150 µm. The local amplitudes and phases at both rods
for L 2 = 200 µm are identical.

, ψ(2)
) and phases (φ(1)
, φ(2)
, ∆φ)
Furthermore, we show in Fig. 5.4 the amplitudes (ψ(1)
l oc
l oc
l oc
l oc
of the local fields over the dipoles, for the dipole dimer corresponding to L 2 = 150 µm.
At low frequencies, both dipoles are driven in phase. At ν = 0.38 THz, coinciding with
the zero of ψ(1)
, ∆φ presents a discontinuity and becomes maximum (rods out of phase,
l oc
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Figure 5.5: Near Field simulations showing the electric field component along the zdirection for a broadband (center frequency around the BIC) dipole source (located at
the center of the images indicated by an arrow) in a square lattice (a = 300 µm) of gold
rod dimers on a quartz substrate with rod separation dx = 2a/5. One of the rods has
fixed dimensions of L 1 = 200 µm and w 1 = 40 µm, while the other is (a) L 2 = 125 µm (i.e.
detuned dipoles) and (b) L 2 = 200 µm (i.e. equal dipoles), while keeping the surface area
fixed: L 2 w 2 = L 1 w 1 . The dipole source emits at ν = 0.357 THz (BIC frequency) and is given
200 ps to propagate over the total simulated area, 2.5x2.5 mm2 , indeed much bigger than
the area shown.

with a high dispersion in both). The field amplitudes are enhanced and, indeed, exhibit a
resonant lineshape, corresponding to the dark lattice resonance, where the Fano asymmetric lineshape emerges in the far field. Then at ν = 0.48 THz, upper-frequency end
of the Fano resonance, ∆φ presents another discontinuity exactly at the zero of ψ(2)
; for
l oc
higher frequencies the phase difference vanishes and the dipoles are in phase again. Thus,
at given frequencies at the lower/upper band of the Fano resonance, the fields at the
long/short rods are strictly zero, manifesting the strong interaction that exist between the
different rods near resonance. In addition, the local field is enhanced by more than a factor
of three in both rods. At L 2 = L 1 , the anti-phase behavior is not allowed, so that the field at
both rods is identical [cf. Figs. 5.4(a,b)], with no evidence whatsoever of a Fano resonance,
thus becoming a BIC [as shown in Fig. 5.3(a,b)].
To reveal even more neatly the BIC behavior, we show a near-field map the out of plane
electric field component at the BIC frequency (0.357 THz)in Fig. 5.5. The field pattern
is numerically calculated through FDTD simulations (Lumerical), for a broadband (center
frequency around the BIC, ν = 0.357 THz) dipole source (located at the center of the image)
inside both asymmetric and symmetric dimer rod arrays (dx = 120 µm) lying on a quartz
substrate, over a large area of 2.5x2.5 mm2 , with rod dimer dimensions (as highlighted
in the schematic insets) of: L 1 = 200 µm and L 2 = 125 µm, [Fig. 5.5(a)]; L 1 = L 2 = 200 µm
[Fig. 5.5(b)]. In Fig. 5.5(a) the excitation with a point dipole is radiated to the far field,
showing negligible coupling or propagation to the neighboring rods. By contrast, the near
field for equal rod dimers is effectively trapped in the BIC mode as shown in Fig. 5.5(b):
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many dimers in the lattice are resonantly excited, with the expected opposite phase for
each rod within the (dimer) unit cell that protects the BIC and precludes out-of-plane
radiation losses.

5.4 Conclusions
We have shown experimentally through the THz transmission spectra and transients that
metasurfaces consisting of sub-wavelength gold-rod dimers support BICs when the rods
are identical; and that such BICs emerge from strong Fano resonances which become
narrower (higher Q-factor) as the dimensions of the rods approach each other. Such experimental results have been fully explained in the theoretical context of detuned-dipole
arrays, as a universal condition for the emergence of symmetry-protected BICs and vanishing dipole detuning. Remarkably, such BIC condition is shown to be independent of
both the relative position between dipoles/rods inside the unit cells and the lattice constants (provided that no diffractive orders come into play). Hence, these properties make
an array of detuned dipoles a general scenario to engineer robust and versatile metasurfaces supporting bound states in the continuum throughout the electromagnetic spectrum, with appealing implications in sensing, lasing, and related phenomenology. Finally, bear in mind that the formalism and phenomenology of our coupled detuned-dipole
model could be extrapolated to other fields of wave physics with arrays of dipolar scatterers, such as acoustic, elastic, seismic and even atom waves.
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C HAPTER 6
TH Z NEAR- FIELD IMAGING OF
BOUND STATES IN THE CONTINUUM

Bound states in the Continuum (BICs) represent a new paradigm in resonant
photonics due to the full suppression of radiation losses. However, this
suppression also hampers their direct observation. By using a double terahertz
(THz) near-field technique that allows the local excitation and detection of the
THz amplitude, we are able to measure for the first time the local electromagnetic
field of BICs, unveiling the field symmetry protection that suppresses farfield radiation. This investigation is done for metasurfaces of dimer rod
resonators, revealing the in-plane extension and time evolution of the BIC
with anti-symmetric phases in the dimer in agreement with coupled-dipole
calculations. By displacing the rods, we demonstrate that rotation symmetry is
the necessary condition to suppress radiation losses, making BICs very robust
to structural changes. This work makes the symmetry-protected local fields of
BICs experimentally accessible, which are crucial to engineer infinite-Q cavities
for enhanced light-matter interaction.
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6.1 Introduction
One of the major drivers in the fields of optics and photonics is the realization and investigation of systems supporting high-quality (high-Q) electromagnetic resonances. These
investigations are motivated by fundamental phenomena, such as light-matter interaction, (ultra-)strong coupling, or optical switching, as well as by potential applications,
such as optical sensing, storage, low threshold lasing, non-linear optics, or frequency and
polarisation filtering [147, 151, 177–180]. The quality of a resonator is inherently limited
by the losses in the system, which have two possible sources: intrinsic material losses or
absorption of the electromagnetic (EM) wave, and radiation leakage of the EM energy out
of the system. The first source of loss can be suppressed or minimized by using materials
with no or weak absorption at the resonant frequency (e.g. dielectrics at optical frequencies and/or noble metals a low frequencies). The suppression of radiation leakage is more
subtle as it requires to create a fully closed system, which does not allow either to couple
far-field EM energy into the resonances, nor to probe these resonances in the far-field.
Recent advances with more complex periodic structures of scatterers has led to the
realization of the so-called Bound States in the Continuum (BICs), which have boosted
the fundamental research on high-Q resonators [142, 143, 148, 151, 152, 181–187]. These
structures define open systems with eigenstates with a frequency and wave vector in the
radiation continuum (inside the light cone) that cannot couple to this continuum. Two
different types of BICs can be realized in periodic systems or metasurfaces: Symmetry
protected BICs and accidental BICs [142, 148, 184, 188–192]. A symmetry protected
BIC can be only generated in the 0th-order of reflection/transmission or the Γ point.
The symmetry of the unit cell precludes radiation normal to the plane of the array
[148]. Accidental BICs are formed when two different modes (i.e., different emission
patterns) interfere destructively and cancel each other in the far-field under a specific
angle of incidence/scattering. Similar to closed systems, this remarkable property
also makes it impossible directly excite and observe BICs with far-field spectroscopic
techniques[193].Therefore, research on BICs has been so-far limited to the observation of
quasi-BICs or sharp Fano resonances in their evolution towards BICs [146, 147, 150, 188–
190, 194–196].
In this chapter, we demonstrate that it is possible to excite symmetry protected BICs and
directly image the spatial distribution of their associated EM fields. This demonstration is
done at THz frequencies by imaging the field distribution in the time domain using a double near-field microscopy technique and a metasurface of gold dimer resonators (array
of two equal resonators per unit cell). The simultaneous measurement of amplitude and
phase on the metasurface enables us to experimentally unravel the mechanisms leading
to the complete suppression of radiation losses and the storage of EM energy into the open
cavity defined by the metasurface. By displacing the rods in the dimer, we break the mirror
symmetry of the metasurface and show that only pi -rotation symmetry is necessary to
sustain symmetry protected BICs. This property makes BICs exceptionally robust and the
realization of open optical cavities with infinite life times or Q-factors surprisingly simple.
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6.2 Sample
The strategy to suppress material losses depends on the frequency range. The high permittivity of noble metals at low frequencies results in a small electronic skin depth and
low material losses. Noble metals such as gold are, therefore, ideal to manufacture resonant structures at giga- and terahertz frequencies. The arrangement of these structures
in a photonic lattice can tailor their radiation properties to enhance scattering in certain
directions. These enhanced differential scattering cross sections by interference of the
scattered waves is the mechanism leading to applications, such as antenna arrays and
beam shaping [152, 180]. The recent discovery that arrays of similar resonant dipolar
scatterers can also fully suppress all radiation channels and support symmetry protected
BICs opens the possibility for the realization of ultra-high Q resonances in extended open
cavities of scatterers [191, 195, 197].

Figure 6.1: (a) Photograph of the sample and microscope image of several unit cells of the
sample. The period P and distance between rods dx are also indicated in the image.

We have fabricated samples supporting BIC states using standard optical lithography,
metal deposition, and lift-off techniques already mentioned earlier in this thesis. A photograph of the sample with dimensions 2 × 2 cm2 is shown in Fig. 6.1(a). The investigated sample consists of a 2D periodic lattice of gold rods on top of a 2.5 mm thick Zcut quartz substrate. A 2 nm layer of titanium was used as an adhesion layer for the gold
layer of 100 nm. Figure 6.2(b) shows a microscope image of the sample. The gold rods
are 200 µm long and 40 µm wide, designed to have the fundamental resonance (λ/2 resonance) around 0.4 THz. A square unit cell with periodicity P=300 µm contains two of these
rods, which are displaced from each-other along the diffraction axis x by dx=120 µm.

6.3 Dispersion calculations
To validate the presence of a BIC in this metasurface, a coupled electric and magnetic
dipole (CEMD) calculation is used that fully accounts for all dipole interactions across the
infinite array [176, 198]. In this particular geometry, each rod is replaced by a longitudinal
electric dipole along the polarization of the incident EM wave. The polarizability α y of
the dipole is equal to that of a rod as extracted from a full numerical calculation using the
method of moments [173, 174]. The expected frequency of the BIC can can be extrapolated
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from the dispersion curve obtained from the zeroth-order transmittance as a function of
the angle of incidence and calculated using the CEMD model (see Fig. 6.2)[184, 188]. In
addition, the angular dependence of the Q-factor is shown as inset in Fig. 6.2, revealing
the characteristic divergence of symmetry protected BICs upon approaching normal incidence (Γ point).

Figure 6.2: Zeroth-order transmittance as a function of the angle of incidence as
calculated using the CEMD model. The value of log10 (Q f ), where Q f is the Q-factor of
the quasi-BIC, as a function of the angle of incidence is plotted as inset.

The dimensions of the particles and the periodicity in the sample was chosen such that
the radiative coupling between rods in the plane of the array is enhanced by diffraction,
which leads to the so-called surface lattice resonances (SLRs) [199, 200]. The presence
of two rods per unit cell of the array leads to two modes or SLRs in which the rods oscillate in- or out-of-phase [184, 201–203]. The in-phase or symmetric mode corresponds
to a super-radiant mode that couples very efficiently to the continuum; while the outof-phase or anti-symmetric mode defines the BIC with a sub-radiant character. Using
the CEMD model, SLRs can be found as the solution of the homogeneous problem (no
source), obtained by imposing that the inverse of the scattering matrix vanishes, and their
eigenvalues are equal to zero (Λ± = 0). At normal incidence, the imaginary components of
the eigenvalues of these anti-symmetric and symmetric modes calculated using the CEMD
model can be approximated by [184]
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where α y is the average polarizability of both particles, ∆α y defines the detuning between
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the two rods in the unit cell, G b y y is the self-interaction of each dipole array, and G y y is
the mutual interaction of both arrays. In the limit of ∆α y = 0, i.e., when the two rods are
equal in size, it can be shown that Λ+ and Λ− correspond to out-of-phase and in-phase
dipole oscillation eigenmodes, respectively. Moreover, in the absence of diffraction orders,
£ ¤
the imaginary component of the anti-symmetric lattice resonance vanishes, i.e., ℑ Λ+ =
0. Then, Λ+ can have solutions at real frequencies, which correspond to the symmetry
protected BIC. As we demonstrate experimentally below, the out-of-phase oscillation of
the two dipoles of equal strength and same frequency is responsible for the complete
suppression of the radiation to the far-field.

6.4 THz transmission measurements
The transmittance through the sample (power transmission normalized by the incident
power) was measured with a THz time-domain spectrometer (TDS), which was introduced in chapter 2, and is illustrated in the inset of Fig. 6.3. The transmittance measurement is shown in the same figure, where no resonance associated to the BIC can
be observed at 0.38 THz as could be expected from the suppression of coupling to the
continuum.

Figure 6.3: Measured far-field transmittance spectrum under normal incidence using a
THz time-domain spectrometer, as schematically depicted in the inset. The expected
frequency of the BIC, as obtained from the CEMD model, is indicated by the grey dashed
line.

Only a very broad resonance at 0.45 THz is visible in the transmittance, which can be
associated to the symmetric SLR with increased radiation losses (superradiance) when the
two rods are equal in size. Thus when ∆α y = 0 and I m [Λ− ] has a maximum value, as given
in Eq. 6.1b. It should be noted that any small misalignment between the principle axis of
the setup and the normal to the sample, or any sample imperfection will result in a Fanotype resonance or quasi-BIC. The absence of the quasi-BIC in the measurement indicates
the good quality of the sample and the alignment of the experimental setup.
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6.5 THz near-field
The complete suppression of in- or out-coupling of electromagnetic radiation from the
far-field, makes the observation of BICs only possible with near-field techniques [204].
As we show next, the field associated to symmetry protected BICs can be directly imaged by the local excitation of one of the rods in a unit cell of the array, and the nearfield detection of the THz field on the surface of the 2D array. This local excitation and
detection of ultra-short THz pulses is realised by using two separate micro-structured
photo-conductive antennas, as depicted in Fig. 6.4(a). The operating principle of this
setup is similar to that of a conventional THz-TDS system and was already introduced
in chapter 2. A 100 fs optical pulse from a laser (λ = 780 nm) generates a single-cycle THz
pulse in a micro-structured photo-conductive antenna (emitter) Tx with a certain dipole
orientation depicted by the grey arrow. This THz pulse can be detected with a second
micro-structured photo-conductive antenna (receiver) Rx, which is gated with another
optical pulse that has passed through a computer controlled optical delay line. Transient
THz pulses can be detected on ultra-short time scales by varying the arrival time of the
second pulse, obtaining both amplitude and phase information. By scanning Tx or Rx,
these transient signals can be mapped in space, imaging the ultra-fast field propagation at
arbitrary positions on the surface of the array. The small size of the emitter (the gap of the
photo-conductive switch is 5 µm) makes it possible to approximate it as a dipole emitter.
This approximation is justified with measurements of the radiated THz field by the emitter
and its propagation in free space that can be found in chapter 1.
The local excitation and near-field detection of the THz field amplitude is done without introducing a significant perturbation to the mode profile of the system due to small
dimensions of the photo-conductive antennas [128]. Therefore, this technique offers a
unique opportunity for the investigation of the excitation, propagation and THz field distribution in resonant structures and metasurfaces. For this measurement, as well as for
the results discussed in this chapter, the THz emitter was positioned in the middle of a
gold rod situated in the center of the array and at a height of ∼3 µm above the rod. The
measurements started 100 µm away to avoid unwanted laser reflections from Tx that could
damage Rx as these photo-conductive antennas are inherently fragile.
The spatial extent of the field in the direction perpendicular to the long axis of the rods
shows the propagation of the BIC most clearly and is shown in Fig. 6.4(b). Here, the field
emitted by Tx locally couples into the BIC on the rod where the emitter is positioned. The
out-of-plane (z) field component associated to this BIC is then measure as Rx is moved
away from Tx. The lateral distance to the emitter increases successively from bottom
to top as also graphically indicated by the rods on the left side of Fig. 6.4(b). In these
measurements, we can see the time evolution of the pulse as it propagates over the surface,
showing pronounced oscillations of the near-field close to the rods. These long-lived oscillations can be associated to the BIC on the surface of the array. As discussed above, this BIC
emerges from the resonant response of the individual rods anti-symmetrically coupled
with each other through a SLR in the array. Therefore, it is not surprising that the nearfield amplitudes are maximum at the positions of the rods. The out-of-phase oscillation of
adjacent rods in the unit cell is visible in the near-field measurement. This out-of-phase
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Figure 6.4: (a) Schematic representation of the THz near-field microscope used for
the excitation and detection BICs. A THz pulse is generated in a microstructured
photo-conductive antenna with a 100 fs, 780 nm laser pulse. This antenna Tx, can be
approximated as a radiating dipole polarised along the y-axis, which is aligned with the
long axis of the gold rods. A delayed laser pulse excites a second photo-conductive
antenna, Rx, that is used for the detection of the THz-field amplitude. Rx can be scanned
relative to Tx to map the electric field amplitude of the BIC at arbitrary positions on the
surface of the array. (b) Normalised THz-field amplitudes as a function of time, plotted
at increasing distances from Tx, which is located at -60 µm as graphically depicted by
the black arrows on the lowest rod. Long lasting oscillations of the electric field and a
phase change of 180° between rods in a dimer are visible. This out-of-phase behaviour is
highlighted in (c) by plotting the field amplitudes at two neighboring rods marked by the
green and purple dashed lines in (b).

oscillation is more clear in Fig. 6.4(c), where the field amplitudes measured in the two rods
of a dimer indicated in Fig. 6.4(b) with the dashed lines, are plotted as a function of time.
We note that on the longest measured timescales, the near-field oscillation decays as the
pulse spreads over the full surface of the sample eventually leaking out at the edges due to
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Figure 6.5: Normalised field intensity as a function of frequency at increasing distances
from a dipole source located at -60 µm, as graphically depicted by the black arrows on
the lowest rod on the left. The measured peak frequency agrees with the theoretically
predicted BIC at 0.38 THz, as can be better observed from the cross cuts at the positions of
the two rods in a dimer shown in the bottom figure.

the unavoidable finite size of the array.
Figure 6.5 displays the spectra obtained by Fourier transforming the THz transients
measured at different positions in Fig. 6.4(b). These spectra show a narrow peak at
0.39 THz, in excellent agreement with the expected frequency of the BIC obtained from
the CEMD calculation (Fig. 6.2). The line shape of the BIC, shown at the bottom of
Fig. 6.5 for two positions at rods in the same unitcell, is slightly asymmetric. an be also
understood in light of the calculated dispersion. This asymmetry can be explained with
the calculated dispersion displayed in Fig. 6.4. The tail in the spectrum of BIC at lower
frequencies stems from the fact that the associated quasi-BIC is excited at non-zero inplane wave vectors that are accessible for a dipole source with a much weaker intensity
due to the non-negligible radiation leakage at these frequencies. In contrast, the NF
intensity peak decays abruptly at higher frequencies due to the absence of the quasi-BIC
at those frequencies (see Fig. 6.2). Note also that, as shown in the bottom of plot of
Fig. 6.5, the spectra measured in adjacent rods have the same resonant frequency and
similar amplitude, differing only in the phase.
A map of the full field profile of the BIC can be obtained by recording THz transients
along a raster scan, Fourier transforming them and plotting the THz amplitude at the frequency of the BIC. The results of these measurements and analysis are shown in Fig. 6.6(a).
This iso-frequency amplitude map has been made by measuring 80 ps long transients at
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Figure 6.6: Normalised I m(E z ) electric field amplitude plotted at0.39 THz over several
unit cells, with the measurement of the BIC shown on the left and a calculation at
0.381 THz based on the CEMD theory, shown on the right. Both data sets have been
normalized to their respective maximum field amplitudes. The excitation dipole is
located at [X,Y]=[0 µm,−70 µm]. The location of the gold particles are highlighted by the
transparent grey areas.

Figure 6.7: Normalised I m(E z ) electric field amplitude plotted at 0.39 THz over several
unit cells, with the measurement of the BIC shown on the left and a calculation at
0.381 THz based on the CEMD theory, shown on the right. Both data sets have been
normalized to their respective maximum field amplitudes. The excitation dipole is
located at [X,Y]=[0 µm,−70 µm]. The location of the gold particles are highlighted by the
transparent grey areas.
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spatial intervals of 15 µm, which are Fourier transformed and normalized to the global
maximum to obtain the normalized field amplitude. Figure 6.6(a) shows the imaginary
component of Ez at 0.39 THz extending over the array, with the measurements on the
left panel and the CEMD calculations on the right panel. The calculated near-field maps
were also computed by means of our CEMD formalism; nonetheless, rather than a plane
wave scattering problem as was used in the dispersion curves, a spatial Green function
calculation is carried out, placing the dipole source at one of the (fixed) arguments and
scanning the other one on a plane above the metasurface. Note that the calculations
have been done without any adjustable parameters. Despite some artefacts in the measurements around the x = 0 line, resulting from the laser beam scattered on the emitter
and reaching the detector, the calculations nicely reproduce the experimental BIC local
field. Both theory and experiment show the phase shift across successive rods in the same
unit cell, beating out-of-phase from each other. This field amplitude distribution is in
agreement with the argument that a pair of parallel out-of-phase resonant dipoles per unit
cell are responsible for the symmetry-protection of the BIC [184]. The localized emission
behaviour of the dipole is recovered at other frequencies than the BIC frequency, where the
radiation losses are significant and the extension of the field into the array is significantly
reduced compared to the BIC. An example of the field amplitude at 0.42 THz can be seen
in Fig. 6.8.

Figure 6.8: Normalised I m(E z ) electric field amplitude maps plotted at 0.42 THz over
several unit cells. (a) Measurements and (b) calculations based on the CEMD theory.
Both data sets have been normalized to their respective maximum field amplitudes. The
excitation dipole is located at [X,Y]=[0 µm,−70 µm]. The location of the gold particles are
highlighted by the transparent grey areas.

So far, research on symmetry protected BICs has mainly focused on dielectric structures
that rely on mirror and in-plane rotation symmetry protection to stabilize the BIC. These
systems have been investigated by breaking the symmetry to form quasi-BICs that can
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be coupled to the continuum [148]. However, the mirror symmetry can be relaxed to
only include π-rotation symmetry, which in the case of single in-plane dipolar particles
(e.g. metallic rods) will lead to an exceptional robustness of the BIC to relative displacements of the rods in the dimer. We have tested this remarkable property on an array of
dimer rods in which the rods are displaced by 30 µm in the x-direction, as shown in the
measurements of Fig. 6.7(a) and the CEMD calculations of (b). The mirror symmetry of
the dimer is broken in this sample, but the in-plane π-rotation symmetry is preserved.
Both experimental and theoretical near-field maps shown in Fig. 6.7 exhibit an intricate
combination of amplitudes that maintain the out-of-phase condition of each (dipole) rod
within the unit cell throughout the metasurface, fully supporting the robustness of the BIC
symmetry protection mechanism.

6.6 Conclusion
With a double THz near-field technique, that allows the local excitation and near-field
detection of broadband THz pulses, we have been able to map for the first time the electromagnetic field of symmetry protected BICs over extended areas. This investigation has
been done in a periodic array of dimer rods supporting surface lattice resonances with a
superradiant and a subradiant character. The near-field mapping of the BICs, associated
to the subradiant mode, allows to unveil the field-symmetry protection that suppresses
far-field radiation. This suppression of the radiation leakage leads to modes with exceptionally long (diverging) life times and high Q-factors that cannot be detected in the
far-field. By displacing the rods, we demonstrate that mirror symmetry is not necessary
for the formation of BICs and only π-rotation symmetry is needed. This property, confirmed by theoretical calculations based on a coupled electric-magnetic dipole theory in
the frequency domain, makes symmetry protected BICs exceptionally robust to relative
displacements of the rods, which makes the fabrication of open resonant cavities with
arbitrarily high Q-factors deemed simple. Although this investigation has been done at
THz frequencies, it can be extended to other frequencies by scaling the dimensions and
using non-absorbing materials.

71

6 THz near-field imaging of bound states in the continuum

72

C HAPTER 7
T ERAHERTZ TDS AND NEAR- FIELD
MICROSCOPY OF TRANSPARENT
SILVER NANOWIRE NETWORKS

Transparent conductive layers are key components of optoelectronic devices.
Here, we use a polyol method to synthesize large quantities of monodisperse
silver nanowires (AgNWs) and use them to fabricate transparent conducting
networks over large areas. We simultaneously investigate the optical extinction
and terahertz (THz) conductance of these networks, using optical and THz
spectroscopy, and THz near-field microscopy. The combination of optical and
THz measurements allows the identification of transparent regions with high
conductance. The THz near-field measurements reveal local variations in the
THz transmission and conductance that are averaged in far-field measurements.
These results demonstrate that THz near-field microscopy is a powerful tool for
the quantitative investigation of new conductive transparent electrodes.
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7.1 Introduction
Transparent conducting electrodes are critical components in many optoelectronic devices, including solar cells, light emitting diodes, displays, and touchscreen panels [205–
208]. These electrodes are usually made of thin layers of doped metal oxides, such as
indium tin oxide (ITO), fluorine doped tin oxide (FTO), or doped zinc oxide [206, 209].
Despite their high electrical conductivity and optical transmission, these doped oxides are
typically expensive, brittle, and difficult to integrate on flexible substrates, limiting their
range of applications in optoelectronic devices.
One of the most promising alternatives to metal oxides are transparent electrodes made
of interconnected networks of silver nanowires (AgNWs) [207]. AgNW networks, combine high DC conductance with optical transparency in the visible, low production costs,
and ease of integration in flexible substrates [206, 207]. The fabrication of nanowire networks over large areas can be achieved with a variety of techniques, from spin-coating, to
spray-coating, electro-spinning and dip coating [207, 210, 211]. Furthermore, large-area
lithography and metal coating techniques are increasingly emerging as promising alternatives [212–214]. However, it is not uncommon for these deposition techniques to result
in a conductance that varies spatially due to local modulations in the network thickness
or connectivity. These spatial modulations of the electrical conductance are impossible
to detect with standard characterization techniques such as the 4-point probe method, in
which the electrical impedance is measured using a pair of separated electrodes carrying
a current and sensing the voltage differences. Furthermore, although micro-probes have
been developed to map the conductance with high spatial resolution, [215] the 4-point
probe technique requires electrical contact with the surface, leading to the risk of modifying the sample. These limitations highlight the need for a contact-free and high resolution
technique to map electrical conductance over large areas. Broadband and phase sensitive
spectroscopic techniques, such as terahertz time-domain spectroscopy (THz-TDS), have
emerged as powerful alternatives for probing the complex conductivity of samples [17,
216–218]. THz-TDS uses very short (single cycle) electromagnetic pulses as low frequency
electromagnetic probes to measure the electronic properties. This probing is done by
measuring the attenuation and the phase of the THz pulse as it propagates through the
medium and interacts (mainly) with free charge carriers. A major advantage of THz-TDS
over 4-point probe techniques is that it is a contact free technique, which also enables
an easy implementation of conductivity scans. The diffraction limit of electromagnetic
waves (on the order of the wavelength) defines the maximum spatial resolution that can
be attained for the determination of the conductivity using far-field THz techniques. The
broadband character of THz-TDS and the standard focusing optics, with relatively low
numerical aperture, leads to spatial resolutions on the order of 1 mm or larger.
In this chapter, we synthesize highly monodisperse AgNWs with a diameter of ∼ 50 nm
and a length of ∼ 10 µm, by adapting a polyol method [219]. Subsequently, transparent
electrodes are prepared by spray coating the AgNWs solution on top of 25× 25 mm2 quartz
substrates. The nanowire monodispersity allows us to draw quantitative conclusions from
the measurements performed on the conductive networks. We spatially vary the thickness
of the AgNWs network across the quartz substrate, and therefore its optical transmis-
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sion and THz conductance, by adjusting the spray coating conditions. Spatially resolved
THz-TDS enables us to find the optimum AgNWs network thickness of approximately
150 nm, combining a low optical extinction (' 0.2) and a high THz sheet conductance ('
5 ·10−2 Ω−1 ), which is comparable to that of conventionally used Indium Tin Oxide (ITO).
To further improve the spatial resolution of our conductance measurements beyond the
diffraction limit, we also perform THz time-domain near-field microscopy measurements.
This technique uses a microstructured THz detector that is scanned at a short distance (∼
0.5 µm) from the surface of the AgNW network, to measure the THz transmission and determine the broadband THz conductance with an in-plane spatial resolution of ∼ 50 µm.
These measurements reveal inhomogeneities in the THz transmission and conductance
that are averaged, and therefore invisible, in the far-field measurements. These inhomogeneities could severely affect the performance of optoelectronic devices and illustrate the
relevance of performing spatially resolved conductance characterization of these novel
transparent electrodes.

7.2 Synthesis of silver nanowires and fabrication of nanowire
networks
Silver nanowires can be synthesized in large quantities by means of the so-called polyol
synthesis [220, 221]. The nanowires can then be purified and spray coated to form conductive networks, a process that is easily scalable and therefore compatible with roll-toroll technology [222]. In the polyol synthesis, silver nitrate (AgNO3 ) is dissolved in ethylene
glycol (EG) in the presence of a halide salt and a surfactant (typically polyvinylpyrrolidone,
PVP). Upon heating the mixture to ∼ 170 °C, the EG reduces the silver nitrate, leading
to the formation of AgNWs [220, 223]. The length and diameter of the AgNWs can be
easily tuned by controlling experimental parameters such as the reaction temperature and
the ratio between the silver salt and the surfactant [221, 224–227]. Besides being simple
and high-yield, the polyol synthesis is also fast, with reaction times usually comprised
between 30 minutes and 2 hours [221]. Here, we synthesize AgNWs of ∼ 50 nm in diameter
and ∼ 10 µm in length by adapting a previously reported method [219]. This synthesis is
described in more detail in appendix B.
The AgNW network defining the transparent electrode is prepared with a home-made
spray coating setup. Typically, 1 mL of the purified AgNWs solution is sprayed with a nitrogen gun at a pressure of 0.1 MPa on a quartz substrate kept at 80 °C and placed at a distance
of 12 cm from the nozzle. The spray coating with nanowire solution produces large area
films (' cm2 ), with a macroscopic gradient in the thickness of the network, and regions
ranging from a minimum thickness of ∼ 50 nm in the sparsely covered region, where some
wires lay completely isolated, to a maximum thickness of ∼ 300 nm in the densely covered
region, where several nanowire layers are stacked on top of each other. After deposition,
the AgNWs network is stored under nitrogen atmosphere to prevent degradation.
Figure 7.1(a) shows the optical transmittance of a AgNWs network measured at three
different positions. These measurements have been performed with a Perkin Elmer
spectrophotometer Lambda 1050, equipped with both deuterium and tungsten-halogen
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lamps. The collimated optical beam has a rectangular shape of ∼ 5 mm2 × 2 mm2 , with the
longest dimension in the vertical position. The transmission is measured in the forward
direction (zero-order transmission) and it is normalized by the transmission through the
substrate, i.e., a region of the sample without nanowires, to obtain the transmittance.
The high quality and monodispersity of the nanowires can be appreciated by the drop
in transmittance at λ ∼ 387 nm, which corresponds to the transverse surface plasmon
resonance of the wires [220]. The nanowires are deposited on the right side of the
substrate, with the thickest layer at the bottom, as can be appreciated by the increased
opacity of the sample in this corner, as the text behind becomes hardly visible. The left
side of the sample was covered with adhesive tape during the spray coating. This tape was
removed after the nanowire deposition to leave an area on the substrate uncoated with
nanowires for a correct referencing of the optical and THz transmission measurements.
To compare the optical transmission with the morphology of the sample, we have taken
scanning electron microscopy (SEM) images at the same positions where the transmission
was measured. The SEM images are shown in Figs. 7.1(b),(c) and (d), where the scale
bar legends are color coded using the same colors as for the optical measurements of
Fig. 7.1(a). It is important to note that the density of nanowires (volume occupied by
AgNWs in the film) remains constant in different regions and the apparently more dense
images (c) and (d) are due to a thicker nanowire stacked layer. The increase in thickness
has been confirmed with atomic force microscopy, with two example images shown in
Fig. 7.2.
The inhomogeneous nanowire network requires spatially resolved probing techniques
to map changes in conductance that can be correlated with the changes in the optical
transmission. In the next section, we use far-field THz-TDS spectroscopy and near-field
microscopy to spatially resolve the THz transmission and conductance of the AgNW network.

7.3 Terahertz time-domain spectroscopy
7.3.1 Far-field spectroscopy
Far-field THz transmittance and conductance measurements of AgNW networks have
been previously reported in the literature [228–233]. In this work the far-field transmittance spectra of our AgNW network was measured using a conventional THz time-domain
spectrometer (THz-TDS), schematically represented in Fig. 7.3(a). The setup consists of
two photo-conductive antennas for the generation and detection of THz pulses, separated
by collimating and focusing lenses, and with the sample placed in the intermediate focus.
The terahertz radiation was incident onto the sample through the substrate and the
polarization of the electric field (E -field) was oriented along the vertical direction, a
detailed description of the setup can be found in chapter 2. Measurements for different
polarizations do not reveal significant changes in the THz transmission (see Fig. 7.5),
confirming the random orientation of the nanowires. The focus of the THz beam had a
full width at half maximum (FWHM) of approximately 2 mm at peak amplitude of 0.5 THz
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Figure 7.1: (a): Optical transmittance spectra of transparent AgNWs networks prepared by
spray coating. The three different curves correspond to three regions of the sample with
different nanowire layer thickness. Inset: picture of the sample with the text ‘THz’ printed
behind it to highlight the optical transparency and mark the region where measurements
where taken. (b),(c) and (d) show SEM pictures of the three different regions of the AgNW
network.

due to the diffraction limit and the relative low numerical aperture of the focusing optics.
To investigate the trade-off between optical transmittance and conductance, a series of
measurements was conducted along the gradient in thickness of the nanowire network by
scanning the sample vertically through both an optical and a THz beam. The measured
transmitted THz transients are shown in Fig. 7.3(b). In these measurements the positions
are recorded and color coded from dark-red (y = -10 mm, corresponding to the AgNW
layer thickness of h ' 300 nm) to dark-blue (y = +10 mm, corresponding to h ' 50 nm). The
THz transients were Fourier transformed to generate the transmission amplitude spectra
that are shown in Fig. 7.3(c). These spectra are normalized to a reference transient that had
passed through an uncoated area of the quartz sample (an area without nanowires). The
spectrum generated by the photo-conductive antenna of the THz setup peaks at 0.5 THz
and generates fields up to 2 THz. The THz field amplitude is significantly reduced as the
thickness of the AgNW network increases, as is expected by the increase in free carrier
absorption for thicker and more connected layers.
Figures 7.4(a) and (b) show the optical extinction (defined as 1-T, where T is transmittance) and the THz zero-order transmittance, respectively. Both transmittance spectra are
obtained by dividing the transmitted intensity or power spectra by a reference measured
through an uncoated area of nanowires on the quartz substrate. The optical transmittance
was measured with a fiber coupled spectrometer and the collimated beam of a stabi-

77

7 Terahertz TDS and near-field microscopy of transparent silver nanowire networks

Figure 7.2: (a,c) AFM images of two different regions of the AgNw network. (b,d) Height
scans in the same areas as (a) and (c), respectively. Integrating the volume taken up by the
NWs and dividing by the effective layer height reveals that the density of NWs in these two
areas is very similar at 6 % and 4 %, respectively. The double peaked nanowire images are
due to the use of a double pointed AFM tip.

lized tungsten-halogen lamp with a beam diameter of ∼ 1 mm. As expected, the optical
extinction increases and the THz transmittance drops when the nanowire network gets
thicker. When integrating both optical extinction and THz transmittance over the displayed wavelength ranges in Fig. 7.4(a),(b) and plotting the mean values against position
(as represented in Fig. 7.4(c)), we can identify an area of interest approximately in the
middle of the measured range (at y ' 0 mm). At this position the optical extinction is
relatively low (' 0.2), while the THz transmittance has dropped substantially indicating
that a percolating AgNW network with high conductance is formed for this layer thickness.
This position corresponds to a AgNW layer thickness of approximately 150 nm, which
represents only 2 to 3 nanowires on top of each other. In the next subsection, we use highresolution THz near-field microscopy to reveal a detailed map of the THz transmittance
and to spatially resolve the THz conductance across the nanowire network.

7.3.2 Near-field microscopy
THz near-field microscopy measurements can achieve a resolution that is limited by
diffraction. Depending on which technology is used, the resolution can range from tens of
microns down to the atomic scale [35, 38, 39]. The THz near-field microscope used in our
experiments is schematically depicted in Fig. 7.6(a), of which a detailed description can be
found in chapter 2 [104, 128, 234]. Similar to the far-field measurements presented earlier,
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Figure 7.3: (a) Schematic representation of the far-field THz-TDS transmission measurement through the AgNw network, where Tx and Rx refer to the THz emitter and
reciever respectively. (b) Transmitted THz transients for different thicknesses of the
AgNW network, from dark-red (h = 300 nm) to dark-blue (h = 50 nm). (c) Transmission
amplitude spectra for different thicknesses of the AgNW network, obtained by Fourier
transforming the transients of (b).

a THz microprobe (Protemics GmbH) is used to detect the polarization dependent electric
near-field at a distance of 0.5 µm above the sample [41]. The detected polarization is the
same as the incident polarization. The spatially and temporally resolved near-fields are
collected by raster scanning the sample through the optical axis defined by the incident
THz beam and the near-field microprobe. Fourier analysis of the measured THz transients
allows the generation of 2D transmission and spectral maps with a spatial resolution of
50 µm [234]. This resolution enables to resolve variations of the THz conductance that,
otherwise, are averaged in the far-field measurements, while still being able to map
relatively large areas. The trade-off between spatial resolution and scanning area makes
THz near-field microscopy a very appealing technique for the investigation of novel
nanostructured materials for large area conducting electrodes.
The transmission through the AgNW network was referenced to the transmission
through the substrate measured on an area without nanowires that was purposefully
included in the spatially resolved map. Figure 7.6(b) shows such a map of the sheet
conductance of the sample at 0.53 THz, where the measured THz transmittance T (ω) is
translated into the frequency dependent sheet conductance σä (ω) using the Tinkham
formula [235]
Ãs
σä (ω) = ²0 c 0 (1 + n)

!
1
−1 .
T (ω)

(7.1)
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Figure 7.4: (a) Optical extinction spectra plotted for different thicknesses of the AgNW
network, from dark-red (h ' 50 nm) to dark blue (h ' 300 nm). (b) THz transmittance
spectra at the same positions at which the extinction is measured. (c) Spectrally averaged
optical extinction and THz transmittance, plotted against position along the gradient in
the thickness of the AgNW network.

In this formula, ²0 and c 0 are the vacuum permittivity and the speed of light in vacuum,
and n = 2.11 is the refractive index of the quartz substrate. The Tinkham formula is a
good approximation as the nanowire network is much thinner than the THz wavelength
and interference effects within the layer can be neglected. To obtain the sheet conductance maps, we also assume that the imaginary component of the transmission to the
conductance is negligible compared to the contribution of the real part. This approximation is justified by the pronounced decrease in of THz transmitted amplitude as the
AgNW network thickness increases (see Fig.7.4(b)), in contrast to the negligible phase
shift. Therefore, the retrieved component of the sheet conductance is the real component.
The sheet conductance calculated using Eq. 7.1 is plotted for two orientations in Fig. 7.5.
The gradient in conductance is clearly observed in Fig. 7.6(b), but also spatial inhomogeneities are visible in the near-field that were averaged in the far-field measurements.
The two insets of Fig. 7.6(b) represent the relative THz transmittance along the dashed
red and blue lines. A comparison of the relative THz transmittance along the y-direction
measured in the near- and far-field (red curve inset of Fig. 7.6(b) and Fig. 7.4(c)) illustrates
the differences due to the spatially inhomogeneous AgNW network. The transmittance in
the x-direction (blue curve in Fig. 7.6(b)) shows a sharp decrease when passing over the
edge of the AgNW network. However, an enhanced transmittance is measured just before
the edge. This increase in transmittance is caused by the scattered THz field collected with
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Figure 7.5: (a) THz sheet conductance measured at different positions of the nanowire
network with the polarization of the incident THz beam along the y-direction, as
schematically shown in Fig. 7.3(a). (b) Similar measurements as in (a) but with the
THz beam polarized along the x-direction (the measurements were done by keeping
fixed the polarization and rotating the sample by 90°). The similar sheet conductance
for orthogonal polarizations confirm the isotropic nanowire distribution. (c) I-V
measurements with a 4-point probe setup at three positions y ' -4, -9 and -12 on the
AgNW network, with the 4 probes parallel to the x-axis (as defined in Fig.7.3(a)). The
averaged thickness at these positions are indicated in the legend. The calculated DC sheet
resistances are 4.5, 2.9 and 3.3 Ω/ä, respectively.

the near-field probe. This THz field scattering at defects and inhomogeneities can be used
to enhance their visibility. However, they also introduce an uncertainty in the quantitative
determination of the network conductance in the proximity of the defects. To further
illustrate the resolution improvement in the determination of the sheet conductance, we
have also measured the transmittance in the far-field. A comparison of the far-field and
near-field conductance maps is shown in Fig. 7.7.
Near-field sheet conductance spectra are plotted in Fig. 7.6(c) for different positions
along the y-direction at x =3 mm. The spectra are color coded to mark the positions in
which they were taken. These positions are indicated with the colored dots on the dashed
vertical line of Fig. 7.6(b). Also the network thicknesses are indicated in Fig. 7.6(c), where
we see a high conductance for the thicker nanowire layers and a fast drop of this conductance when the thickness is smaller than h =150 nm. These measurements illustrate
the formation of a percolating nanowire network or conductive film above a critical average thickness of only three nanowires, in agreement with Ref. [206]. We have performed
complementary measurements of the sheet resistance using the 4-point probe method
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Figure 7.6: (a) Schematic representation of the near-field THz-TDS transmission
measurement through the AgNw network, where Tx and NF-Rx refer to the THz emitter
and near-field THz probe, respectively. (b) 2D sheet conductance map measured at
0.53 THz, generated by raster scanning the sample in front of the near-field probe with
a steps of 50 µm. The red and blue lines in the insets correspond to the THz transmittance
recorded along the vertical (red-dashed) and horizontal (blue-dashed) coordinates. (c)
Frequency dependent sheet conductance as recorded along the red-dashed line where the
positions are marked by color coded circles in (b), as well as the approximate layer height
h.

on the thickest parts of the sample. These measurements are displayed in Fig. 7.5(c).
The DC sheet conductance for a ' 200 nm thick AgNW network is 0.2 Ω−1 , in reasonable
good agreement with the AC THz conductance obtained in the near field. This agreement
further supports the approximation of a real sheet conductance made for the analysis of
the near-field transmission. Therefore, we can conclude that THz near-field conductance
mapping is a powerful method to quantitatively assess the quality of spatially inhomogenous conducting layers in a contact-free way.
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Figure 7.7: (a) The 2D sheet conductance maps measured at 0.81 THz in the far-field using
the setup depicted in Fig.7.3, and (b) the same area measured at 0.80 THz in the near-field.
Both maps have been generated by raster scanning and image the same area with steps of
50 µm. The far-field radiation averages out the conductance over a large area, obscuring
most of the features that are resolved in the near-field.

7.4 Conclusions
In summary, we have fabricated large area transparent conducting substrates composed
of monodisperse silver nanowire networks. The nanowire networks have been characterized using optical extinction and THz far-field and near-field spectroscopy. By combining
these techniques, we find the optimum network thickness in terms of optical transparency
and THz conductance. High conductance in percolating AgNW networks can already be
achieved in layers with a thickness of only three nanowires. The near-field measurements
reveal an inhomogeneous response that is averaged in the far-field measurements, illustrating the need to employ high-resolution and large area scan techniques for assessing
the quality of newly developed nanostructured electrodes.
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C HAPTER 8
S PATIAL MAPPING OF
PHOTO - EXCITED CARRIER DYNAMICS
We demonstrate a novel method for measuring terahertz (THz) photoconductivity of semiconductors on length scales smaller than the diffraction limit
at THz frequencies. This method is based on a near-field microscope that
measures the transmission of a THz pulse through the semiconductor following
photoexcitation by an ultrafast laser pulse. Combining back-excitation of the
sample using a Dove prism, and a dual lock-in detection scheme, our microscope
design offers a flexible platform for near-field time-resolved THz time-domain
spectroscopy, using fluences available to typical laser oscillators. Experimental
results on a thin film of gallium arsenide grown by metal organic chemical vapor
deposition are presented as a proof-of-concept, demonstrating the ability to map
the complex conductivity as well as sub-ps dynamics of photoexcited carriers with
a resolution of λ/10 at 0.5 THz.
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8.1 Introduction
Terahertz time-domain spectroscopy (THz-TDS) has become a widely adopted experimental technique for the investigation of material properties in the far-infrared region
of the electromagnetic spectrum [236]. THz-TDS can be used to extract the highfrequency complex conductivity of materials over a large bandwidth, without the need of
electrical contacts [237], allowing to extract carrier mobilities in a non-invasive manner.
Additionally, broadband THz sources can be combined with ultrashort excitation pulses
to study transient photoconductivity in semiconductors [45], extending the scope of THzTDS to study the dynamics of carrier relaxation in materials of optoelectronic relevance.
This technique, known as time-resolved THz spectroscopy (TRTS), is typically realized
using a THz time-domain spectrometer, where the differential transmission of THz pulses
through an optically excited sample is measured by electro-optic sampling [238, 239].
Pioneering work on conventional semiconductors [45, 240] have demonstrated the
strength of TRTS, and paved the way for more recent investigations of novel systems
such as graphene [241] and (2D)-semiconductors [12, 13], as well as molecular [242] and
nanowire systems [243].
However, in spite of the many advantages offered by THz spectroscopy for characterizing materials, the use of THz radiation presents an important challenge, namely the
diffraction limit: the smallest possible spot size achievable using conventional optics leads
to a beam waist diameter on the order of millimeters for the longest wavelengths employed
in typical experiments [244]. For the case of photoexcited samples, this calls both for large
homogeneous samples and wide-area excitation beams. In typical TRTS experiments the
sample is analyzed as an effective medium, therefore the contribution of defects in the
sample will be averaged over the area covered by the diffraction-limited THz probe spot.
Moreover, the latter condition of wide-field photoexcitation is equally important to ensure
homogeneous generation of charge carriers across the probed sample area [240, 245].
Fabrication of large samples is not always feasible and electrical measurements can be
equally impractical [12, 246]. Furthermore large excitation spot sizes with the necessary
fluence for conducting TRTS typically restricts these experiments to expensive amplified
laser systems.
To address the aforementioned limitations set by diffraction, recent developments in
the mid-infrared (MIR), THz and microwave spectral regions have turned to near-field
microscopy. Near-field techniques probe spatial lengths much smaller than the diffraction limit, allowing to circumvent many of the challenges that complicate conventional
TRTS. Implementations of steady-state (photo-)conductivity mapping range from scattering near-field microscopy using sharp tips [247–251], to experiments relying on microwaves or narrow band THz sources [252, 253]. However, transient photoconductivity
near-field measurements at THz frequencies have until recently remained largely unexplored [39, 254].
In this chapter, we demonstrate an implementation of time-resolved THz near-field
(TR-THz-NF) microscopy for determining the complex conductivity and carrier dynamics
of photoexcited semiconductors over areas much smaller than the diffraction limit at THz
frequencies. We measure the photoconductivity and carrier dynamics of a thin layer of
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gallium arsenide (GaAs) grown by metal organic chemical vapor deposition (MOCVD)
by combining a near-field THz detector, based on a broadband micro-structured photoconductive antenna with sub-ps optical pulses generated by a fiber oscillator for photoexcitation [41]. These measurements reveal differences in carrier dynamics on length
scales significantly smaller than the wavelength at THz frequencies. We will first describe
the instrument, providing the details on the acquisition scheme of the THz near-field
transmission, before presenting the measurements on the thin layer of GaAs.

8.2 Instrument design
The time-resolved THz near-field (TR-THz-NF) microscope is developed from a commercially available coaxial far-field THz-TDS system (Menlosystems GmbH, TeraK15). A topdown Egyptian representation of the microscope is shown in Fig. 8.1, while a more realistic 3D view can be found in chapter 2. This spectrometer has an Er-doped fiber laser
operating at 1560 nm which produces a train of 100 fs long pulses at a repetition rate of
100 MHz with an average power of 500 mW. Approximately 20 mW of this optical power is
sent to an InGaAs/InAlAs photoconductive antenna generating a train of THz pulses at the
same repetition rate. The generated spectrum is centered at 1.5 THz with a bandwidth of
approximately 3 THz. The remaining light is frequency doubled to 780 nm and is used both
for photoexcitation, and the near-field detection of the transmitted THz pulses through
the sample.
The near-field detection relies on a micro-structured photoconductive antenna design

Bias 0~60V

Sample

Lock-in
detection

Near-field
detector

Amplifier

Delay line probe

5%
Delay line pump
BS

95% Chopper

1560nm 100fs
100MHz
780nm

Figure 8.1: Schematic representation of the TR-THz-NF microscope. The addition
of a Dove prism allows to perform spatially dependent time-resolved differential
transmittance measurements. The red line denotes the pump beam that excites the
sample, a beam splitter (BS) splits of a small portion of the power to probe THz transients
using the near-field detector (orange line). The THz emitter is excited by the light blue line
resembling a fiber carrying 1560nm light to generate a THz beam (dashed blue line) which
is collected and focused onto the sample using lenses.
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(Protemics GmbH, TeraSpike TD-800-X). These photoconductive microprobes consist of
a small and thin layer of low-temperature grown GaAs (LT-GaAs) with gold electrodes. The
780 nm pulse (optical probe 5 mW) is focused at the 10 µm gap between the electrodes
where it excites the LT-GaAs and creates a transient population of excited carriers in the
gap. The impinging THz field accelerates these short-lived charges towards the electrodes,
leading to a photocurrent with amplitude and sign proportional to the electric field at the
location of the photoexcited microprobe at the time of excitation. The orientation of gap
between the electrodes relative to the THz field allows for the separation of independent
polarization components in the THz near-field [128]. The timing between the optical
probe and the THz pulse is given by a computer controlled delay stage (Newport, MILS150CCL), allowing to sample the THz waveform in the time-domain as in conventional
THz-TDS systems. The electrical bias for the THz generation on the emitter is modulated
at a frequency of 1500 Hz to generate a differential photocurrent that is amplified and
detected using a lock-in amplifier (Ametek, SR-7270) to suppress dark current and reduce
noise. The majority (95%) of the 100 fs long 780 nm pulses are sent through an additional
delay stage towards the sample for photoexcitation. Upon arrival, this pump pulse will
induce a population of free-carriers, which will absorb the incoming THz radiation. The
large angle under which the pump pulse excites the sample stretches the pulse to ≈300 fs,
which sets the upper limit in temporal resolution. A mechanical chopper (Newfocus, 3501)
that is phase-locked to the modulation of the THz, modulates the pump at a frequency of
1 kHz to evaluate the THz near-field measured at the sample with and without pumping
in rapid succession. This modulation, together with that of the THz emitter, allows for
self-referenced differential transmission measurements [46, 47]. The advantage of this
dual modulation detection scheme is that it simultaneously records both the absolute THz
intensity through the excited and unexcited sample, I pump and I 0 respectively. The ratio of
these intensities will be referred to as the transmittance T = I pump /I 0 . A detailed description of the modulation scheme that enables this simultaneous self-referenced detection
can be found in chapter 2.
The introduction of the pump beam to the near-field microscope poses an important
challenge: its intensity is sufficient to permanently damage the fragile THz microprobe,
which is positioned in close proximity to the surface of the sample. Therefore, we cannot
focus the pump beam onto the front of the sample, where scattered light would directly
damage the probe. Back excitation in this case only partially addresses the problem, as
the sample must then be optically thick at the excitation frequency to avoid damage due
to residual transmission of the excitation pulses. Moreover, scanning over defects or edges
will still result in permanent damage to the THz microprobe.
We solve this problem by exciting the sample in a total internal reflection configuration.
For this purpose, we use a z-cut quartz prism as schematically illustrated in Fig. 8.2. This
prism has the shape of a truncated right-angle prism (Dove prism). The top of the prism
presents a flat surface to the incoming THz beam, reducing the geometrical distortion
that would otherwise occur. The pump beam, meanwhile, is incident from one of the
side facets of the Dove prism and directed towards the rear part of the sample under an
angle larger than the critical angle for total internal reflection. This beam will be partially
absorbed by the sample, and the fraction which is not absorbed is directed back into
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the prism and does not reach the photoconductive microprobe. The microprobe, THz
pulse, and excitation spot together define the optical axis of the instrument. The sample is
brought into contact with the prism using a thin layer of index matching liquid to ensure
optical contact, while facilitating the parallel movement of the sample with respect to
the interface of the Dove prism. The THz pulse is incident onto the sample at normal
incidence through the Dove prism. In order to maintain the photoexcited area along the
optical axis, the sample moves in the x-y plane perpendicular to the near-field detector
with the help of computer controlled stages (Newport, M-ILS150HA). This enables the
spatial mapping of the transmitted THz electric near-field while the sample undergoes
photo-excitation. Note that the sample is the only component moving during such a scan
and that the prism is kept stationary.

8.3 Measurements
The TR-THz-NF microscope was used to measure the carrier recombination dynamics of
photo-excited GaAs using the near-field probe close to the surface to detect the transmitted THz radiation with a sub-picosecond time resolution. These proof-of-principle
measurements have been done on an unpassivated thin-film (3 µm thickness) of intrinsic
GaAs on a 1 mm thick quartz substrate. The film was grown on top of a 2 inch GaAs(001)
wafer with a sacrificial AlAs layer in between by MOCVD [255]. The GaAs film was transferred from the wafer by selective etching of the AlAs layer and bonding the thin-film to
a 1 mm thick quartz substrate using a mercapto-ester polymer [256]. One-fourth of the
GaAs wafer was removed to leave an edge for spatial mapping and referencing purposes.
A photograph of the sample is shown in the inset of Fig. 8.2.

Sample

THz pulse
i-GaAs
Quartz
Dove prism
Index
matching liquid

Quartz substrate

GaAs

Near-field detector

Figure 8.2: Schematic representation of the total internal reflection configuration
designed for combining a pump beam with the THz microprobe detector. The Dove prism
ensures that the pump beam hits the interface at the probe position under an angle larger
than the critical angle to suppress transmission of the large pump fluence towards the
detector. Inset: Photograph of the sample.
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The dynamics of photoexcited carriers can be recorded by probing the THz transmittance T as a function of pump arrival time. Figure 8.3(a) shows such a measurement,
where we observe an initial 15% reduction in THz transmittance upon photoexcitation,
induced by an absorbed fluence of 56.7 µJ/cm2 in an optical focus with a radius of 25 µm.
By changing the delay between the optical pump and the THz probe, we measure a carrier
lifetime of τ = 155 ps, associated with the thin layer of unpassivated GaAs, which is sensitive to surface defects [257]. For optimal contrast, we set the probe delay such that we are
measuring the change in transmittance at the peak amplitude of the THz transient, shown
in Fig. 8.3(b). The dynamic range of this instrument allows to reliably extract changes in
transmittance on the order of 0.1% or a signal to noise ratio of 1000. This is achievable
through the implementation of a self-referencing dual-modulation detection scheme, as
well as by leveraging inexpensive yet robust fiber oscillator technology. For more details
see the Appendix.
Thin samples, such as the one under investigation, are prone to inhomogeneities and
defects that will locally alter the carrier recombination dynamics. Local variations in material properties can change the differential transmittance in both modulation depth and
dynamics. Inhomogeneities are averaged out by the large area excitation/detection, inherent to far-field THz setups [43]. However, by scanning the sample in between the near-field
probe and the THz beam, we can spatially resolve the carrier recombination dynamics
with a sub-diffraction resolution.
A spatially dependent time-resolved differential transmittance measurement has been
performed and is shown in Fig. 8.4. The GaAs sample is displaced by 800 µm along a line
in 40 steps, scanning from the thin-film GaAs over an edge onto the quartz substrate,
and recording the photoexcited carrier dynamics along this line. Figure 8.4(a) shows the
transition between the GaAs film and the quartz substrate, where the grey dash-dotted
line indicates the edge of the film. Above this line (x>600 µm) the probe is on quartz and
the transmittance goes to unity. On the quartz no free carriers are created by the optical
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Figure 8.3: (a) THz transmittance through photoexcited GaAs as a function of pump delay
time, for a probe delay corresponding to the peak THz field amplitude, corresponding
with Time=0 in (b). (b) Referenced and pumped transients, showing the difference in field
1

amplitudes of which the ratio is the square root of the transmittance T 2 .
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pump, so there is no difference between the excited I pump and non-excited sample I 0 .
The spatially dependent photoinduced dynamics associated with free-carrier absorption in GaAs can be observed below the grey dashed-dotted line (x<600 µm) in Fig. 8.4(a).
Spatial variations are visible not only in the contrast between the quartz and GaAs, but also
in the material quality of the GaAs itself, as indicated by the blue and red dashed lines. The
decay of the excited carriers at the positions marked by these lines are shown Fig. 8.4(b).
They indicate the longest (220 ps, blue curve) and shortest (130 ps, red curve) decay times
measured, respectively. The significant difference at these two positions is likely caused by
defects near the position marked by the red dashed line, which enhance the rate at which
free carriers are trapped and thus shortens the carrier lifetime.
The results above demonstrate variations in the photoinduced response of the sample
to THz radiation on length scales smaller than the wavelength. However, when building
a microscope resolution is one of the most important properties to evaluate. The resolution of the TR-THz-NF microscope is established by scanning from GaAs towards a bare
substrate, whilst collecting photoexcited time-domain transients. Fourier transforming
these transients gives the spatial dependent transmittance as a function of frequency.
Figure 8.5(a) shows the spatial dependence of the transmittance for 3 different frequencies
during a scan over the edge between the GaAs and quartz located at the center of the scan.
A resolution of 60± 10 µm is obtained from the full width at half maximum of Gaussian
fits performed through the spatial derivative as shown in Fig. 8.5(b), corresponding with a
10/90 criterion in the edge scan [258]. At the peak frequency of 0.5 THz, this corresponds
to a spatial resolution of λ/10. This resolution is high enough to perform spectroscopy

Figure 8.4: (a) Time-resolved differential transmittance measurements along a straight
line starting on GaAs and ending on the bare quartz substrate. The edge between the
two regions is marked with a grey dashed-dotted line. (b) Two individual time-resolved
differential transmittance measurements highlighting the variations in the decay time
over sub-diffraction length scales, with their corresponding single exponential fits.
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on small samples that would be close to impossible using far-field techniques. Please
also note that the resolution is only limited by the near-field probe, and not by the size
of the optical focus. As such this system could additionally be used with weakly focused or
collimated excitation beams from an amplified laser system.
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Figure 8.5: (a) Spatial scan, recording the frequency dependent transmittance from GaAs
to quartz. THz transients are measured 50 ps after the arrival of the optical pump pulse,
these transients are Fourier transformed an plotted against their measured position for
3 frequencies. (b) Spatial derivative of the transmittance, fitted by Gaussians to give a
FWHM of 60 ± 10 µm.

Unlike single frequency probes [259], this instrument can determine the complex conductivity over a broad bandwidth (0.4-1.1 THz). The carrier density and mobility can
be obtained by relating the complex THz transmission through the photoexcited sample
to the spectral dependence of the conductivity. The measured THz transmittance as a
function of frequency is shown in Fig. 8.6. The transmission spectrum was measured 50 ps
after photoexcitation and repeated 10 times to obtain confidence intervals. By measuring
the complex THz transmission through the photoexcited samples in the time-domain,
we can extract the carrier density and mobility through the spectral dependence of the
conductivity.
A full wave simulation is conducted with a Finite-Difference Time-Domain (FDTD) simulation package (Lumerical) to reproduce the measured spectrum. The photoexcited system is represented by a 3 µm thick dielectric disk with a radius of 25 µm, corresponding to
the excited part of the GaAs film in the experiment. The carrier density N following photoexcitation is estimated to be 1.25 · 1016 cm−3 based on an absorbed fluence of 56.7 µJ/cm2 ,
and a mobility µe of 3300 cm2 V−1 s−1 , in line with previously reported work on this sample [260].
This disk is placed inside a background medium of 3µm thick intrinsic GaAs with a THz
plane wave impinging through the quartz substrate. The frequency dependent permittivity ²̃ of the dielectric disk and background medium are calculated by using the Drude
model to obtain the complex conductivity σ̃;
σ̃(ω) =
92
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Figure 8.6: Comparison between measured and simulated transmittance spectra of a
GaAs photoexcited disk with a radius of 25 µm, on a thin layer (3 µm thick) with a carrier
concentration of 1.25 · 1016 cm−3 and a mobility of 3300 cm2 V−1 s−1 .

where, τ is the scattering time; (τ = m e µe /e), with e as the elementary charge and m e
effective electron mass. Maxwell’s equations are used to relate the complex conductivity
to a complex permittivity;
i σ̃
²̃(ω) = ²∞ +
.
(8.2)
ω²0
The simulated electric field parallel to the impinging polarization (co-polarized)
is recorded in a plane 10 µm away from the surface, related to the location of the
photoconductive gap in the microprobe itself. The electric near-field is averaged over
a disk with a diameter of 60 ±10 µm, to account for the finite detection area of the
microprobe, which was determined from Fig. 8.5. The resulting spectrum is divided by an
identically processed simulation without the excited disk, (only the intrinsic GaAs film on
top of the quartz substrate) to yield the frequency dependent transmittance. As a result
of the finite uncertainty in the detection area, we depict the calculated transmittance
together with a confidence interval (grey shade around the mean (blue curve), shown
alongside the experimental transmittance spectra in Fig. 8.6.
The simulations reproduce the experimental results for frequencies between 0.6 and 1
THz with the input parameters as stated above. In simulations with higher carrier densities
we start to approach the plasma frequency in GaAs, leading to the creation of a localized
plasmonic resonance. However, the fluence of the optical pump using our current source
was not sufficient to explore active THz plasmonics [260].

93

8 Spatial mapping of photo-excited carrier dynamics

8.4 Conclusion
We have demonstrated an implementation of Time-Resolved THz near-field spectroscopy
using microprobes, which achieve a spatial resolution of 60 µm with sub-picosecond temporal resolution. By exploiting double lock-in detection a signal to noise ratio of 1000/1
was achieved, as transmittance differences of 0.1% are observable and measurable. A
prism based excitation geometry was introduced to shield the microprobes from damage,
while maintaining the possibility to pump the sample with high fluence sources. While
we employ a fiber oscillator and low pulse energies for the measurements above, the basic
design of this instrument allows for its combination with pulsed lasers operating at various
repetition rates and wavelengths.
These combined results enable scanning measurements of local perturbations in the
transmittance of the THz fields associated with photoexcited carriers in small semiconducting samples. As a proof-of-concept, we demonstrate spatially varying carrier lifetimes, alongside THz transmission spectra, revealing the spectral response of photoinduced carriers in GaAs. In this manner, we are able to extract both recombination dynamics of carriers, but also the mobilities of photoexcited carriers, without needing to
photoexcite samples over large areas. We thus expect that this approach will provide a
useful platform for investigating the spatial dependence of photoconductivity in novel
materials for opto-electronics.
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A PPENDIX A
SCUFF AND C OUPLED D IPOLE
M ODEL
In chapter 5, a photonic bound state was investigated using arrays of detuned
resonant dipolar dimers. The continued evolution of a Fano resonance into a
symmetry-protected BIC state was uncovered by tuning the dipolar resonators to
the same frequency. Numerical calculations in agreement with the experimental
results show the transmittance under a oblique angles and the scattering
efficiency the dipolar dimers a determined by SCUFF. In addition, a simple
model for arrays of detuned-resonant-dipole dimers is developed to yield physical
insight. Hereby, we show analytically a very general condition for the emergence
of symmetry-protected BICs in the parameter space of dipole-detuning, from a
dark Fano resonance (hybridized dipole lattice mode) that becomes an infinite
Q-factor BIC for zero detuning. The simulations and model have been developed
by Dr. Diego R. Abujetas.
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A.1 SCUFF simulations
Figure A.1 shows a numerical simulation of the dipolar arrays that have been investigated
in chapters 5 and 6 using SCUFF [173, 174]. The nobel metal rods have been approximated
as perfect electrical conductors and the transmittance under plane wave illumination is
calculated for two angles. A Fano resonance appears where the BIC is located when viewed
under an angle, which sometimes also denoted as a quasi-BIC. These Fano-resonances are
narrow enough to be below the frequency resolution of the far-field THz-TDS setup, and
as a result have not been resolved using far-field THz-TDS.
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Figure A.1: Transmittance spectra numerically calculated through SCUFF for a plane wave
incident at θ = 0◦ , 50◦ on a square lattice (a = 300 µm) of two planar gold rods per unit
cell embedded in a uniform medium with n = 1.55, with two different rod separations:
d x = a/2 (dashed curves) and d x = 2a/5 (solid curves), in the latter case, θ = 10◦ is also
considered to further illustrate the emergence of a Fano resonance. Gold rods are identical
and have dimensions L 1 = L 2 = 200 µm and w 1 = w 2 = 40 µm.
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Figure A.2 shows the scattering efficiency of isolated dimer pairs, where the length L of
one of the dipolar rods is changed. Significant interference between rods is observed in
the dimer spectra, which do not correspond to simply a linear combination of the isolated
spectra of each rod. Rather, rod interference leads to a stronger/weaker impact of the
higher/lower frequency rod resonance (apart from their opposite phases, not shown), as
expected.
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Figure A.2: (a) Scattering efficiencies (solid curves) numerically calculated through SCUFF
for perfectly conducting planar dimer rods (separated by d = 120 µm) with lengths L 1 =
200 µm and: L 2 = 125, 200 and 250 µm (widths satisfy w(µm) = 8000/L). Corresponding
efficiencies for single isolated rods with L = L 2 are also included (dashed curves). Insets
show the near-field maps (magnetic field perpendicular to the dimer plane) for the dimer
with L 2 = 125µm at the two resonances. (b) Real and imaginary parts of the polarizibilities
of the single rods extracted from (a). In order to avoid numerical problems related to
unphysical absorption, we consider in our coupled dipole model
h that
i dipoles are lossless
)
3
so that the imaginary parts of the polarizabilities are fixed to ℑ 1/α(i
y = −k /(6π) to fulfill
the optical theorem, taking for the real parts the values calculated numerically.
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A.2 Coupled detuned-dipole formulation
First of all, let us define the scalar Green function, g (r − rn ), resulting from the Helmholtz
equation with a point source located at r = rn :
∇2 g + k 2 g = −δ(r − rn ),

(A.1)

e ık|r−rn |
k.
4πk|r − rn |

(A.2)

whose solution is
g (r − rn ) =

The Weyl expansion of the scalar Green function is
Z
g (r − rn ) =

∞

Z

∞

−∞ −∞

dQ x dQ y
4π2

e ıQ x (x−xn ) e ıQ y (y−y n )

ı ı q|z−zn |
e
,
2q

q=

q

k 2 −Q x2 −Q 2y .
(A.3)

The element y y of the (tensor) Green function, G y y (r − rn ), is
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This element will be needed below.
Next, let us consider a 2D periodic lattice of two detuned dipoles per unit cell in the
x y plane. The lattice has a rectangular symmetry with pitch a and b in the x and y-axis,
respectively, while the separation between the dipoles in the unit cell is d x and d y along the
x and y-axis, respectively. The (parallel) dipoles are characterized by their polarizabilities
(2)
along the y-axis, α(1)
y and α y , where (1) and (2) account for each dipole in the unit cell.
The array is excited by an external plane wave, ψ0 , polarized along the y-axis and with
wavevector k = k z ẑ + k x x̂. The dipole positions (1) and (2) are
r(1)
nm = (−d x /2 + na)x̂ + (−d y /2 + mb)ŷ,

(A.5)

r(2)
nm

(A.6)

= (d x /2 + na)x̂ + (d y /2 + mb)ŷ.

From now on, we refer to the set of dipoles defined by (n, m) = (0, 0) as the central dipoles,
(i)
placed at r(i)
00 ≡ r , with i = 1, 2. The y component of the field at the position of the central

)
dipoles, ψ(i
, is the sum of the waves scattered from the rest of particles plus the external
l oc
plane wave:
X0h
Xh
¡
¢ (1) (1) i
¡
¢ (2) (2) i
(1)
2 (1)
2 (2)
ψ(1)
(r(1) ) = ψ(1)
G y y r(1) − r(1)
G y y r(1) − r(2)
nm ψl oc (rnm ) + k α y
nm ψl oc (rnm ) ,
0 (r ) + k α y
l oc
nm

(2)
2 (1)
ψ(2)
(r(2) ) = ψ(2)
0 (r ) + k α y
l oc

nm

Xh
X0h
¡
¢ (1) (1) i
¡
¢ (2) (2) i
2 (2)
(2)
G y y r(2) − r(1)
G y y r(2) − rnm
ψl oc (rnm ) ,
nm ψl oc (rnm ) + k α y

nm

nm

(A.7)
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P
P
where nm runs over n, m and nm 0 means that the sum runs for all indices except for
(n, m) = (0, 0).
From Bloch’s theorem, the local fields are related to the field at the central dipoles as
)
)
(r(i) ) = ψl(ioc
(r(i) )e ık x na .
ψ(i
l oc nm

Thus, Eq. (A.7) in matricial form reads
# ·
"
"
¸
ψ(1)
ψ(1)
2 Gb y y
0
l oc =
+k
G (2−1)
ψ(2)
ψ(2)
yy
0
l oc

G (1−2)
yy
Gb y y

#"

α(1)
y
0

(A.8)

0
α(2)
y

#"

#
ψ(1)
l oc ,
ψ(2)
l oc

(A.9)

where the position dependence (r(i) ) is assumed and suppressed, and
³
´
X0
(i)
G y y r(i) − rnm
Gb y y =
e ık x na ,
nm

G (1−2)
yy

=

X
nm

G (2−1)
=
yy

X
nm

¡
¢ ık na
x
G y y r(1) − r(2)
,
nm e
¡
¢ ık na
x
G y y r(2) − r(1)
.
nm e

(A.10)

From Eq. (A.9) it is easy to solve for the local fields (Eq. (1)) once we determine the lattice
green dyadic, as follows.
Combining the Poisson summation formula:
µ
¶
X
2π X
2πl
δ K−
= e ıK an ,
(A.11)
a l
a
n
(i − j )

with the Weyl expansion of the Green function, Eq. (A.4), the term G y y
as:
Ã
!
k y2 p −ık d −ık d
X
ı
(1−2)
Gyy =
1 − 2 e xl x e y p y ,
2k
ab
k
zl
p
lp
Ã
!
k y2 p ık d ık d
X
ı
(2−1)
Gyy =
1 − 2 e xl x e y p y ,
k
l p 2k zl p ab
with
k xl = k x −

2πl
,
a

kyp = −

2πp
,
b

q

can be rewritten

(A.12)

2
k 2 − k xl
− k y2 p .

(A.13)

¡
¢
cos (k xl d x ) cos k yl d y

(A.14)

k zl p =

At normal incidence, k x = 0 and G (1−2)
= G (2−1)
reading as:
yy
yy
G (1−2)
yy

=

ı
2k z ab

+4

∞ X
∞
X
l =1 l =p

ı
2k zl p ab

Ã
1−

k y2 p
k2

!

Thus, in the absence of diffraction its imaginary part is
h
i
ℑ G (1−2)
=
yy

1
.
2k z ab

(A.15)
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Similarly, using the Weyl expansion the term G b y y can be written as:
G b y y = lim

z→0

"
X
lp

ı
2k zl p ab

Ã
1−

k y2 p
k2

!

#
e

ık zl p |z|

−G y y (z ẑ) ,

(A.16)

where the term (n, m) = (0, 0) has been also included in the sum. Although the real part
is intricate (the real parts of both terms in Eq. (A.16) diverge), the imaginary part is well
behaved
Ã
!
op
k y2 p
£
¤
1
k prX
+
1− 2 ,
(A.17)
ℑ Gb y y = −
6π
k
l p 2k zl p ab
¡ £
¤
¢
where the sum runs for all propagating orders ℑ k zl p = 0 .
Finally, for lossless particles the imaginary part of the polarizability is
¸
·
k
1
=− .
ℑ 2
(A.18)
k α
6π
Therefore, for non-diffracting gratings at normal incidence
·
¸
1
(1−2)
ℑ
−G b y y +G y y
= 0,
αy
where we have defined

Ã
!
1
1
1
2
=
+ (2) .
α y k 2 α(1)
αy
y

(A.19)

(A.20)

The result given by Eq. (A.19) is independent of the lattice parameters a, b, d x and d y as
long as there are no diffraction orders
¶
µ
£
¤
2π 2π
,
↔ ℑ k zl p = 0.
(A.21)
k < mi n
a b
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A PPENDIX B
S ILVER N ANOWIRE N ETWORK
S YNTHESIS
In chapter 7 we demonstrated that a silver nanowire network (AgNW) can be used
as a transparent electrode, and that the performance can be estimated by contact
free (Near-Field) terahertz time domain measurements and following analysis.
This section contains the recipe followed by Dr. Matteo Parente to synthesize these
AgNWs.
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B Silver Nanowire Network Synthesis

B.1 Nanowire synthesis
The synthesis of AgNWs was performed by adapting the method reported in Ref. [219].
Polyvinyl-Pirrolidone (PVP, molecular weight 40000, Sigma Aldrich), Ethylene Glycol (EG,
Sigma Aldrich, purity > 99.8 %), silver nitrate (AgNO3 , Sigma Aldrich, purity 99.999 %), and
silver chloride (AgCl, Alfa Aesar, purity > 99.8 %) were used as received without any further
purification. In a typical synthesis, 0.34 g of PVP are dissolved in 20 mL of EG in a 25 mL
round bottom flask. The mixture is then heated to 170 °C in a silicon oil bath and 25 mg
of AgCl are added under stirring at 800 rpm. After 3 minutes, 110 mg of AgNO3 are added
to the solution and the reaction is left under stirring at 170 °C for 30 minutes. The solution
is then cooled down to room temperature and the AgNWs are separated from any byproduct by three steps of centrifugation at 3000 xg for 30 minutes followed by removal of
the supernatant and redispersion in 20 mL of methanol. The centrifugation has the role of
both removing the Ag nanoparticles formed as by-products and to decrease the thickness
of the layer of surfactant around the AgNWs. In fact, a too thick layer of surfactant would
decrease the conductance of the substrate, as the AgNWs cannot efficiently get in contact
on top of each other. The final solution has an optical density (OD) of ∼30 at λ = 387 nm,
corresponding to the transverse plasmon resonance of the wires [220].
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S UMMARY AND F UTURE
P ERSPECTIVE
Summary
The development of functional surfaces are a high priority in the photonics community,
due to the seemingly limitless versatility. Intensive development has led to a solid understanding, largely focused on shaping the spectral fingerprints of these structures. The
scientific community relies heavily on numerical and theoretical investigations to explain
the interactions between the resonant elements that make up such a surface. The primary
goal of this thesis is to do the opposite and experimentally resolve the ultrafast electric
field oscillations around the resonant structures in the near-field. Although the frequency
range considered in this thesis is limited to the Terahertz range, the majority of the physics
discussed will be applicable to a much broader range of the electromagnetic spectrum.
During this work, several unique setups where created following from the development of
a THz near-field microscope.
The first chapter of the thesis contains an historical perspective dating back to early
philosophy of human interaction, and its fascination with light. It introduces some of
the key concepts that will be used/discussed in this thesis, putting the work in scientific
context. Chapter two highlights concepts, experimental setups and methods that have
been used and/or developed in order to carry out the experiments described in this thesis.
The main investigated system comprises a planar arrays of gold rods supporting collective modes known as Surface Lattice Resonances (SLRs). In chapter three a canonical
example in the field of metasurfaces and meta-atoms, which is the dolmen structure, is
investigated. The dolmen structure is a frequently studied object due to the remarkable
high quality resonance it produces, where the top of the dolmen acts as a ‘bright’ dipolarlike resonator while the two legs act as a ‘dark’ non-radiative quadrupolar resonator. The
hybridization of these two resonances is visualized by using near-field THz microscopy
to selectively interrogate the constituents in the dolmen on ultrashort timescales. The
hybridization yields a transparency window in which light will interact strongly with the
structure but almost all the intensity eventually couples out. Chapter four investigates
the controlled formation and suppression of DET (diffraction enhanced transparency) in
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arrays of detuned dipolar-like rods. The diffractive coupling between the two detuned
SLRs leads to a collective response that, similar to the dolmens of chapter three, generates a transparency window. Where hybridization in the dolmen structures relied on the
near-field coupling between the top rod and its legs, the detuned resonator replaces this
with diffractive coupling. Tunability of the transparency window is achieved by adding a
graphene layer on top and controlling the Fermi level via molecular adsorption. The detuning between the SLRs is progressively decreased in chapter five and eventually lifted to
investigate the formation of the transparency window. A symmetry-protected bound state
in the continuum or BIC emerges when the SLRs are identical, which results in a infinitely
sharp mode. As the symmetry protection in this structure relies on the in-plane coupling
of the SLRs, the relative positions between the dipolar-like rods inside the unit cells can
be freely chosen as long as no additional near-field contribution is introduced. Whilst
no radiation will escape from a BIC, it also means that none will couple to it, for which
a solution is proposed in the form of near-field excitation to locally break the symmetry
protection. Chapter six follows up on chapter five in executing the near-field excitation
concept by the introduction of the double near-field microscope. The near-field mapping
of the BICs, associated to the subradiant mode, allows to unveil the field-symmetry protection that suppresses far-field radiation. This suppression of the radiation leakage leads to
modes with exceptionally long lifetimes that are directly captured on ultashort timescales.
The remaining chapters focus on the value of THz time-domain spectroscopy for material
characterization. In chapter seven the spectroscopic capabilities of the THz near-field
microscope are used to non-invasively asses the conductive properties of a silver nanowire
network. While chapter eight shows a novel experimental setup that combines optical
photo-excitation with THz near-field microscopy to assess the response and dynamics of
photo-excited semiconductors with sub-diffraction spatial resolution.
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Future perspective
In this section possible future directions in which the research could grow are discussed.
Three main avenues are identified based on the results achieved in this thesis.

Photonic structures
The radiative interplay between sub-wavelength gold microsctructures has been investigated in chapters 3-6. The high-quality modes that are realized in these systems, combined with the robust ensemble based design, could lend itself well to applications in for
example (bio)sensing, due to the sharp contrast and high field localization on the surface.
The fact that the response of these structures can be described using idealized dipolarlike objects, arranged in lattices is remarkable. The generality of this description enables
the conclusions from this thesis to be extrapolated to other fields of wave physics. So one
could think about far stretching applications in acoustic, elastic, seismic and even atom
waves.

Fundamental ultrafast electrodynamics
With the development of the double THz near-field microscope comes the ability to place
a dipole wherever we want, whilst also detecting at an arbitrary location in space, time
and polarization. This gifts an unprecedented flexibility that will be challenging for future
experiments to leverage the full capabilities of this system. A possible application one
can think of would be the excitation of symmetry protected edge states in high symmetry
lattices. The capabilities of the setup could then be leveraged to follow the emitted wave
around a path, watching the electrodynamics as it unfolds in an ultrafast movie. As the
location of emission and detection can be controlled up to micron precision (far below
the wavelength of the radiation), one can also start to think about the direct mapping of
the local density of states near resonant structures.

Micron length material science
Chapters 7 and 8 have already shown the first applications of THz near-field microscopy in
material science. A step from the demo setup towards a practical easy-to-use tool would
allow a broad scientific audience to use the non-invasive spectroscopic capabilities at
device level length scales. This is a very competitive length scale in for example medical
applications, in-vitro/in-vivo, or processing applications, such as conductivity mapping.
With the addition of the time resolved THz near-field microscope, such a tool could also
find applications in the semiconductor industry, as well as in the investigation of new
photoelectric materials such as 2D-semiconductors or perovskites.
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S AMENVATTING
Binnen de natuurkunde wordt veel aandacht besteed aan het bestuderen van licht. Dit
onderzoek richt zich op meer dan alleen het licht dat wij als mensen direct kunnen observeren. De algemene verzamelterm is dan ook elektromagnetische (of EM) straling,
en bestrijkt alles van radiogolven en draadloze communicatie tot Röntgen en Gamma
straling voor de medische wereld. De golflengte van deze toepassingen verschilt enorm,
voor radio is dat meters, waar Gamma straling een complete golfbeweging maakt binnen
1/100.000.000e van een menselijke haar. Ondanks deze verschillen volgen de EM-golven
allen dezelfde regels van Maxwell en dat maakt fundamenteel onderzoek naar licht, en
vooral de interactie met materie, een belangrijk domein om in te blijven verdiepen.
In dit werk zal vooral gebruik worden gemaakt van straling in de Terahertz (THz) frequentieband met golflengtes van rond de 0.5 millimeter. Als we deze straling op een structuur afvuren waar microantennes van ongeveer 0.25 millimeter op zitten, krijgen we een
resonantie. De EM straling kaatst dan voor een langere tijd heen en weer. Deze microantennes kunnen in allerlei formaties bij elkaar worden geplaats, en worden toegepast in
bijvoorbeeld (bio-)sensoren en schakelaars voor communicatie. Als we het veld rond deze
structuren nauwkeurig in beeld willen brengen moeten we op zeer korte afstand meten,
dit noemen we nabije veld (of near-field). De opstelling die nodig is om dit uit te voeren
is tijdens deze promotie ontwikkeld en toegepast op een aantal van deze structuren. De
EM-velden kunnen worden vastgelegd met een nauwkeurigheid die veel kleiner is dan de
golflengte en ultrasnelle tijdsresolutie, iets wat bij een ‘gebruikelijke’ opstelling onmogelijk
is.
Dit proefschrift bestaat uit acht hoofdstukken waar de eerste een historische inleiding
waarin de interesse en fascinatie van de mens voor licht centraal staan. Ook worden
hier enkele kernbegrippen worden ingeleid die dienen als wetenschappelijk achtergrond
informatie. In hoofdstuk 2 worden de verschillende varianten van de gebruikte meetopstellingen toegelicht, evenals de werking ervan. In het derde hoofdstuk wordt een
veelgebruikte structuur ‘de dolmen’ bestudeerd. De dolmen worden op een gepaste
afstand van elkaar geplaatst zodat er een sterke onderlinge koppeling ontstaat. Door
deze koppeling kan er een puurdere resonantie worden gecreëerd. De structuren hoeven
dan onderling minder dicht bij elkaar te staan, zodat fabricage eenvoudiger wordt.
Wat deze structuur specifiek interessant maakt is dat tussen de twee resonanties een
127

Samenvatting

transparantievenster zit. Op deze frequentie heeft de EM-straling een sterke interactie
met de structuur, maar wordt uiteindelijk wel doorgelaten. Dit komt doordat de twee
‘poten’ van de dolmen op dit punt uit fase oscilleren en dus elkaar opheffen; een feit dat
alleen in het nabije veld geobserveerd kan worden. We hebben het licht dus weten te
vertragen in een laagje dunner dan een menselijke haar. Andere structuren die eenzelfde
eigenschap bezitten komen in de volgende hoofdstukken aan bod. In hoofdstuk 4 wordt
eenzelfde transparantievenster geconstrueerd met behulp van twee resonatoren op
gelijke afstanden in een rooster formatie. De grootte van dit effect kan nu dynamisch
worden veranderd door het aanbrengen van een atoom laag van grafeen. Deze laag
kan het rooster effect compleet verstoren. De resonatoren worden daarmee ontkoppeld
en als gevolg sluit het transparantievenster. Op basis van hoofdstuk 4 kan men zich
afvragen wat er gebeurd als deze resonatoren dezelfde frequentie hebben. Deze vraag en
anderen komen aan bod in hoofdstuk 5. Het verschil tussen de beiden resonatoren wordt
stapsgewijs verkleind, totdat het transparantievenster compleet verdwijnt. We weten dat
er daar een uit-fase-mode moet zitten maar die is oneindig scherp geworden. Met behulp
van simulatie en theorie kan de locatie van deze verborgen mode worden voorspeld, en
in hoofdstuk 6 daadwerkelijk ook wordt gemeten. Voor hoofdstuk 6 is een speciale variant
van de near-field microscoop gebouwd, zodat de uit-fase-mode direct aangeslagen kan
worden. Deze mode is compleet onzichtbaar in het verre veld omdat hij oneindig scherp
is. Maar in het nabije veld kunnen we de ontwikkeling van deze mode volgen op ultrakorte
tijdschalen. Hoofdstuk 7 gaat in op de toepassing van de near-field microscoop voor het
bepalen van de geleidbaarheid van een silver nanowire electrode. Deze elektrodes zijn
zeer fragiel en transparant, maar van belang omdat ze goedkoop te produceren zijn in
tegenstelling tot de zeldzame metalen die daar nu nog voor nodig zijn. Dit hoofdstuk
laat goed zien dat de extra resolutie die de near-field microscoop bied zeer waardevol
kan zijn voor materiaal analyse. Een uitbreiding op deze functionaliteit wordt behandeld
in hoofdstuk 8. Hier wordt geleidbaarheid van een halfgeleider bepaald onder excitatie
van een intense laser puls. Halfgeleiders zijn uit zichzelf isolerend en dus grotendeels
transparant voor THz. Indien er echter een laser puls met genoeg energie deze raakt zal
deze kortstondig geleidend zijn. Om dit soort metingen mogelijk te maken in het nabije
veld is er een unieke (gepatenteerde) opstelling ontwikkeld die gebruik maakt van totale
interne reflectie.
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