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Abstract

Terahertz time-domain spectroscopy (TTDS) is a powerful spectroscopic
technique, combining pulsed broadband operation with high sensitivity coherent
detection at room temperature. This thesis describes studies of terahertz surface
plasmon polariton (SPP) guidance on a range of metamaterial structures using
TTDS. Metamaterials are artificial media constructed from sub-wavelength
dimension conducting elements which have an electromagnetic response that can
be engineered by creating geometrical plasma-like resonances. In this work, high-
confinement terahertz waveguiding is achieved by binding SPPs to cavity
resonances which spoof the behaviour of intrinsic surface plasmon resonances
found at much higher frequencies. The main aim of these studies is to investigate
their properties with regard to potential applications in waveguiding and sensing.
The first two chapters of this thesis describe the background to the subject. In
chapter 3, the construction of a novel, flexible geometry, fibre-coupled TTDS
system using hollow-core photonic crystal fibre (HC-PCF) is described. The
extension of the system to include a near-field probe for evanescent field
characterisation is also discussed. In chapter 4, we present the first direct
observation of terahertz SPP propagation on plasmonic metamaterials consisting
of copper sheets patterned with two-dimensional arrays of square copper-lined
holes. Wavelength-scale field confinement is experimentally observed over an
octave in frequency close to the band edge, representing a two order of magnitude
increase in confinement compared to a flat metal sheet. In chapter S5,
metamaterials consisting of two-dimensional arrays of coaxial apertures are
shown to support two spoof plasmon modes below the band edge, enabling
wavelength-scale field confinement to be experimentally realised at two distinct
frequencies. In chapter 6, we present the first experimental results for terahertz
SPP propagation on helical and discretely grooved cylindrical metamaterials
termed metawires. In each case the results are compared with numerical

simulations.
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1. Introduction to the terahertz field

The terahertz region of the electromagnetic spectrum can be defined as occupying
the frequency range 0.1-10 THz (4=3-0.03 mm, hv=0.41-41.4 meV) and is
bounded by the microwave and mid-infrared domains. Although often referred to
as the ‘terahertz gap’, in the last twenty years a wide range of sources, detectors
and techniques have been developed, several of which can now be used beyond

~50 THz.

300 30 3 300 30 3 300
mm mm mm pm pm pm nm Wavelength

Radio Far-infrared uv
or Terahertz
«— —>
I
0.001 0.01 0.1 1 10 100 1000
THz THz THz THz THz THz THz  Frequency
I I I I I I I
0.004 0.04 0.41 4.14 414 414 4.14 E
meV meV meV meV meV meV eV nergy

Figure 1.1. Schematic diagram showing the positioning of the terahertz band
within the electromagnetic spectrum.

Scientific interest in the band has largely been driven by the existence of
elementary excitations, bandgaps and relaxation processes occurring at terahertz
frequencies in condensed matter. In addition, a wide range of rotational and low-
frequency vibrational modes in gases, liquids and soft matter fall within the
terahertz regime. The terahertz part of the spectrum is also important in astronomy
[1] and is being increasingly explored for its applications in the pharmaceutical
industry [2] and biomedical science [3]. The last decade has also seen the
increasing commercialisation of terahertz technology in pharmaceutical quality
control and security. In the latter case, its usefulness stems from the fact that

materials such as clothing and packaging that are commonly used to conceal



weapons, explosives and illicit drugs are often terahertz transparent, whereas the

objects themselves display a very different dielectric response [4].

Terahertz sources and systems generally fall into two categories, narrowband and
broadband. A large number of narrowband terahertz sources exist, including
optically pumped gas lasers (average powers <150 mW in discrete lines) and
backward wave oscillators (<10 mW in the region below 2 THz with limited
tunability) both of which are commercially available. Other sources include solid
state devices such as Gunn diodes with Schottky-diode multiplier chains (<100
uW above 1 THz with limited tunability) and optical techniques based on
photomixing (~1 uW at 1 THz, tunable) or parametric generation (<1 pW power,
tunable up to 3 THz) [5]. More recently, terahertz quantum cascade lasers [6]
which exploit intersubband transitions in quantum well structures have been
demonstrated. These devices are currently limited by their lack of tunability,
inability to operate much below 2 THz and low operating temperatures, but can be
used to provide >1 mW output power in the region above 2 THz. For applications
where spectral resolution is not critical, detection may be achieved using
broadband detectors such as helium-cooled bolometers. However, in terahertz
applications such as astronomy, that require very high spectral resolution and
sensitivity, narrowband heterodyning techniques are more common. In this case, a
local oscillator source is mixed with a terahertz signal in a non-linear solid-state
device to produce a down-shifted difference frequency component that can be
amplified and detected. For example, Schottky-diode detectors and mixer arrays

are used in the ThruVision camera system for passive security screening [7].

In spectroscopic applications, Fourier transform spectroscopy (FTS) and
Terahertz time-domain spectroscopy (TTDS) are the most widespread techniques,
both of which are broadband. In FTS, the far-infrared emission from a mercury
arc-lamp, with bandwidth extending from the visible to far-infrared, is typically
used to illuminate a sample and transmitted or reflected radiation is analysed
interferometrically using an incoherent detector such as a helium-cooled
bolometer. In its simplest form FTS records only intensity, although placing the
sample in one arm of the interferometer can provide phase information. Despite

broad spectral coverage, source powers fall off rapidly at low frequency and the
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dynamic range in the terahertz regime is relatively poor. Another problem with
FTS is that by working in the frequency domain, spectral artefacts due to
reflections can be difficult to remove. Broadband terahertz spectroscopy may also
be implemented using free electron lasers in large central facilities. These are
widely tuneable and can operate in short-pulse or quasi-CW modes, providing

average output powers greater than 10 W.

TTDS offers many advantages over the other terahertz spectroscopic techniques
discussed so far, combining pulsed broadband operation with high sensitivity
coherent detection at room temperature. Its development in the 1980’s led to a
renaissance in far-infrared science. In its simplest form, two optical beams derived
from the same femtosecond source (pump and probe) are used to excite terahertz
emission and time-gate a detector (chapter 3). By varying the time delay between
the pump and probe beam, the terahertz electric field can be directly measured (if
the system response is known) with sub-ps time resolution. Detection is coherent
in that both amplitude and phase information are obtained. TTDS is generally
implemented using photoconductive antennas or electro-optic sources and
detectors (chapter 3) and average source powers lie in the few uW range. Despite
these low powers, very high dynamic range (>10'® in power) is possible due to the
coherent detection process which is insensitive to thermal background radiation.
In terms of power, TTDS is typically over a million times more sensitive than
FTS below 3 THz [8]. It is generally implemented in one of three modalities:
pump-probe; emission or transmission/reflection. The first two techniques study

dynamical processes and are a unique application of TTDS.

In pump-probe studies, a third high intensity optical beam (derived from the same
source as the pump and probe) is used to excite carriers in a sample which is
probed at subsequent delay using the weak terahertz beam. Following dephasing,
the time dependence of the dielectric function can then be measured. This
technique has been used to investigate free-carrier dynamics in semiconductors
[9], exciton formation and decay in quantum wells [10] and Cooper-pair breaking

in high-temperature superconductors [11].



In emission spectroscopy, the terahertz source is replaced by a sample, optically
excited by the pump beam. In this case, pump pulses can be used to create a third
order nonlinear polarisation between optically excited quantum states and on time
scales short compared with dephasing, enable studies of quantum coherence. In
semiconductors, charge oscillations in biased coupled quantum wells [12], Bloch
oscillations in superlattices [13] and ballistic carrier dynamics [14] have been
studied using this technique. Emission spectroscopy has also enabled studies of
coherent terahertz emission from phonons [15], plasmons in two-dimensional
electron gases (2DEGs) [16] and cyclotron motion [17]. More recently, terahertz

emission microscopy has been developed as a tool for imaging electric fields [18].

In transmission/reflection studies, a sample is placed in the terahertz beam and the
frequency-dependent complex dielectric function is derived directly from the
measured amplitude reflection or transmission coefficients. This technique has
been used extensively to characterise a wide range of materials including
semiconductors, superconductors, liquids, gases and dielectrics [19]. Some
applications are also of interest outside of the laboratory. For example, in the
identification of concealed explosives [20], differentiation of polymorphism and
crystallinity in pharmaceutics [21] and label-free identification of the
hybridisation state of DNA [22,23]. Although this form of TTDS provides no
dynamical information and similar experiments can be performed using dispersive
FTS, the dynamic range is far higher and artefacts associated with reflections can
be straightforwardly eliminated. The insensitivity of TTDS to thermal background
radiation also has a unique advantage in the investigation of high-temperature

plasmas such as flames [24].

Transmission/reflection studies can also be used to perform terahertz imaging.
Unlike CW imaging techniques, the pulsed nature of TTDS facilitates the
extraction of depth information [25] and the short coherence length leads to
improved image quality compared to narrowband techniques [26]. Amongst the
most important demonstrations to date, TTDS imaging has been shown to be
potentially useful in defining skin cancer tumour margins [27], probing uniformity
in pharmaceutical products [28] and identifying defects in space shuttle insulation

[29]. TTDS imaging can also be used to image the slow evolution of physical
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processes with time, such as the diffusion of gases [30]. In all of the imaging
applications discussed so far, the spatial resolution is limited by diffraction.
Imaging in the near-field, before radiation diffracts, enables sub-wavelength
resolution to be attained. To date, a range of TTDS near-field techniques have
been explored (chapter 3) and used to investigate phenomena such as the time-
resolved transmission of terahertz radiation through metallic sub-wavelength hole
arrays [31] and mapping of electromagnetic resonances in metamaterials with

resolution down to ~A/40 [32].

This thesis describes studies of terahertz surface plasmon polariton (SPP)
guidance on a range of metamaterial structures using TTDS. In chapter 2, an
introduction to the field of metamaterials and plasmonics is presented. In chapter
3, the construction of a novel fibre-coupled TTDS system is described. The
extension of our system to incorporate a near-field probing arm is also described.
In chapter 4, we present the first direct observations of terahertz SPPs on
metamaterials consisting of ‘blind’ two-dimensional air-filled hole arrays. This is
followed in chapter 5 by the realisation of dual-frequency confinement using an
alternative planar metamaterial structure consisting of coaxial hole arrays and
finally in chapter 6 by the first experimental investigations of SPP guidance on

helically and discretely grooved cylindrical metamaterials, termed metawires.
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2. Metamaterials Introduction

2.1. Metamaterials and negative refractive index

Metamaterials are artificial media constructed from sub-wavelength dimension
conducting elements embedded in a dielectric. They enable the engineering of
electric and magnetic resonant responses that do not occur in nature. The
wavelength of light normally sets a fundamental limit on the minimum resolvable
feature size in any system, so that metamaterials may be described
electromagnetically as homogenous media characterised by an effective refractive
index n.y or equivalently, by an effective dielectric function ¢.4 and permeability
te- The idea of replacing a material that is inhomogeneous on a sub-wavelength
scale by a homogeneous effective medium is integral to the metamaterial concept.
The ability to use metamaterials to create artificial electromagnetic responses has
led to growing research interest and a range of potential applications. Examples
include engineering confined surface modes in the terahertz and microwave
domains that mimic the behaviour of surface plasmons in the visible for sensing
and waveguiding applications, as well as engineering metamaterials with negative
refractive index to investigate exotic electromagnetic phenomena such as perfect

lensing and cloaking.

The electromagnetic response of metamaterials is principally controlled by

creating geometrical plasma-type resonances, which neglecting losses, take the

form,
o
Eepp =1—— (2.1)
®
2
('01'1’1
e = 1——3 (2.2)
®

where o, and w,, are the effective electrical and magnetic plasma frequencies. For
example, low frequency electrical resonances can be engineered using thin wire

arrays [1] and magnetic responses can be set up using discontinuous current loops



termed split ring resonators (SRRs) [2]. In the magnetic case, u.;<0 generally
resides within a bandgap, but metamaterials displaying a negative refractive index
over narrow frequency bands can be constructed by combining electric and
magnetic resonant elements [3]. In this case the presence of the electrical
resonance leads to the formation of a passband in the SRR bandgap where .4 and

Uefr are simultaneously negative.

For transverse electromagnetic wave propagation through a medium with €,>0
and w0, the vectors E, H and k form a right-handed set. In this case the phase
and group velocities are parallel and the refractive index is positive. However, if
the medium has &,4<0 and u;<0, E, H and k form a left-handed set and the
wavevector k, which is always in the direction of the phase velocity, is anti-

parallel to the energy flux. In this scenario the negative root of the refractive

index, ngpr = \|€q tefr » must be chosen [4]. For this reason, such left-handed

materials have become known as negative index materials (NIMs).
Electromagnetic propagation in NIMs leads to a range of intriguing effects, such
as a negative Doppler shift, reversed Cherenkov effect and negative refraction of
light. From Snell’s law it is evident that when light passes from one right-handed
medium to another, the wave fronts are always refracted to the opposite side of
the surface normal at each interface. However, when light propagates across an
interface where the refractive index changes sign, the wave is refracted back to the
same side of the surface normal, as confirmed experimentally by Shelby et al. [5].

This point is illustrated in figure 2.1.

As a result, a point source is imaged by a NIM slab (figure 2.1). This effect was
further analysed by Pendry [6] who predicted that it was also possible to recreate
the sources non-propagating fields at the image. In this case, the decaying
evanescent fields are amplified by surface plasmons. The diffraction limit on the
imaging of objects arises from the lack of these fields in a normal image.
Collecting these components allows the limit to be beaten, creating a ‘perfect
lens’. A variation on the perfect lens concept is the so-called ‘poor man’s lens’
where only ¢, 1s negative. This works provided that all dimensions are much less

than the wavelength of light so that the electrostatic and magnetostatic fields
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decouple. In this case, for focussing of transverse magnetic (TM) waves the
dependence on the magnetic permittivity is removed. This approach was used by
Fang et al. [7] to demonstrate sub-diffraction limit (~A/6) imaging through a thin

silver slab.

n=1 n>1

n=1 =1 n=1
S <><

€<0, pu<0 E

Figure 2.1. Schematic diagram showing normal (top) and anomalous (bottom) ray
refraction. S is a point source and I is the focussed image.

Another intriguing potential use of metamaterials is electromagnetic cloaking [8],
which relies on the scale invariance of Maxwell’s equations. This indicates that if
space is stretched so as to guide light around an object, Maxwell’s equations need
only be reformulated in terms of a transformed coordinate system with & and pes
scaled by an appropriate factor. In this case, significant dispersion is required to
satisfy causality. This is because in order to curve around an object and return to
its original path undisturbed, light must exhibit a phase velocity exceeding the
velocity of light. Metamaterial cloaking was first demonstrated by Schurig et al. in
2006 [9]. In this experiment, a copper cylinder surrounded by layers of SRRs was
effectively cloaked at 8.5 GHz.
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Metamaterials can also be created with electrically or optically controllable
responses for potential applications in switching. In 2008, Chen et al. [10]
demonstrated the ability to tune the electrical resonant frequency of a
silicon/metal SRR array by ~20%. In this case optically generated photocarriers
were used to modulate the gap capacitance in a silicon-metal hybrid SRR.
Significant transmission modulation through SRR arrays has also been
demonstrated using optical and electrical gating of the gap capacitance [11,12]
and more recently terahertz phase modulation has been demonstrated using biased

SRRs [13]

Although much metamaterial work to date has been conducted at microwave and
terahertz frequencies, there have also been many studies within the infrared and
visible bands. Notable examples include the production of magnetic resonances in
the mid- [14] and near-infrared [15] as well as the demonstration of a negative

refractive index in the visible [16].

2.2. Plasmonic metamaterials, enhanced transmission and

waveguiding

Work on the plasmonic properties of metamaterials was largely stimulated by the
discovery of extraordinary optical transmission (EOT) through arrays of sub-
wavelength holes in metal sheets by Ebbesen et al. in 1998 [17]. In this study, the
transmission of visible light was found to show resonant maxima exceeding
Bethe’s theory by several orders of magnitude. In 2001, Martin-Moreno et al. [18]
argued that the transmission process was driven via diffractively induced
electromagnetic coupling between the incident light and surface plasmons
interacting on the two faces of the array. In this process, light can be funnelled
through the holes in the form of hybridised TM surface waves called surface
plasmon polaritons (SPPs) before being re-radiated back into free-space. The
effective area of the holes is therefore much larger than the geometrical area.
Since Ebbesen’s study in the visible, enhanced transmission has also been realised

at frequencies far below the intrinsic plasma frequency, where metals behave like
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perfect conductors [19,20]. In this case, rather than involving surface plasmons,
the resonantly enhanced transmission process is mediated by geometrically
controlled cavity resonances called spoof plasmons [21,22], which mimic the
properties of the intrinsic surface plasmon resonances found at much higher
frequencies. Therefore, in direct contrast with the visible domain, at low
frequencies the hole shape (which influences the hole resonance) plays a crucial

role in determining the transmission properties [20].

A new area in terahertz metamaterial research seeks to exploit spoof plasmons for
high-confinement waveguiding and potential applications in sensing. The ideal
terahertz waveguide is dispersionless so that short pulses can be guided without
distortion, offers high confinement and low loss and can be efficiently coupled to
sources and detectors. In reality all waveguides suffer a trade-off between these
various properties. Terahertz waveguides studied to date can be grouped into

dielectric- and metal-based categories.

~15 pum

(b) (c)

| :

~90 um ~50 um

~2 mm

Figure 2.2. Schematic diagram of various waveguide geometries discussed in the
text. (a) porous fibre proposed by Hassani et al. consisting of a hexagonal array
of holes (light blue) in a sub-wavelength polymer fibre (grey) (b) dielectric slab
guide discussed by Walther et al. consisting of two silicon slabs separated by a
small air gap. (c) Polymer coated capillary guide discussed by Bowden et al.
consisting of a silver coated air-filled (light blue) glass capillary (orange). A thin
polystyrene layer (dark blue) coats the silver to reduce loss.

The main growth area in dielectric-based waveguiding is photonic crystal fibre
development. To date, losses as low as ~0.002 cm” have been measured for
narrow frequency bands (~0.1 THz) in Bragg guiding structures [23] although the

presence of cladding resonances cause the loss to increase dramatically outside of
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these narrow guidance bandwidths, resulting in energy leakage from the core.
Another promising fibre architecture is a core-less design proposed by Hassani et
al. [24], consisting of an array of sub-wavelength air holes embedded in a sub-
wavelength polymer fibre (figure 2.2(a)). For large air-filling fractions, the
majority of energy can be guided within air, minimising both loss and dispersion.
Unfortunately, in this case the mode localisation decreases and bend-loss becomes
a significant factor. For this structure it is predicted that careful tuning of the air-
filling fraction could enable relatively broadband (~1 THz) waveguiding with
losses below ~0.01 cm™. Terahertz radiation may also be guided between two
dielectric slabs separated by a small air gap (figure 2.2(b)). Simulations predict
that well-confined low-loss propagation (<0.001 c¢m™) can be achieved in such
structures [25], although propagation is accompanied by non-negligible

dispersion.

Waveguiding approaches using metals offer the advantage that intrinsic material
losses can be negligible. Most successful metallic guides concentrate the majority
of terahertz energy in air to minimise attenuation and reduce dispersion.
Polystyrene coated metal capillaries (figure 2.2(c)) have been demonstrated to
provide single frequency propagation losses as low as ~0.001 cm™ at 2.5 THz [26]
and broadband (0.1-3 THz), low-loss (<0.15 cm™) terahertz waveguiding has been
demonstrated using parallel plate waveguides (PPWGs) [27]. In 2007, Wéchter et
al. [28] showed that reduction of the lateral dimension of the PPWG, in so-called
‘over-sized” waveguides, can improve transverse confinement. In this case losses

<0.05 cm™ were demonstrated up to 1 THz with negligible dispersion.

Metal wires and sheets offer another terahertz waveguiding solution [29,30]. In
both of these cases, terahertz radiation is coupled to the conduction electrons at
the metal-air interface to form SPPs. The demonstrated losses (~0.023 cm™ for
wires and ~0.01 cm™ for sheets) are low and dispersion is negligible.
Unfortunately, the poor localisation of the modal fields (which extend many tens
to hundreds of wavelengths into the bounding dielectric) increase the probability
of modal decoupling via bend loss, scattering and interactions with nearby
objects. Plasmonic metamaterials offer a route towards significantly improving

this confinement [21,22], allowing strong field confinement to be translated into

14



the terahertz region via the excitation of spoof plasmons. In this case, the effective
plasma frequency is controlled entirely by the geometry of the surface, rather than

the properties of the metal.

2.3. Surface plasmon polaritons and spoof plasmons

2.3.1. Surface plasmon polaritons (SPPs)

Coupling between light and the collective oscillations of an electron plasma at any
interface across which the real part of the dielectric constant changes sign, such as
a metal—dielectric interface, can give rise to SPPs, provided that the condition
em(w)<-¢4 1s also satisfied (where ¢,,(w) is the metallic dielectric function and ¢ is
the relative permittivity of the dielectric). These TM surface waves exhibit
evanescent decay on either side of the supporting interface and are momentum
mismatched with respect to light in free-space (k,>ky, see equation 2.3).
Excitation therefore requires a scheme for phase matching. In practice, at terahertz
frequencies, broadband coupling using p-polarised incident radiation can be
achieved either via diffraction from a wavelength-scale aperture (chapter 4), or by
end-fire coupling (chapters 5 and 6), where efficient SPP excitation occurs by

maximising the spatial overlap between the incident electric field and the SPP.

Following excitation, the evolving SPP must propagate a finite distance before
reaching its stable form. This is due to there being an effective interaction length
over which free-space radiation and the SPP can exchange energy. In this physical
picture, the wavevector mismatch Ak=k,-ky, satisfies the relation, 4k<z/L;,, where
Ly defines the effective interaction length. For the metamaterials discussed in this
thesis, L;, is typically a few mm or less near the band edge, but for planar metal
sheets, L;; can be many tens of centimetres. In terms of experimental
measurements, it is therefore essential that in order to measure the properties of
the SPP accurately the sample length must be much larger than this interaction

length.
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For SPP propagation along an optically thick flat metal sheet of infinite lateral
extent bounded by a dielectric, the SPP wavevector in the propagation direction,
ky, can be derived by looking for an evanescent solution of the wave equation [31]

and is given by,

k, =k, ﬂ (2.3)

where ky=w/c is the free-space wavevector and the remaining term represents the
effective refractive index of the mode. In order to evaluate equation 2.3 a Drude

model can be used for ¢,,(w),
e, (0)=1-—"2— (2.4)

where w, is the intrinsic bulk plasma frequency and w. is the electron scattering
frequency. This expression is valid at low frequencies, but above the phonon
frequencies of the material (typically >5 THz), the residual polarisation of the
lattice should be taken into account. In this case, the preceding 1 in equation (2.4)
must be replaced by the lattice dielectric constant &, which generally takes a

value of 1<¢,<10. In this work, a value of e.=1 is assumed throughout.

For most metals, o, lies in the UV and can be calculated using,

2
0, = | 2.5)
gom

where 7 is the free-electron density (~10% cm™ for a typical metal) and m* is the

effective electron mass (~1.5 m, for copper [32]).

The Drude model can also be recast in terms of the electrical conductivity (),
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1, io(o) _
gm@ﬂ‘1+§%m ‘1+e¢dr—uwwr) (2.6)

where gy is the dc conductivity.

At high frequencies (£>480 THz for copper [32]), the accuracy of the Drude
model breaks down due to the onset of interband transitions. Despite this it can
still be used to provide qualitative information about the properties of SPPs.
Figure 2.3 shows the dispersion relation for SPP propagation on copper,
calculated using the Drude parameters given in the figure caption. At high
frequencies, the SPP dispersion curve diverges significantly from the light line.

For a lossless metal it plateaus at the surface plasma frequency,

wgp =0 / JJ1+e¢; . In this region, the group velocity tends to zero and the SPP

binds tightly to the supporting interface (f;,~ 1200 THz for copper).
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Figure 2.3. Dispersion curve for planar SPP propagation on copper (black curve)
calculated using a Drude model with w , = 1.38.10" rad.s™ and wp= 1.12.10"°
rad.s™ [33]. The light line is plotted in red.

The longer wavelength of the SPP with respect to light in free-space leads to the

evanescent character of the SPP. In this case, conservation of momentum dictates
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that the total wavevector in the dielectric region, &y, must be related to the in-plane

(k) and out-of-plane (k.;) SPP wavevector components by,

K, =veako” —k,’ (2.7)

Hence, if k> ./e; ko, k.« must be purely imaginary, resulting in out-of-plane

decay. Such evanescent fields cannot propagate away from the surface so that the

energy of the SPP is localised there.

The frequency dependent confinement of the SPP on the dielectric side of the

supporting interface is described by the 1/e field decay length,

de = 1
Il’n(kzd )

(2.8)

The decay length into the metal (L.,) can also be evaluated from equation 2.8 by
replacing g, in equation 2.7 by &,(w). Within the terahertz regime the SPP decay
length into the metal is commonly approximated using the skin depth J,,, which in

terms of amplitude decay is given by,

5 = |2 (2.9)

GoHo®

This expression can be derived from equations 2.3 and 2.7 (formulated in terms of

em(®)) by assuming that the imaginary part of the metals dielectric function is
much larger than the real part and using the substitution [m(g m )~ oy /wey , which

is valid provided that w/w, << 1.

Figure 2.4 shows a plot of the SPP penetration depth evaluated from the SPP
model and equation 2.9. It is clear that the skin depth formula gives a reasonable
approximation of the SPP penetration depth over the frequency range 1-5 THz but

breaks down outside of this range due to the break down of the assumptions
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involved in deriving equation 2.9. Another reason for the disagreement is the
unphysical value for the dc conductivity (69=8.1.10" Q'm™) implicit in the Drude
parameters given by Ordal et al. [33].

Quantifying the SPP penetration depth into the metal is important, as it determines
the Ohmic loss. Also, for free-standing metal sheets, in which two metal-dielectric
surfaces are exposed, SPPs can be supported at each surface. In this case, for
optically thick metal sheets (more than a couple of skin depths thick) there is no
coupling between the modes and both SPPs may be independently described using
equation 2.3. However, for the case of optically thin sheets, SPP fields extend
through the metal. In this case degeneracy of the modes is lifted and the
dispersion curve splits into two distinct branches, corresponding to a high
frequency anti-symmetric mode and low frequency symmetric mode. In all of the

work discussed in this thesis the metals are optically thick.
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Figure 2.4. (a) Out-of-plane decay length into air (L, for planar SPP
propagation on copper (black curve) calculated using a Drude model with
parameters @ . = 1.38.10" rad.s”, e,=1 and w,= 1.12.10" rad.s™ [33]. The free-
space wavelength Ay is also plotted for comparison (red curve). (b) Out-of-plane
SPP decay length into copper (L.n) calculated using identical Drude parameters
anld Sicin depth (5,,) evaluated from equation 2.9 with dc conductivity 0,=5.8.10"

The frequency dependent attenuation length of the mode along the propagation

axis, parallel to the surface, can be evaluated using,
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1

L, = ) (2.10)

It is clear from figure 2.5 that at high frequencies, close to the surface plasma
frequency, the propagation length is significantly reduced as the mode is
increasingly bound to the supporting interface. In contrast, a value of L,~ 139 m is
obtained at 1 THz, where the mode is poorly confined and able to propagate vast
distances. In reality, slight imperfections or curvature of the surface drastically

reduce this value.

At optical frequencies, close to the surface plasma frequency, the ability to guide
and confine SPPs on sub-wavelength dimensions (figure 2.4) leads to a wide-
range of applications in fields such as optical circuit miniaturisation, near-field
imaging, nonlinear spectroscopy and sensing [34,35]. There are also potential
medical applications. For example, resonant excitation of plasmonic modes in
nanoshells injected into the blood stream of mice has been used to locally destroy

cancerous tissue [36].

1 10 100 1000
Frequency (THz)

Figure 2.5. Propagation decay length (L,) for planar SPP propagation on copper,
calculated using a Drude model with parameters @ . = 1.38.10" rad.s™, ex=1 and
wp,=1.12.10" rad.s™" [33].
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At lower frequencies, in the far infrared and microwave regions, metals also
support electromagnetic surface waves, but here the out-of-plane fields are only
weakly confined, extending hundreds of wavelengths into the bounding dielectric
(figure 2.4). Such extended surface modes, known as Sommerfeld or Zenneck
waves, for planar and cylindrical surfaces respectively, were first described
mathematically at the turn of the twentieth century. The strong frequency
dependence of the SPP field confinement is directly linked to the many orders of

magnitude variation in the metallic dielectric function, as illustrated in figure 2.6.

In the visible regime (f~ 1000 THz), ¢, is comparable in magnitude with the
dielectric constant of the bounding dielectric ¢4, resulting in reasonable impedance
matching across the interface and strong coupling between the light field and the

surface plasma (tightly confined SPPs). However, in the terahertz regime

|sm| >> ¢, and the impedance mismatch becomes large, resulting in poor coupling

and hence weakly confined SPPs. In the perfect conductor limit, the impedance

mismatch across the interface becomes infinite and no SPPs can be supported.
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Figure 2.6. Real and imaginary parts of the frequency-dependent dielectric
function of copper calculated using a Drude model with parameters o . =
1.38.10" rad.s" and w,= 1.12.10"° rad.s” [33].
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2.3.2. Spoof plasmons

One way of increasing surface wave confinement at low frequency involves
texturing the surface of the metal to form a metamaterial. This was discussed
theoretically by Goubau [37] and Mills and Maradudin [38] many years ago.
Physically, the increased binding arises because the presence of the indentations
leads to greater penetration of the field into the material in an effective medium
picture. It has long been known that very thin wire meshes (~A/50), can support
confined surface modes at low frequencies [39]. More recently, this concept was
extended by Pendry et al. [21,22] with the introduction of the idea of plasmonic
metamaterials consisting of metal surfaces textured with sub-wavelength scale
corrugations or holes. In the latter works, such surfaces were shown to support
confined SPP-like modes with dispersion controlled only by geometry. Even
perfect conductors which cannot support surface plasmons can support these
‘spoof” plasmons. The existence of such spoof plasmons was indirectly verified
soon afterwards through the use of microwave reflectivity measurements on two-

dimensional brass rod arrays [40].

Alternative approaches for increasing SPP confinement in the terahertz regime
have also been proposed. For example, semiconductors can be doped to obtain
plasma frequencies in the terahertz range [41,42], and high-index dielectric over-
layers can be deposited onto flat metallic films to increase confinement [43].
Neither of these approaches offer as much flexibility for engineering all aspects of
the SPP dispersion as the metamaterial case. Another disadvantage of the doped-
semiconductor approach is that structures are generally restricted to planar
geometries due to the reliance on single-crystalline materials, whereas the main
disadvantage of dielectric-overlayering is that the field is only tightly confined
within the overlayer itself. This last point limits access to the guided mode and
restricts the use of the bound fields for sensing purposes. Metamaterials solve this

problem by confining the field within air.

The majority of the work in this thesis deals with spoof-plasmon mediated

propagation of terahertz SPPs on metamaterials. These studies have been
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conducted with the aim of investigating their properties with regard to potential

applications in waveguiding and sensing.
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3. Development of a fibre-coupled terahertz time-
domain spectrometer

3.1. Introduction

Since its inception [1,2,3,4] terahertz time-domain spectroscopy (TTDS) has
developed into a powerful spectroscopic technique, enabling coherent detection
with sub-ps time resolution and high sensitivity. Coherent detection refers to the
measurement of electric field rather than intensity, so that both amplitude and
phase information are obtained. The crux of the technique is the division of a
single train of optical pulses into two separate beams, the so-called pump and
probe. Pulses in the pump beam are used to generate terahertz radiation whilst
those in the probe arm are used to gate the detector. Generally, photoconductive
antennas are used to generate and coherently detect radiation, although an
alternative approach uses optical rectification and electro-optic sampling (EOS)
[5]. In the latter case, broadband terahertz radiation is produced via difference
frequency mixing in an electro-optic crystal displaying large y® non-linearity,
such as ZnTe or GaSe. In EOS, the terahertz electric field is measured by
recording the change in polarisation experienced by an optical probe pulse
collinearly focussed with the terahertz pulse onto an electro-optic crystal with
large electro-optic coefficient such as ZnTe or GaSe. In this case, the terahertz
electric field induces birefringence and thus a change in the polarisation state of

the probe pulse.

In this work, terahertz generation and detection is achieved using photoconductive
antennas (as described in section 3.4). For terahertz generation, above bandgap
optical pump pulses are used to generate photocarriers in a high-resistivity
semiconductor located between two metal tracks. A bias field applied between the
electrodes accelerates the photocarriers, producing a rapidly varying photocurrent
that radiates bursts of electromagnetic radiation into free-space, synchronous with
the optical pump beam [6]. Pulses from the probe beam are simultaneously used

to gate a normally insulating photoconductive region between the arms of a dipole
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receiving antenna [1]. In the presence of a terahertz electric field, a transient bias
is induced across the antenna. This creates a photocurrent proportional to the
strength of the terahertz electric field provided that the photoconductor is
switched to the conducting state by a probe pulse. Scanning the delay between
pump and probe pulses allows mapping of the receiver current as a function of
time. In practice, sub-ps carrier lifetimes are required to reduce noise. This is
achieved by introducing defects into the photoconductive layer in order to quickly
trap photocarriers, either via ion-implantation or low-temperature growth. This
method of detection is exceptionally sensitive due to the fact that the receiver is
only ‘switched on’ in the presence of both the optical and terahertz pulses (~400fs

every ~10ns) making it insensitive to the incoherent thermal background.

Most TTDS systems rely on free-space optics such as mirrors and lenses for
manipulation of the optical beams, but suffer from being inherently inflexible to
changes in experimental geometry due to the requirement for careful component
realignment and optical delay adjustment. A solution to this problem is provided
by fibre-coupled TTDS systems. A commercially available fibre-based TTDS
system has been developed by van Rudd et al. [7] and is distributed by Picometrix
[8]. This system utilises standard solid-core step-index single mode fibres (SMFs)
which introduce significant dispersion. To minimise broadening and loss of
terahertz bandwidth, second order dispersion can be compensated using a grating
pair [9], but these extra components make the system less compact. In addition,
only relatively low average powers (<10 mW for fibre lengths more than a few
metres) can be tolerated before the onset of nonlinear broadening mechanisms
such as self phase modulation (SPM) [10]. As a result, in the few fibre-coupled
TTDS systems characterised to date in the literature [7,9,11] the dynamic range is
limited to ~7000 and useful bandwidths are less than ~1.5 THz. In order to
improve dynamic range and potentially system bandwidth, different fibre
architectures are required. In a paper by Lee et al. [12] it was demonstrated that
the use of solid-core large mode area photonic crystal fibres (LMA-PCFs) in
which the effective core area is increased by an order of magnitude, enable
nonlinearity to be suppressed sufficiently to increase the useful bandwidth by
~50% compared to an SMF based system under comparable conditions (from ~0.8

THz to ~1.2 THz in this case). Unfortunately, for pulse powers >10 mW the 100

28



fs input pulses are still broadened by the ~2 m LMA-PCF to >140 fs due to the
combined effect of group velocity dispersion (GVD) and SPM.

Hollow-core photonic crystal fibres (HC-PCFs) [13] offer an attractive alternative
to the solid-core and large mode area fibres discussed so far, allowing pulses to be
delivered at relatively high power with low dispersion. These properties are
achieved by concentrating the guided mode within a hollow air-core. HC-PCFs
exhibit higher damage thresholds, a three orders of magnitude reduction in
nonlinear refractive index and dispersion that is controlled by the fibre structure
rather than the constituent materials. Unlike solid-core PCFs which guide via total
internal reflection, hollow-core fibres exploit band-gap guidance to trap a large
proportion of light within the low-index core [14]. An important property of this
fibre architecture is a region of low GVD which changes sign near the lower
wavelength band edge. In the positive or normal GVD regime, the low frequency
components travel faster than the high-frequency components and a short pulse
acquires a positive chirp, whereas in the negative or anomalous regime the
opposite is true. Therefore, by working slightly above the zero dispersion
wavelength, the HC-PCF can be used to provide negative GVD and compensate
for positive second-order dispersion from other optical components in the system.
This removes the requirement for external dispersion compensation, making the

system more compact and less prone to drift.

In the remainder of this chapter we describe the characteristics of a fibre-coupled
TTDS system constructed using HC-PCF. We start by describing the optical part
of the system (section 3.2) and the HC-PCFs (section 3.3). This is followed by a
discussion of the terahertz optics in section 3.4. Results for the free-space
characterisation of the fibre-coupled TTDS system are described in section 3.5
and the extension of the system to facilitate near-field probing is discussed in

section 3.6.
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3.2. The optical system

A train of ~80 fs full-width half-maxima (FWHM) pulses with an 82 MHz
repetition rate are generated using a mode-locked, argon-ion pumped Ti:sapphire
laser (Spectra Physics Tsunami). In this process, an acousto-optic modulator
(AOM) driven at half the longitudinal laser mode beat frequency is used to
introduce periodic loss into the cavity. This process phase locks the longitudinal
cavity modes and produces a train of ultrashort pulses. Material dispersion is
compensated using a prism pair to provide negative GVD. Self-focussing within
the Ti:sapphire rod ensures that mode-locking is maintained once it is initiated by
the AOM. Self focussing is the spatial analogue of SPM and occurs within a
medium with non-zero nonlinear refractive index [10]. In this process, the centre
of the optical pulse which is most intense, experiences a higher refractive index
than the weaker edges such that the net phase distortion across the transverse
beam profile results in beam focussing. The introduction of a slit aperture within
the laser cavity isolates the intense laser pulse train and its width controls the

pulse bandwidth.

With ~8.25 W pump power, the femtosecond oscillator provides typical output
powers of ~650-800 mW over the wavelength range 760-810 nm. The laser beam
(average power ~740 mW at 778 nm) is directed to an optical isolator which is
used to prevent reflections from the HC-PCF faces feeding back into the laser and
causing instability. This component is the major source of positive dispersion. The
beam is then divided by a beamsplitter to form the pump and probe arms.
Approximately 60% of the power (~270 mW) is sent to the pump arm and ~40%
(~185 mW) to the probe fibre. A half wave-plate placed before the beam-splitter

allows the ratio to be varied.

The pump beam is chopped at 2.5 kHz to allow lock-in detection and directed into
a rapid (up to ~4 Hz) scanning delay line based on a galvanometer and hollow-
corner-cube retro-reflector. The rapid-scanning action helps overcome the
problem of laser drift and allows real time optimisation of the terahertz signal.

The beam is then launched, using a x20 microscope objective, into a ~1.5 m
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length of HC-PCF designed for operation at wavelengths near 800 nm (section
3.3). The output beam from the pump fibre is collimated and then focussed onto
the transmitter chip using an f=4.3 mm aspheric lens. The operation of the

terahertz transmitter is described in section 3.4.

From the beam-splitter, the probe beam is sent to a long-range variable delay line
consisting of a hollow-corner-cube retro-reflector mounted on a stepper motor
driven stage. This allows the pump-probe delay to be varied over ~1 ns. The probe
beam is launched in an identical fashion into a second length of HC-PCF (~1.5
m). An identical arrangement to the pump fibre is used at the output, allowing the
optical probe beam to be focussed onto the terahertz receiver described in section
3.4. A flip-mirror located before the objective lens on the input side allows the

probe beam to be redirected to a near-field probing arm described in section 3.6.

Corner-cube

retro-reflector Ti-sapphire

MSO mounted on Argon—
NF-Rx stepper motor
* n >—“/Q‘—— - - stage LRDL pump
Optical
FF-Rx
_& 196 m isolator
H p-— [ —— —‘ i ﬁ 160 mm
Ag flip- HWP
HC-PCF mirror Beam-splitter
| | _—Q——— =
Ag mirror
Tx Chopper
RSDL wheel

Corner-cube retro-reflector
driven by a galvanometer
scanner

Figure 3.1. Schematic diagram of the entire TTDS system. HWP= half waveplate,
RSDL= rapid scanning delay line, HC-PCF= hollow-core photonic crystal fibre,
Tx= transmitter, LRDL= long-range delay line, MSO= x20 microscope objective,
FF-Rx= far-field receiver, NF-Rx= near-field receiver (section 3.6).
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In order to match the numerical aperture of the HC-PCF and maximise fibre
throughput, /=196 mm lenses are inserted into each arm of the beam, forming a
pair with a common =160 mm lens located before the beam-splitter (figure 3.1).
Varying the distance between each lens-pair allows the beam diameter to be fine-
tuned at the microscope objective. Together with half-waveplates placed before
each fibre coupler, which allow for birefringence in the fibres, this allows
optimisation of the fibre coupling. For freshly cleaved fibres, coupling efficiencies
of ~25-30% can be achieved in our setup, in good agreement with values
previously reported [15]. This value was found to degrade slightly with time due
to dust and moisture penetration at the cleaved fibre faces. In order to minimise
this effect, the whole system is located in a sealed enclosure and purged with dry
air. In order to monitor the fibre transmission, beam-splitters at the output of each
fibre are used to direct the collimated output beams to a photodiode as shown in
figure 3.2. The beam-splitters also allow a camera to be introduced to ensure
optimal focussing and positioning of the optical spots at the transmitter and

receiver.

Photodiode £20 mm
4.3 mm ’I Cylindrical lens
o /=8 mm HC-PCF
" Bs — @$ LEDs L
>
T i = l
ransmitter Pump (Probe)

(Receiver) Pulses

and Si lens

To camera

Figure 3.2. Schematic of the transmitter (receiver) HC-PCF output stage. BS=
beam-splitter. The f=20 mm cylindrical lens is omitted in the receiver
configuration.

At a centre wavelength of 778 nm (chosen to obtain the maximum terahertz
signal), ~72 mW of unchopped power is available from the pump fibre and ~40
mW from the probe fibre. For probe fibre throughputs >25 mW the receiver

response is found to saturate, so the excess power in this arm is attenuated at the
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input side to reduce receiver noise. On both the transmitter and receiver sides the
fibre holders and focussing lenses are held on translation stages to allow
positioning and focussing of the optical spot with ~1 um sensitivity. A cylindrical
lens is inserted into the transmitter output stage to provide line focussing,
allowing more optical power to be applied before the onset of device saturation or
damage [16]. Finally, it is important to emphasise that in our setup, both the
transmitter and receiver stages are freely repositionable with respect to one
another so that changes in experimental geometry are easily facilitated without

realignment of the visible optics.

3.3. Optical fibre characterisation

The HC-PCF used in our system was designed for use at 800 nm [15]. The fibre

has a 7-cell defect core with diameter ~8 um. A scanning electron microscope

(SEM) image of the end face of the cleaved fibre is shown in figure 3.3.

Figure 3.3. SEM image of the cleaved HC-PCF face. Dark regions represent air,
light regions silica.

To quantify the wavelength dependent pulse broadening due to the HC-PCF, the
output pulse width was measured using interferometric autocorrelation [17]. This

technique involves measuring the interference between two time delayed beams
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derived from the same source. In our setup (figure 3.4) both beams are focussed
onto a GaAsP Schottky photodiode with bandgap larger than the single photon
energy, such that the two time-delayed pulses, E(z) and E(t+A4t), generate a two-
photon absorption signal proportional to /(4¢), given by,

1(At) = H t)+ E(t + At)) ‘dt 3.1)

For the case where A4f =0, we have,
0)=16[ E*(thit (3.2)
and for large delays where the fields add incoherently,
I(At)=2[E* ()t (3.3)

For At =nrm, the fields from the two beams are out of phase and /(4¢) is a
minimum. Counting the number of interference maxima in the autocorrelation
trace provides a measure of the temporal pulse width, provided that the input

pulse shape is known and the spectral phase is approximately constant.

In order to extract the pulse width A7, from the autocorrelation width Az, the
input pulse shape must be known. In this work, a sech” pulse shape envelope is
assumed, which is the common approximation for self mode-locked laser systems.
In this case, the pulse and autocorrelation FWHM, with zero defined as the

minimum below the hang-line, are linked by the deconvolution factor

At/ Az =0.527 [17].

By counting the number of interference fringes over the FWHM (n), the pulse

width can be obtained using,

At = 0‘527n[hj (3.4)
C
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where 4 is the centre wavelength of the laser. An example autocorrelation trace is
shown in figure 3.5 and results for the pulse width at the fibre output as a function

of centre wavelength are shown in figure 3.6.
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Figure 3.4. Schematic diagram of the interferometric autocorrelator.
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Figure 3.5. Autocorrelation trace obtained at a centre wavelength of 778 nm.
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Figure 3.6 shows that the minimum pulse width of ~85 fs is obtained at 772 nm
and remains below 100 fs over the range 767 nm to 778 nm. It is important to
appreciate that the minimum pulse width at 772 nm lies above the zero dispersion
wavelength which lies near 765 nm. This demonstrates that by shifting to longer
wavelengths, where the value of the dispersion is more negative, it is possible to
provide second-order dispersion compensation, producing shorter optical pulse
lengths. To provide a reference, the laser pulse width was measured over the same
wavelength range and found to be constant at ~80 fs for a pulse bandwidth of ~9
nm. The 9 nm pulse bandwidth used in these measurements sets a fundamental
limit on the minimum achievable pulse width (~71 fs at 780 nm) corresponding to

the transform-limit for a sech® pulse shape, given by A = 0.31 5/4v. The ~10 fs

broadening of the optical pulse in our system can probably be attributed to a
combination of the formation of surface modes due to coupling between the core

and cladding modes in the fibre [13] and third-order dispersion.
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Figure 3.6. (a) HC-PCF output pulse width as a function of centre wavelength for
9 nm laser pulse bandwidth input pulse. (b) HC-PCF attenuation and GVD data
from Luan et al. [15]. In this plot the region of GVD>0 represents anomalous
(negative) dispersion.
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3.4. The terahertz system

3.4.1. Photoconductive transmitters

In the Hertzian dipole approximation the far-field transient electric field E(?)

radiated by a photoconductive transmitter is given by [18],

E(t)oc%:(dn(t)}v(t)+n(t)e(dv(t>} (3.5)

dt dt dt

where J(?) is the photocurrent density, n(?) is the number density of photo-carriers
produced by the optical pump pulse and v(?) is the photo-carrier velocity. This

expression can be reformulated in terms of the mobility w«(¢) and bias field F,
using V(t): | u(t—t')F(t')dt' , which allows for variations in the bias field with

time and the frequency dependence of the mobility.

Figure 3.7 shows normalised temporal profiles of the optical pulse amplitude,
photocurrent and far-field electric field amplitude calculated from equation 3.5
using a simple model [19] in which the effects of electron-hole screening [20] are
neglected and only electrons are considered to contribute to the photocurrent. In
this model the optical pulse profile is assumed to be Gaussian, free-carrier
relaxation is assumed to follow a single exponential decay and the bias field is

assumed to be constant over the illuminated area.

It is clear from figure 3.7 that the terahertz pulse width and hence bandwidth is
dominated by the fast rise-time of the photocurrent, whereas the relatively long
photocarrier lifetime mainly affects the terahertz pulse shape. The small role of
the carrier lifetime in determining the terahertz bandwidth has been confirmed
experimentally by comparing emission from transmitters made from low-
temperature grown (LT-) and semi-insulating (SI-) GaAs [21], which exhibit ps
and hundreds of ps carrier lifetimes respectively. The emission efficiency of a
photoconductive antenna is directly proportional to the dc carrier mobility and at

low illumination levels also to the bias field. Maximising the first contribution
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requires the use of high-mobility semiconductors. However, high resistivities are
required to support large bias fields and maximise the second contribution.
Materials such as SI-GaAs (p~10 MQcm, p~5000 cm®V's') and LT-GaAs
(p~100 MQcm, p~300 cm®V's') which exhibit high resistivity as well as
reasonable mobility provide the most efficient photoconductive sources. In the
latter case it is important to appreciate that the terahertz mobility may be
significantly larger than the dc value due to the effects of fast carrier trapping

[22].
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Figure 3.7. Time variation of the photocurrent (black), radiated electric far-field
amplitude (red) and optical excitation pulse (blue). In these plots the
recombination time is 500 fs, the mobility scattering time is 30 fs and the laser

pulse width is 80 fs.

The transmitter devices used in this work consist of a biased coplanar waveguide,
with Ti/Au electrodes deposited on a SI-GaAs or LT-GaAs substrate (figure 3.8).
An external bias of ~50 V (SI-GaAs) or ~100 V (LT-GaAs) is applied between
the tracks and <100 fs pulses with average power ~36 mW are focussed onto the
device so as to slightly overlap the junction between the positively biased
electrode and the semiconductor substrate. The emitted field is largest when the
laser spot is focussed at the edge of the anode and falls off quickly as the spot is
moved away. Close to the cathode the field increases once more, although in this

case to a lower absolute value. This behaviour is due to the higher mobility of
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electrons, as well as trap enhancement of the field close to the anode [23]. Line-
focussing is implemented using a cylindrical lens and microscope objective. The
LT-GaAs device typically produces transients with twice the amplitude of the SI-
GaAs device. In all experiments, the applied bias was restricted to keep the
average photocurrent below ~1 mA (SI-GaAs) or ~0.5 mA (LT-GaAs). Above
these values the device lifetime was found to be dramatically reduced. Many
effects can influence this threshold, including electromigration and dielectric
break down caused by the large dc bias field, as well as excess Ohmic heating and

thermal runaway caused by the dc photocurrent.

() (b) 4.1

>
EEE—— ::ilo um / 6.71 mm

50 un*li T
1 = I 5 mm
Transmitter
I device
Optical beam

Figure 3.8. (a) Schematic diagram of the coplanar transmitter, showing the
positioning of the line focussed laser spot in red and the Ti/Au tracks in grey. (b)
Schematic diagram of the transmitter-lens assembly.

Most of the terahertz radiation generated according to equation 3.5, is emitted into
the substrate and totally internally reflected at the substrate-air interface. For this

reason, an index-matched high-resistivity (p~10 chm) hyper-hemispherical

silicon lens attached to the backside of the transmitter chip is used to improve the
collection efficiency [4]. High-resistivity silicon is chosen due to its exceptionally
low loss and dispersion over the frequency range 0.1- 5 THz [24]. The lens is
designed so that for paraxial light, the device is located at its focal point. A thin
layer of paraffin oil applied between the substrate and lens keeps the two in

optical contact whilst maintaining manoeuvrability in the plane of the substrate.
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The lens is held on a spring and fitted to a two-axis translation stage to enable

precise alignment.

In order to generate radially polarised THz radiation (chapter 6), an annular
geometry SI-GaAs photoconducting antenna was fabricated (figure 3.9). This
device consists of two concentric Ti/Au electrodes deposited on SI-GaAs. The
positively biased inner electrode has a diameter of 20 um and the outer electrode
has an inner diameter of 120 um. The optical pump beam is focussed so as to
overlap the central electrode. An external bias of ~20 V was applied to keep the
illumination photocurrent below ~1 mA. Unlike previous designs reported in the
literature [25,26], a germanium screen isolated from the metal tracks by a 5 um
thick SiO, layer was deposited as shown in figure 3.9(b). The ring-focussing
imposed by the opaque but insulating screen was found to significantly reduce the
dc photocurrent. This enabled the applied bias to be doubled, increasing the signal
by a factor of ~2. The ring-focussing was also found to slightly improve the

system bandwidth as illustrated in figure 3.10(b).

10 pm illumination gap
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Figure 3.9. (a) Schematic diagram of the radial transmitter, showing the
positioning of the laser spot in red and the Ti/Au tracks in grey. (b) Profile view
indicating the positioning of the Ge screen.
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Figure 3.10. Comparison of (a) time-domain traces and (b) spectra obtained
using screened and unscreened radial transmitter designs. Signals were captured
without external collimating optics for a transmitter to receiver separation of ~25
cm.

The polarisation of the terahertz radiation emitted from the coplanar and radial
transmitters was compared using a crossed-bow-tie receiver to simultaneously
measure the terahertz field in horizontal and vertical detection planes [27]. For the
coplanar transmitter design, the horizontal to vertical polarisation ratio (HVPR),
defined as the ratio of the peak to peak receiver currents measured in the two
perpendicular detection planes, was found to be ~25:1. This demonstrates that the
electric field component of the emitted terahertz radiation is predominantly
polarised parallel to the dc bias field. For the radial transmitter the HVPR was
~2:1 which departs from the 1:1 HVPR expected for a perfectly radial source. The
discrepancy can at least be partly attributed to the anode feed-line which breaks

the annular symmetry [28].

3.4.2. Photoconductive receivers

The first photoconductive terahertz receivers described in the literature were
fabricated on radiation damaged silicon-on-sapphire (SOS) by Auston et al. [1].
Since then several other materials have been explored in pursuit of improved

device performance. In practice, the choice of material involves finding an
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optimal compromise between mobility, resistivity and trapping time. In terms of
dynamic range, devices based on ion-implanted or low-temperature grown GaAs
have been shown to outperform those based on other materials such as silicon

[16].

In this work, two dipole receivers were used. The smaller (larger) device consists
of a pair of 10 um wide parallel Ti/Au tracks separated by 10 um (50 um). A
narrower region, 20 um wide, forms two 2.5 um (22.5 pm) long antenna arms
which extend to leave a 5 um gap as shown in figure 3.11. This dipole antenna
region is bridged by a photoconductor made from ion-implanted GaAs (I um
thick), which has a 300-400 fs carrier lifetime, on a SI-GaAs substrate (~450 um
thick). An insulating AlAs layer (100 nm thick) was used to provide electrical
isolation between the photoconductive layer and substrate. Multiple arsenic
implantation (2 MeV at 5.4x10"° cm™, 1 MeV at 3.1x10" cm™ and 0.45 MeV at
1.5x10" cm™) enabled a flat damage profile to be obtained over the active layer
thickness. In order to optimise the mobility and carrier lifetime, the devices were
annealed in nitrogen at 500°C for 20 minutes following implantation. The ion-
implanted layer was then etched away except for a 50 um wide region containing
the dipole in order to reduce the noise associated with the resistance between the
tracks. The receiver photocurrent is amplified using a current to voltage
transceiver with a bandwidth of 8 kHz at 10’ VA™ (3 kHz at 10°* VA™) and lock-in

detection was implemented at 2.5 kHz.

20 um
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Figure 3.11. Schematic diagram of the 10 um (50 um) receiver device, showing
the positioning of the focussed laser spot in red, the Ti/Au tracks in grey and the
ion-implanted GaAs photoconductive region in blue.
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The dynamic range of a terahertz system is defined by the ratio of signal
amplitude to receiver noise. The total root-mean-square (RMS) noise is dominated

by the thermal (Johnson) contribution which is given by,

/4k TAf
IRMS = BT (3.6)

where Af is the detection bandwidth and R is the average resistance of the
photoconducting gap (usually ~1 MQ). There is also a smaller component due to

dc current fluctuations given by,

where « is the fractional laser noise (~4.10° Hz "% at 2.5 kHz chopping frequency)
and /. is the dc photocurrent (~1 nA). For the arsenic implanted receiver devices
used in this work, the noise under illumination was measured to be ~400 fA/HZ
at 2.5 kHz, corresponding to an absolute value of ~110 fA with 1 s lock-in time

constant.

3.5. Free-space system characterisation

The size of the gating window, defined by the optical pulse width, sets an upper
limit of ~10 THz on the system bandwidth for ~100 fs pulses. In reality the high
frequency parts of the spectrum are lost due to the frequency dependent collection
efficiency of the dipole antenna as well as the transfer function of the terahertz
optics (silicon lenses etc.). For this reason, the system bandwidth is strongly
influenced by the components used for collecting, collimating and focussing the

terahertz beam.

In order to obtain optimal bandwidth and signal strength, a pair of 90° off-axis
parabolic mirrors separated by a distance equal to the sum of their focal lengths

were inserted between the transmitter and receiver to complete the collimation of
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the terahertz beam and tighten the focus at the receiver [4]. Introduction of the
mirror-pair was found to increase the receiver current by a factor of ~5 compared
to a measurement without the mirror pair in place at an identical transmitter-
receiver separation. Removing the receiver silicon lens in this geometry reduced

signals by a factor of ~15.

An example of the signals obtained using the coplanar transmitter with the 10 pm
and 50 um dipole receivers is shown in figure 3.12. The time-domain traces
display a characteristic shape. The small dip preceding the main positive transient
is due to the frequency dependence of the focal spot size of the silicon receiver
lens and the large dip following the main pulse is due to dynamic screening of the
transmitter bias field. It is clear from figure 3.12 that larger values of the receiver
current, which is proportional to the terahertz electric field, are obtained with the
50 um receiver device (~25 nA), at the expense of poorer detection bandwidth
(10% fall-off at ~1.5 THz). In contrast, the 10 pm device provides larger detection
bandwidth (10% fall-off at ~2.2 THz) at the expense of reduced detection
amplitude (~18 nA). From these results, the dynamic range of our system is
calculated to be ~2.10°, ~30 times higher than the commercialised system
distributed by Picometrix [7]. This difference can be directly attributed to the

thirty-fold increase in average optical power delivered by the HC-PCFs.
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Figure 3.12. (a) Free-space time-domain traces and (b) spectra obtained using
the coplanar SI-GaAs transmitter and 10 um (red) and 50 um (black) ion-
implanted GaAs dipole receivers. The spectra are vertically offset for clarity and
the horizontal dashed lines correspond to the position of zero amplitude.
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3.6. Development of a fibre-coupled near-field receiver

3.6.1. Introduction

Nearly all terahertz imaging experiments reported to date have been conducted
using propagating waves in the far-field, where diffraction limits the spatial
resolution to of order the wavelength. Near-field probing detects both propagating
and evanescent waves, thus allowing the diffraction limit to be beaten. In terms of
metamaterial research, it is conceivable that near-field probing could allow the
spatial confinement of SPPs to be probed directly by measuring the evanescent
out-of-plane electric field component. In the context of this thesis, this idea
provided the key motivation for fabricating and testing a series of near-field

probes.

Since its first demonstration in 1998 [29] terahertz near-field studies have
received increasing attention in the literature. To date, probing schemes can be
grouped into two categories, aperture-based and apertureless. The first technique
typically uses a metal aperture fixed in front of a photoconducting dipole antenna.
In this case, the spatial resolution is dictated by the aperture diameter and not the
free-space wavelength of light or the dipole size [30]. The problem with this
technique is the low transmission through the aperture which, for apertures
smaller than the dipole length, has been reported to scale with the third power of
the diameter [31]. This leads to a fundamental trade-off between the detection
efficiency and spatial resolution. The aperture also acts as a high-pass filter and

the metal screen may interfere with the fields being probed.

To date, aperture-based terahertz near-field probes have been constructed from
LT-GaAs photoconductive antennas fabricated on sapphire substrates. A spatial
resolution of ~7 um was reported with a ~5 pum diameter aperture and ~4 pm
dipole-aperture separation, at a probe-sample distance of ~2 um [31]. Near-field
probing has also more recently been demonstrated using apertureless silicon-on-
sapphire photoconductive antennas, optically illuminated through the sapphire

substrate [32]. In this case, the detection area of the dipole antenna defines the
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spatial resolution [33]. Another near-field probing technique relies on placing an
object in close contact with an electro-optic crystal such as GaP [34]. In this case
the terahertz near-field is measured using EOS and the resolution depends on the
optical spot size. Using this technique, resolution down to ~A/100 (<10 pm) has
been demonstrated whilst probing field distributions near rectangular apertures
[35]. The techniques discussed so far are the only schemes capable of measuring

fields directly.

The first apertureless terahertz near-field probe was demonstrated by van der Valk
and Planken in 2002 [36]. In this scheme terahertz pulses are focussed onto a
sharp metal tip held in close proximity to a <100> oriented GaP electro-optic
crystal. EOS is then used to detect the field component perpendicular to the
crystal surface which is strongest in the immediate vicinity of the tip. In this
approach the spatial resolution is set by the optical spot focussing. A variation on
this technique involves vibrating a subwavelength metal tip in the immediate
vicinity of a sample and detecting the scattered terahertz radiation synchronously
in the far-field [37]. This technique was originally demonstrated using a stationary
tip [38] and shown to yield spatial resolution down to ~150 nm at 2 THz
(~A/1000), limited only by the tip radius. More recently, a vibrating tip was used
by Huber et al. [39] to probe doping densities in semiconductor nanostructures
with spatial resolution of ~40 nm at 2.54 THz (~A/3000). Tip-based techniques
offer by far the best spatial resolution reported, but can only be used for imaging

surfaces rather than probing fields directly.

3.6.2. Device fabrication

In this work, a series of aperture-based 10 pm photoconductive dipoles were
fabricated. Firstly, antenna structures were created on LT-GaAs using standard
photolithography. Each device was then glued face down to a sapphire substrate
using UV curing epoxy. The substrate was then etched down to an AlAs stop-

layer using a combination of wet-etching and reactive ion-etching. Finally, the
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AlAs was removed in dilute hydrofluoric acid. The final probe structure is shown

in figure 3.13.

Epoxy Sapphire substrate (~1 mm)
(~3 um)
Probe beam /
LT-GaAs SiO, (~300 nm)
(~750 nm)
Dipole : \
antenna Al aperture

Terahertz beam (~200 nm)

Figure 3.13. Schematic diagram of our aperture-based near-field probe design.

In order to enable the probe-sample separation to be reduced without restriction,
the electrical contact pads were placed off the chip surface. This was achieved by
bevelling the edges of the sapphire substrate and extending the contact pads onto
the bevelled sapphire surfaces. To isolate the antenna from the metal screen, a thin
(~300 nm) SiO; layer was evaporated on top of each device. Two different near-
field probe designs were fabricated. Device I consisted of a 10 um dipole with 60
um aperture and device II consisted of a 10 um dipole with 20 um aperture. The
apertures were formed in a 200 nm thick aluminium screen deposited on top of the

Si0;.

As mentioned in section 3.2, a flip-mirror was used to redirect the optical probe
beam into the near-field arm, where the beam was launched into a third ~1.5 m
length of HC-PCF using an identical in-coupling arrangement to that already
described. The output of the near-field fibre was collimated and focussed using a
pair of /=6 mm lenses and the whole assembly was mounted on a motorised three-
axis translation stage to enable micron scale translation of the probe. Although
fibre throughputs >40 mW were possible using this setup, the power was reduced
to ~8 mW to avoid damage to the optical epoxy caused by heat-induced out-

gassing.
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3.6.3. Device characterisation

Figure 3.14 shows time-domain traces and spectra obtained with the different
near-field probes. For the smaller aperture probe it is clear that the high-pass
behaviour of the aperture acts to attenuate the lower frequencies whilst slightly
enhancing the higher frequencies. The 20 um aperture probe therefore exhibits a
broader detection bandwidth than the 60 um aperture probe, which exhibits a
spectral response that falls off rapidly above ~0.95 THz. It is also clear from
figure 3.14(a) that in contrast to the 20 um aperture probe which has a cut-off at
the edge of the spectral range of these experiments, the 60 pum signal exhibits

distinctive ringing due to the cut-off behaviour of the aperture.

(a)
150 T I T T T 300 T T (b) T T
100 ] 60 pm aperture
2 20 pm aperture % 250 |
& 50 E
B = 200}
7} 0 =
E §
o -50 |l {160 pum aperture | g 150+
5 _100 : d g
= I = 100} ]
g -150 | 3 20 pm aperture
o ! g 5l AT
-200 i
1
-250 : . . ' , 0 : : ' x
4 -2 0 2 4 6 0 0.5 1 1.5 2 25
Delay (ps) Frequency (THz)

Figure 3.14. (a) Time-domain traces (vertically offset for clarity) and (b) spectra
obtained using the 10 um dipole near-field probes with 20 um aperture (red) and
60 um aperture (black). The vertical blue dashed line corresponds to the fixed
time delay used to determine the probe resolution (described in the text).

In order to assess device resolution, the probes were scanned across a straight
metal (~200 nm Au) edge deposited on high-resistivity silicon. The sample was
located beyond the focus of a plano-cylindrical silicon lens and scans were taken
along the long axis of the focus and with the edge oriented both parallel and
perpendicular to the incident terahertz electric field. In each case, the probe-
sample separation was calibrated using the timing delay associated with a

terahertz reflection between the probe and sample. The probe-sample parallelism
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was set in a similar fashion, by moving the probe about a triangle of points and
adjusting the sample angle until the optical reflection timing delay at different
points became approximately constant. Two perpendicular cameras were also

used to image the setup and check parallelism.

Figure 3.15 shows the results from two perpendicular edge scans obtained using
the 10 pum dipole with 60 um aperture. Scans were repeated for a series of probe-
sample separations to ascertain the effect on resolution. In the first set of scans the
edge was oriented horizontally, parallel to the incident electric field, whereas in
the second set the edge was rotated by 90°. In both cases the dipole arms were
oriented parallel to the electric field and the probe was scanned across the sample
perpendicular to the metal edge. In order to measure the probe resolution, the
receiver current at fixed delay (indicated by the vertical dashed line in figure
3.14(a)) was recorded as a function of position. It is clear from figure 3.15 that the
edge resolution is much poorer for the vertical orientation. This point may be
explained by considering the different boundary conditions for a PEC-air
interface. For the case where the electric field is parallel to the metal edge,
continuity of the parallel electric field component across the interface forces the
field to zero at the edge. However, when the electric field is perpendicular to the
metal edge there is a discontinuity at the edge due to the accumulation of surface
charge. In this case, the decay of the surface charge fields may also contribute to
the measured resolution. Another possibility is that the resolution is degraded due
to the excitation of SPPs on the sample surface. This latter assumption may be
justified by realising that SPPs are commonly excited using metal edges oriented

perpendicular to the electric field via aperture coupling [40].

For the horizontal edge scans, there is an overall degradation in imaging
resolution as the probe-sample separation is increased. For example, at a probe-
sample separation of ~20 um the 10-90% resolution is ~47 pum, whereas at ~50
um separation, the resolution is degraded by ~26 pum to ~73 um. This degradation
in resolution is approximately equal to the increase in probe-sample separation
(30 um). For the vertical scans, no such effect was observed and the resolution

remained approximately constant at ~150 um. This result indicates that scanning
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over the vertical metal edge does not allow inference of the true probe resolution

for the reasons discussed above.

(a) (b)
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Figure 3.15. (a) Horizontal and (b) vertical edge scans obtained using the 10 um
dipole with 60 um aperture. For various probe-sample separations indicated in
the figure inset.

For comparison, figure 3.16 shows a series of horizontal and vertical edge scans
obtained using the 10 um dipole with 20 um aperture. Interestingly, the resolution
obtained using this probe is almost identical to the larger aperture probe (~45 um
at a probe-sample separation of 20 um). This result indicates that if the aperture is
large enough, the resolution is controlled by the effective dipole length. As with
the larger aperture probe, for the horizontally oriented edge, the resolution was
found to degrade with increasing probe-sample separation and the degradation in
resolution was found to closely correspond to the increase in separation. Also, as
with the larger aperture probe, the vertical edge resolution was found to be
independent of the probe-sample separation, remaining constant at ~160 um.
From our results, we can infer that the probe resolution is set by the sum of the
effective dipole length (or aperture diameter, whichever is smaller) and probe-
sample separation. The best resolution of ~45 pm at ~20 um separation allows an

effective dipole length of ~25 pm to be inferred.
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Figure 3.16. (a) Horizontal and (b) vertical edge scans obtained using the 10 um
dipole with 20 um aperture. For various probe-sample separations indicated in
the figure inset.

3.7. Summary

In summary, a novel HC-PCF-coupled TTDS system based on photoconducting
antennas was constructed to enable broadband terahertz generation and detection
up to ~2.2 THz, in a wide variety of experimental geometries discussed
throughout the remainder of this thesis. The bandwidth and dynamic range
(~2x10°) of our system compares favourably to both the commercial fibre based
spectrometer distributed by Picometrix and other fibre-based systems described in
the literature. The use of HC-PCFs increases the power available for terahertz
generation and detection and removes the need for separate second-order
dispersion compensation, making the system more compact and less prone to
drift. The extension of the system to include a near-field arm for evanescent field
characterisation was also discussed and preliminary results were presented. The
best resolution of ~45 um was obtained by scanning a 10 pm dipole across a
horizontal metal edge at ~20 um probe-sample separation, indicating a spatial
resolution of ~A/7. Our results show that the probe resolution is independent of

aperture size and decreases with increasing probe-sample separation.
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4. Studies of surface plasmon polaritons on surfaces
decorated with two-dimensional hole arrays

4.1. Introduction

In this chapter we present the first direct observations of terahertz SPP
propagation on plasmonic metamaterials consisting of metal sheets perforated by
two-dimensional arrays of square copper-lined holes. In section 4.2 the analytical
theory developed by Pendry et al. [1,2] is introduced and its extension to more
accurately describe the dispersive behaviour of SPP propagation on this class of
metamaterial is discussed. The fabrication of samples is discussed in section 4.3,
followed in section 4.4 by a description of the experimental technique. Finally, in
section 4.5 experimental results are compared with theory and numerical

simulations.

4.2. Analytical theory

Consider a perfect electrical conductor (PEC) slab perforated with a two-
dimensional array of blind, square (a x a) holes with side a, pitch d and depth %

filled with a medium of dielectric constant ¢, as shown in figure 4.1.

Figure 4.1. Schematic of planar two-dimensional hole array metamaterial. Blue
regions correspond to PEC and the yellow regions correspond to dielectric filled
holes.

56



In order to derive an analytical dispersion relation for this structure, the
divergence in reflection of normally incident p-polarised plane waves is

considered in the limit where, a<d <<4). In the Pendry model [1,2],

expressions for the incident and reflected plane wave fields are matched to the
dominant TE;y mode within the cavities. As the structure is periodic, Bloch
boundary conditions are utilised and field matching boundary conditions are
applied over a single unit cell to solve for the whole structure. The boundary
conditions at the metamaterial surface (z=0) require the tangential component of
the electric field E, to be continuous over the entire unit cell (0<x,y<d), whereas
the transverse magnetic field component /, needs only be matched at the hole
openings (0<x,y<a). In addition to these boundary conditions, for holes of finite
depth, the condition E,=0 must be imposed at the hole bottom (z=-4). Field
matching yields an explicit relation for the specular reflection coefficient [2], the

divergence of which gives the dispersion relation,

4, 2~2

k

ky =ko |1+ 28 > Q 5 (4.1)
T /a -epko

where k, is the SPP wavevector along the propagation axis, k) = w/c, is the total

wavevector in air, S = 2\/§a/7td is the overlap integral describing coupling

between the incident plane wave and TE;p mode within the cavities

andQ=1- e_z‘qz‘h/] + e_z‘qz [ accounts for the finite depth of the holes, where

g- 1s the out-of-plane wavevector in the cavities. For holes of infinite depth, the
specular reflection coefficient can be simplified to a form analogous with
Fresnel’s equation [2], allowing the metamaterial to be conceptually replaced by a

homogeneous medium described by an effective dielectric function given by,

2.2 o2
- =8_h(1_ T C le_ spoof (42)

This simple analytical approach is based on the assumption that for the case where

a<d<<Jy, the metamaterial can be represented as a homogeneous medium with an
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effective dielectric function displaying a plasma form, defined by a resonance at
the spoof plasma frequency g, = 7rc/ a,/ep, . This is simply the cut-off
frequency of an open-top cavity of side a, filled with a medium of dielectric
constant ¢;. In other words, the holes act like waveguides with a cut-off frequency

®spoos, Delow which only evanescent fields can exist within the cavities and thus

SPPs can be supported.

Figure 4.2 shows the dispersion relation calculated using equation 4.1 for the set
of parameters stated in the figure caption. It is evident from the figure that the
simple analytical model neglects the effects of diffraction, which leads to a
significant modification of the dispersion curve close to the zone boundary

(ky=n/d). In periodic air-filled hole arrays, the asymptotic region of the dispersion
curve close to the spoof plasma frequency (where £, =7l'/ a,/ey, ) always lies

beyond the zone boundary and cannot be accessed. In order to reach this part of

the dispersion curve, the holes must be filled with a higher index dielectric such
that a\/g > d . For example, filling the holes with silicon (g,=12.11) lowers the

spoof plasma frequency for this structure from 2 THz to ~0.57 THz (figure 4.2).
In this case, the dispersion curve plateaus within the first Brillouin zone, leading

to lower group velocity and tighter field confinement.
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Figure 4.2. Analytical calculation of SPP dispersion along the propagation axis

for a two-dimensional hole array metamaterial with parameters a= 75 um, d=

100 um and h= 50 um, for e,=1 (red) and e,=12.11 (orange). The light line is

plotted in black.
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Figure 4.3 shows a comparison between the analytical dispersion curve calculated
using equation 4.1 and that obtained from finite-difference time-domain (FDTD)
numerical modelling, for a hole array with the parameter set stated in the figure
caption. For the FDTD case, the structure is still modelled as a PEC but the effects
of additional cavity modes and higher-order diffraction are implicitly included. As
is evident from figure 4.3, the simple analytical model shows a poor agreement
with numerical simulations even at small wavevector where the condition

a<d<<Jy, is satisfied.
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Figure 4.3. Comparison between analytical (green line), MEA calculation (black
line) and numerical FDTD simulations (blue dots) of the SPP dispersion along the
propagation axis for a 2d hole array with parameters a= 66 um, d= 100 um, h=
58 um and e,=1. The light line is plotted in red. [MEA result is taken from a
calculation performed by Antonio Fernandez-Dominguez].

This point was originally highlighted by Garcia de Abajo and Saenz [3] for
infinitely deep holes and attributed to the non-local response of the metamaterial
(i.e. ggf(w)— &ep(w,k)). In their work, numerical simulations were used to show
that the inclusion of higher-order cavity modes within the defects led to
significant reshaping of the SPP dispersion relation, not only close to the zone
boundary (where the condition a<d<<4, breaks down), but also at small
wavevector, where the low-frequency portion of the SPP dispersion curve is
shifted closer to the light line. The important finding of this work, is that even

well away from the zone boundary, where a<d<<J/,, the metamaterial cannot be
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accurately described as an homogeneous effective medium with effective

dielectric function e.4(w).

In this work, a model in which the effects of both additional cavity modes and
higher-order diffraction are included for finite depth holes was developed by
colleagues at the Universidad Autonoma de Madrid and Universidad de Zaragoza-
CSIC [4]. The model is a modal expansion approximation (MEA) in which the
number of cavity modes and diffraction orders considered in the calculation were
chosen to provide sufficient convergence. As can be seen from figure 4.3 the
MEA is in much closer agreement with FDTD simulations than the simple
analytical model. More recently, the MEA approach was independently described
by Hendry et al. [5] and validated by comparison with microwave measurements

of the dispersion of a wax-filled tube array [6].

4.3. Sample fabrication

Two different hole-array samples were fabricated by copper plating
lithographically patterned polymer films. A thin layer of SU8-5, an epoxy-based
negative photoresist, was initially spun on to a silicon wafer to create a base layer
and exposed to UV light to render it inert. A 60-um-thick layer of SU8-50
photoresist was then applied and contact optical lithography was used to pattern
the surfaces with two-dimensional square arrays of holes. Copper was deposited
onto the cured SUS8 surfaces by electroless catalytic plating using the Shipley

Circuposit™ process [7].

Plating consisted of four distinct stages. In the first, the sample was treated with
an alkaline conditioner solution to promote even surface coverage. An acidic pre-
dip treatment was then used to clean the sample surfaces. The samples were then
immersed in a colloidal palladium-tin catalyst at 40 °C for ~5 minutes. Finally, the
samples were transferred to a low-build copper plating solution for ~30 minutes,
providing a dense fine-grain surface finish. In this final stage, agitation at 40 Hz

was found to significantly improve uniformity by preventing the formation of
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hydrogen bubbles that otherwise produced defects. Samples were then rinsed in

deionised water, soaked in isopropanol and blow dried.

Sample I was fabricated with a period d= 150 pum and hole edge a= (9145) pm,
and sample II with d= 100 pm and a= (66+4) um. Scanning electron microscope

(SEM) images of sample I are shown in figure 4.4.

Figure 4.4. (a-b) SEM images of metamaterial sample I. (b) shows a cross section

of the structure.

The hole depth in each sample was measured to be 4= (58+6) um, and the copper
thickness was ~0.5 pum. The uncertainties in the sample parameters reflect
systematic variations across the sample surfaces associated with spin-coating and
the existence of undercut in the hole side-walls (see figure 4.4). The patterned area

was 35 mm long and 6 mm wide.

4.4. Experimental arrangement

Experiments were carried out using the SI-GaAs coplanar photoconducting
transmitter and 10 um arsenic-implanted dipole receiver described in section 3.4.
As discussed in chapter 2, because of the evanescent character of SPPs, the in-
plane wavevector is always greater than that of light in free-space (k>kyp) and

coupling light into SPPs requires a scheme for phase matching. In this work
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broadband coupling of the p-polarised free-space radiation into SPPs was
achieved by focussing the terahertz beam onto a wavelength-scale aperture
defined by the gap between the sample and the edge of a stainless steel razor blade
oriented perpendicular to the sample plane [8]. In this scheme, diffraction at the
aperture provides larger wavevector components parallel to the surface, allowing a
small fraction of the incident radiation to couple into SPPs [9]. The 1/e diameter

of the THz beam at the in-coupling aperture was estimated to be ~2 mm at 1 THz.

Receiver Transmitter
stage stage HC-PCF
Off-axis
_Q_ <l parabolic Au I» __Q_
mirror

9mm 20 mm
«—>«—>

Graphite-loaded Metamaterial Sample 60
polymer screen -~
I ' 60° off-axis parabolic
/ Au mirror
. Alplate .
Out-coupling In-coupling
razor blade razor blade

Figure 4.5. Schematic diagram of the experimental coupling apparatus.

The small sample width perpendicular to the SPP propagation direction was found
to have no affect on our results as long as the centre of the incident terahertz beam
was positioned to within £2 mm of the long central axis of the sample. A
terahertz absorbing, graphite-loaded polymer screen was positioned to prevent
radiation scattered from the end of the sample from reaching the receiver. Without
this screen, contributions from the razor blade out-coupler and sample edge would
be difficult to separate due to the small delay between them. The in-coupling (/)
and out-coupling (%) aperture heights were experimentally chosen to maximize
the SPP signal amplitude. For experiments on sample I the aperture heights were
set to ~200£10 pm and for sample II they were fixed at ~100+10 pum. For
coupling to plane copper surfaces the aperture heights were set to ~300+£10 um. In
these experiments a total amplitude in-coupling and out-coupling efficiency of

~1% was estimated for both metamaterial samples by comparison with a free-
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space reference signal obtained by passing the coupling apparatus. This value is in

good agreement with previous measurements [8].

An intermediate aperture (43), made from a 1.5-mm-thick aluminium sheet was
used to probe the extent of the SPP field perpendicular to the sample surface and
diffraction at the final razor blade (aperture /,) was used to transform the SPP
back into free-space radiation for detection. The SPP signal was small but finite
when /3 was nominally zero due to a slight curvature of the sample surfaces

attributed to the non-uniform spin-coating process.

It is important to appreciate that the propagation distance, after excitation, for the
modal shape of the surface wave to fully develop is governed by the out-of-plane
amplitude decay length, L.;. This point was mentioned by Jeon and Grischkowsky
[10] for SPP propagation along smooth copper surfaces and is consistent with the
idea of a finite interaction length (chapter 2). To reach its fully evolved form, the
SPP must propagate several out-of-plane decay lengths, as confirmed by the
numerical finite-integration technique (FIT) simulations described in section 4.5.
For a flat copper sheet at 1 THz, L.,~6 cm, making observations of fully-
developed Zenneck waves on flat surfaces difficult. This explains the large
discrepancy between theoretical and experimental measurements of Zenneck
waves reported to date [10]. In the metamaterial case however, L., is reduced to a
few millimetres or less over a large frequency range near the band edge (verified
using FIT simulations as described in section 4.5), implying that the SPP waves

have fully developed before reaching the intermediate aperture, /3.

4.5. Results

Figures 4.6 and 4.7 show time-domain signals and spectra obtained after
propagating 29 mm along the two metamaterial samples for two different probing
heights, /3;=200 pm and 43=1000 pm. For comparison, the signal obtained for
propagation on a 29 mm long smooth copper surface (the unevolved Zenneck

wave) is also shown in figure 4.8.
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Figure 4.6. (a) Time-domain traces and (b) spectra obtained for sample 1. The
vertical green line corresponds to the zone boundary f.,n.=(0.98+0.02) THz
obtained from FDTD simulations.
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Figure 4.7. (a) Time-domain traces and (b) spectra obtained for sample Il. The
vertical green line corresponds to the zone boundary f.,n.=(1.45+£0.02) THz
obtained from FDTD simulations.

The time-domain trace for propagation along the smooth copper surface (figure
4.8) is similar to that obtained for free-space propagation (figure 4.9). Because of
the extremely low dispersion of the Zenneck wave on a flat surface, the small
change in shape is mainly due to the filtering effect of the apertures. In contrast,
the signals obtained from the two metamaterial samples show pronounced ringing,
which persists for more than 10 ps and the corresponding spectra exhibit a sharp

cut-off close to the Brillouin zone boundary (indicated by the vertical lines in
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figures 4.6(b) and 4.7(b)). In this case, the position of the zone boundary is
calculated from FDTD simulations. The uncertainty in the zone boundary
frequencies reflect uncertainty in the values of the structural parameters a and / as
discussed in section 4.3. For air-filled holes, the TE;( spoof plasma frequencies lie
at ~1.65 THz and ~2.27 THz for samples I and II respectively and cannot be

accessed for the reasons described earlier.
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Figure 4.8. (a) Time-domain traces and (b) spectra obtained for SPP propagation
on a flat copper sheet.
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Figure 4.9. (a) Time-domain trace and (b) spectra obtained from a free-space
reference signal by-passing the coupling apparatus.

In order to probe the SPP out-of-plane field confinement, the height of the
intermediate aperture, /3, was varied. By assuming that the effect of this aperture

is simply to pass part of the incident SPP without significantly altering its field
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distribution, then the effect is to integrate the Poynting vector parallel to the
surface. In this case, energy conservation requires that the ratio of the transmitted

(4;) and incident (4,) field amplitudes on either side of the aperture is given by,

As(0)/A; ()= \1-exp(- 2k 4h3) (4.3)

Because the detected field after out-coupling, E>(w), is proportional to 4,(w), this
implies that k., can in principle be determined from the variation of E>(w) with ;.
To test the above assumptions, numerical finite integration technique (FIT)
simulations of the SPP propagation along our samples were undertaken with the
metal modelled as a PEC. Figure 4.10 shows the distribution of the electric field
evaluated in the x—z plane of sample II, for three different values of /3. The
aperture dimensions and positions are the same as in the experiment, except for
the position of the output coupler which is located beyond the right-hand edge of
the figure and is not shown. The frequency of the incident radiation (1.3 THz) is
chosen to be close to the zone boundary, where large confinement of the SPP is
expected. It is clear from these results that the intermediate aperture selectively
passes the SPP whilst blocking unwanted radiation diffracted at the input coupler.
Note also that the SPP has fully evolved after propagating ~5 mm.

Figure 4.11(a) shows the out-of-plane decay of the fields extracted from the FIT
simulation at several points along the x-axis, allowing comparison of the field
confinement within and after the intermediate aperture. It is clear from this figure
that the field profile is approximately maintained during the transmission process
and that the out-of-plane decay of the SPP closely corresponds to that calculated
from the MEA.
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Figure 4.10. Simulated absolute electric-field maps for SPP propagation along
sample Il at a frequency of 1.3 THz for (from top to bottom) h;=0.1 mm, h3=0.5
mm and h3;=1.0 mm. Red represents high fields, descending through yellow and
green to sky blue. Dark blue regions correspond to zero field. Dashed lines
correspond to the positions of the z-cuts plotted in figure 4.11(a). [From an FIT
simulation carried out by Antonio Ferndndez-Dominguez].
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Figure 4.11. (a) Comparison between the SPP electric field profile obtained from
FIT simulations at different propagation distances and that predicted using k.q
from the MEA calculation (points). (b) Ratio Ax/A; as a function of probing height
on sample II at two different frequencies, 0.7 THz (blue) and 1.3 THz (black).
Lines correspond to equation 4.3 evaluated using the MEA and the points to the
FIT predictions. [FIT results are extracted from a simulation carried out by
Antonio Fernandez-Dominguez].
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In order to verify that the dependence of the output signal amplitude on /; allows
determination of k., the ratio A,/A; obtained using the FIT simulations was
compared with that evaluated using equation 4.3 with k,; taken from the MEA
calculations (figure 4.11(b)). The good agreement between the FIT result, which
includes diffraction at the intermediate aperture, and the MEA predictions, which
neglect it, demonstrates the experiments ability to probe the confinement of the
SPP propagating at the surface of the metamaterial. This is true for 43 greater than
or of order the free-space wavelength, but for smaller A3, the FIT aperture

transmission is less than predicted by the MEA due to diffraction.

The experimental variation of E,(w) with A3 for the two samples is shown in
figure 4.12, which also shows theoretical predictions calculated using equation 4.3
with k.4 evaluated from the MEA. The theoretical bands are scaled vertically to fit

the data and the theoretical values for L., are included in each figure.
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Figure 4.12. Experimental (points) and theoretical (bands) electric-field
amplitudes as a function of h; for (a) Sample I and (b) Sample II. The error bars
denote uncertainties in the experimental measurement and the theoretical curves
are represented as shaded bands to reflect the uncertainty in geometrical sample
parameters evaluated from equation 4.3 using the MEA. The out-of plane decay
lengths calculated using the MEA are also displayed.

As is evident from figure 4.12, the agreement between theory and the measured
amplitudes appears very good, particularly for the higher frequencies where the

confinement is strongest and diffraction is weakest and for aperture heights
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greater than the free-space wavelength. A fitting of the complete data sets
(including the smallest aperture heights) to equation 4.3 overestimates the decay
length by a factor of order two for the reasons discussed. For signal-to-noise
reasons it was not possible to restrict the fitted data to large 4;. A more accurate
experimental determination of L.; requires either a near-field probing scheme
avoiding diffraction (chapter 3) or an analytical treatment that takes aperture
diffraction into account. It is however clear that wavelength scale field
confinement is observed over a wide frequency range near the band edge and that
the degree of confinement is in close agreement with theory when account is

taken of the approximations inherent in equation 4.3.

Due to restrictions in the experimental geometry, the SPP propagation loss was
not directly measured in these experiments. Therefore, in order to estimate the
attenuation lengths, separate FIT simulations were carried out in which the metal
was modelled as a lossy conductor with gy= 5.8x10” Q@ 'm™. The same calculation
was also repeated with the metal modelled as a PEC to quantify the diffractive and

Ohmic loss contributions.

In order to estimate the amplitude attenuation, the modulus of the FIT time-
domain waveforms were integrated at different propagation lengths, as shown for
sample II in Figure 4.13(a). The solid lines represent exponential fits to the data.
For the PEC case, the amplitude attenuation was estimated to be 0.08 cm™
whereas in the lossy conductor case the value increased to 0.11 cm™. From these

results it is possible to estimate the Ohmic loss contribution as 0.03 cm™.

The combination of this result with the out-of-plane decay lengths calculated from
the MEA (figure 4.13(b)) clearly demonstrate that for these samples there is a
tolerable trade-off between loss and confinement, with wavelength-scale field
confinement observed at the band edge and confinement of order two free-space

wavelengths observed down to ~0.1 THz.
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Figure 4.13. (a) SPP amplitude calculated from FIT calculation (points) for
various propagation lengths along sample II. Lines represent exponential fits to
the data. (b) out-of-plane decay length L.; calculated using the MEA for both
metamaterial samples.

Due to the small signal amplitudes and lack of an exact reference signal in the
aperture coupling geometry discussed so far, no reliable phase information could
be extracted from the experimental data sets. To analyse the phase data, a more
efficient end-fire coupling scheme (described in chapter 5) was later utilised to
dramatically improve the signal strengths. Reference signals were obtained with
the sample removed and used to calibrate the position of the light line. In this
case, by extracting the phase difference (4¢) between the SPP and reference
signals, the wavevector shift can be calculated as a function of frequency using

the expression,

A@
Lspp

Ak =k, —kg = (4.4)

where Lgpp is the SPP propagation length. Figure 4.14 shows a comparison
between the experimentally extracted phase data and that obtained directly from
the MEA. It is clear that for both samples the experimental results show

reasonable agreement with the MEA over a large frequency range.

70



) N
3 | E
E,"‘ )
2 g
= - =
g g
e e
0.5 s : : : 0.8 : ; ; -
0 100 200 300 400 500 0 200 400 600 800 1000
Ak (m™h) Ak (m)

Figure 4.14. Dispersion curves for SPP propagation along (a) sample I and (b)
sample II. Black points correspond to experimental values and the red lines
correspond to values extracted from the MEA calculation.

We estimate, from repeated measurements, that the maximum error in 4k is <10%
at the lowest frequencies, decreasing to <5% where the curves begin to plateau.
The discrepancy between theory and experiment can be explained by appreciating
that the value of Lspp=35 mm used to evaluate equation 4.4 is overestimated due
to the non-zero SPP interaction length (chapter 2). As it takes the SPP a few mm
to evolve, the effective value for Lgpp is correspondingly reduced and depends on
frequency. The uncertainty in structural parameters also leads to an error of ~2%
in the frequencies of the analytical calculation, which accounts for the
disagreement at high frequency. Figure 4.14 shows that the largest values of 4k
are not measured in the experiment. This can be explained by appreciating that the
tightly bound fields in the immediate vicinity of the zone boundary are not
detected due to a combination of increased attenuation and dispersion-induced
temporal broadening. In the case of sample II, it is also possible that the largest
wavevectors are only weakly excited in the experiment due to the poorer modal

overlap with the source.

The wavelength scale SPP confinement observed for the air-filled hole arrays

discussed so far is dominated by diffraction induced bending of the TE
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dispersion curve at the band edge, rather than the proximity to the spoof plasma
frequency. In order to investigate the effect of removing periodicity, two
structures consisting of random arrangements of holes were fabricated using the
technique described in chapter 5 and investigated using the end-fire coupling
technique. The first consisted of holes with side a=25+1 pum and the second of
holes with side a=50+1 um, both samples had hole depth A=60+5 pum. By
fabricating the random hole arrays with such small dimensions, the spoof plasma
frequency was pushed well beyond the spectral range of our experiments so as to
remove any confinement mechanism. No restriction was placed on the minimum
hole separation in these samples so that quasi-periodicity was avoided. For this
reason, some regions of the sample contained large aggregates of holes, the net-
effect of which is to weight the spectral response of the samples to lower
frequencies. Figure 4.15 shows the time-domain and frequency data for these
samples. Also plotted is a reference signal obtained by removing the sample and

keeping the lens separation fixed.
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Figure 4.15. (a) Time-domain traces and (b) spectra obtained for propagation
along the random metamaterial samples.

We believe that we are recording the guidance of radiation along the samples due
to the factor of ~2 increase in signal strength obtained with the sample, as well as
the reshaping of the time-domain traces depicted in figure 4.15(a). The ~200 pA
signal strength is very similar to that obtained on a bare copper sheet (~170 pA)

using the same coupling technique. The relative coupling efficiency for these
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samples is somewhat lower than for the periodic structures (~500 pA). This can be
explained by the much poorer modal field overlap with the source. The spectra in
figure 4.15(b) clearly show that the smaller hole array sample is weighted towards
higher frequency and that both samples exhibit relatively broadband featureless
spectra. The first point can be understood by appreciating that aggregation is more
pronounced in the larger hole sample and hence the effect of the cavities is larger.
A logical extension to this part of the work would be to investigate larger hole
sizes where the spoof plasma frequency can be lowered. For example, a 100 pum
hole size would exhibit a spoof plasma frequency close to 1.5 THz. In this case it
should be possible to more tightly confine radiation to the sample whilst

preserving the broadband propagation character demonstrated in figure 4.15(b).

4.6. Summary

In summary, field confinement on the order of the free-space wavelength has been
experimentally observed over a large frequency range, on two planar metamaterial
samples consisting of two-dimensional arrays of copper-lined holes. This degree
of confinement represents more than a two orders of magnitude increase
compared to a flat metal sheet over the same frequency range. The good
agreement between numerical simulations, analytical theory and experimental
results suggest that for these samples the condition d,a << A assumed in the
metamaterial concept is in practice quite relaxed. From FIT simulations, the
amplitude attenuation coefficient was estimated to be 0.11 cm’, reflecting a
tolerable trade-off between loss and confinement. These characteristics are
encouraging for potential applications in terahertz waveguiding as well as in
chemical or biochemical sensing. The vertical confinement and hence field
enhancement could be further increased by filling the holes with a high-index
dielectric such as silicon, so as to lower the spoof plasma frequency below the
band edge. In this case however, the guidance bandwidth would be significantly
reduced. It is also anticipated that by switching from two-dimensional arrays of
cavities to laterally graded hole arrays [11], that significant lateral confinement

may be realised in the future. Subsequent work by Zhu et al. [12] has shown that
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waveguiding on metal sheets pierced with one-dimensional arrays of bottomless

rectangular slits can yield lateral confinement of order two wavelengths. It can

therefore be anticipated that linear chains of blind holes may provide a similar

degree of lateral confinement. Results for SPP propagation on two random

metamaterial samples were also presented, where it was shown that the removal

of periodicity leads to poor field confinement due to the fact that the waveguide

cut-offs lie beyond the spectral range of the experiment. In this case, it is

anticipated that larger hole samples would lead to increased confinement by

bringing the TE;o cut-off into the spectral range of the experiment, whilst

preserving the broadband propagation characteristic.
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5. Studies of surface plasmon polaritons on coaxial
hole arrays

5.1. Introduction

The ability to confine radiation at two or more frequencies is important for
sensing. In order to reliably distinguish between the absorption spectra of two
different materials, which may increase monotonically with frequency or display
specific resonances, the ability to ratio data at several frequencies is essential. It is
well known that coaxial structures can support a variety of guided modes in
transmission, including a TEM mode where the field extends radially from the
central pillar [1]. The bandpass characteristics of arrays of such structures have
been analysed and experimentally investigated within the context of frequency
selective surfaces [2,3] as well as being explored within the field of enhanced
transmission [4,5,6]. To our knowledge, no waveguiding studies on surfaces

structured with arrays of coaxial apertures have been reported to date.

In this chapter we report terahertz SPP waveguiding on metamaterials consisting
of two-dimensional arrays of ‘blind’ annular apertures. We start in section 5.2 by
describing FDTD simulations which show the presence of two distinct spoof
plasmonic modes below the light line. An analytical model based on a modal
expansion calculation is shown to provide close agreement with FDTD
simulations, providing physical insight into the electromagnetic character of these
geometric resonances. Sample fabrication is described in section 5.3. In section
5.4 the experimental setup is described and experimental results are analysed and

compared with the analytical calculation.

5.2. Simulations

FDTD simulations were used to identify the presence of two spoof plasmonic

modes in the blind coaxial structure depicted in figure 5.1. The structure was
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modelled as a PEC and Maxwell’s equations were solved over a single unit cell by

implementing periodic boundary conditions.

Figure 5.1. Schematic of coaxial metamaterial structure, consisting of cylindrical
air-filled cavities of diameter a,, and depth h in a metal sheet, with cylindrical
metal pillars of diameter a;, coaxially inserted into them.

The calculated dispersion curve is shown in figure 5.2. It is clear that the coaxial
structure supports two spoof plasmonic modes that lie below the light line. For the
set of structural parameters indicated in the figure caption, the two band edges are
located at 1.06 THz and 1.79 THz respectively. The lowest frequency TEM-like
mode is bound to the central pillar, however, unlike a true TEM mode it displays a
wavevector cut-off at the zone boundary. The shape of the TEM-like dispersion
curve, which plateaus at large wavevectors, reflects an effective spoof plasma
frequency at ~1.06 THz whereas the higher frequency cut-off is simply due to
diffraction of the TE;; dispersion curve. This mode would still be supported if the
central pillar were removed. The FDTD simulation also allows evaluation of the
field confinement at the two band edges, indicating that the fields at the TEM-like
cut-off are bound to within ~A/9 (~31 um) of the sample surface, corresponding to
a five-fold field enhancement with respect to the fields close to the TE;; cut-off,
which are bound to within ~A/2 (~86 um) (figure 5.2). This additional
confinement is particularly attractive in terms of sensing, as the structures are air-

filled and access to the bound fields is unrestricted.
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Figure 5.2. (a) Comparison between the MEA dispersion curve (solid lines) and
FDTD simulations (points) for the parameter set h=60 um, a;,=20 um, a,,,~=60 yum
and A=80 um. (b-c) field maps at the band edge (k.=n/d) evaluated 1 um above
the sample surface for (b) TE;; mode and (c) TEM-like mode. [MEA result is
taken from a calculation performed by Sol Carretero-Palacios].

The dispersion of the two spoof plasmonic modes was verified via an analytical
modal expansion approximation (MEA) calculation. In this case the structure is
considered as a PEC and only the TEM and TE;; modes are considered within the
cavities [1]. Both modes are matched to plane waves at the structure surface and
higher order diffraction is implicitly included. Figure 5.2(a) shows a comparison
between the dispersion curves calculated using the MEA (evaluated by colleagues
at the Universidad de Zaragoza-CSIC) and that obtained from the FDTD

simulations and demonstrates the close agreement.

FDTD simulations were also used to study the effect of varying the various
structural parameters on the two mode cut-off frequencies. It can be seen from
figure 5.3 that the cavity depth 4 plays the dominant role in controlling the TEM-
like cut-off, whereas the other parameters a;, and a,,, play no significant role. The
TE;; cut-off is unaffected by the structural parameter variations, demonstrating
that the dispersion of this mode arises from the array periodicity (see chapter 4).

For this air-filled structure, the TE;; spoof-plasma frequency lies at ~2.4 THz and
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cannot be accessed. In this case, the TE; cut-off frequency can be approximated

using fo~2c/m(aim+aou) [7].
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Figure 5.3. FDTD plots showing the effect of varying the parameters h, a;, and
Aour ON the modal cut-off frequencies at the zone boundary, f75. In each case the
other parameters are fixed to a;,=20 um, a,,; =60 um, h=60 um and A=80 um.

It is clear from figure 5.3 that in order to clearly separate the two modes in
frequency, deep cavities are required. For the structural parameters stated in the
figure caption there is a critical depth of ~30 um, below which the TEM-like

spoof plasmon mode is lost above the light line.

5.3. Sample fabrication

High aspect ratio 38 x 8 mm arrays of annular holes with @;,=20+1 pm, a,,~60=1
um, A=60+£5 um and 4=80 um, were fabricated in SU8-50 photoresist on Pyrex
wafers via perfect contact optical lithography. In this process, a NiCr mask pattern
is first transferred onto the Pyrex wafer via S1813 photolithography and liftoff. A
60 pum layer of SU8-50 photoresist is then coated onto the same side of the wafer
and exposed through the NiCr. In this way, the problem of uneven exposure due
to poor mask contact caused by non-uniformity and the presence of an edge bead
was eliminated. Verticality of the side walls was found to be significantly
improved by using an I-line UV-filter (A=365 nm, 4Azp,~20 nm). Metallisation
of the samples, including the side walls, was achieved by sputter coating 3 um of

copper. This resulted in a top surface layer thickness of ~3 um and cavity floor
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and wall coverage of 1+£0.5 um. The ~8% variation in the hole depth is due to the

spin coating process.

Figure 5.4. (a-b) SEM images of the coaxial sample. (b) shows a cross section of
the structure. In this case, the darker region in the centre of the image is the side
wall separating consecutive periods of the structure.

It is clear from figure 5.4 that the optimised SUS8 fabrication technique removes
the previous problem of undercut in the side walls (chapter 4) and allows much
smaller feature sizes to be fabricated. It is anticipated that this fabrication
technique could be used to create feature sizes down to ~10 um, allowing the
operating frequency of these metamaterial waveguiding structures to be pushed

beyond 3 THz.

5.4. Experimental results

5.4.1. Far-field measurements

Initial experiments were carried out using the coplanar LT-GaAs photoconducting
transmitter and 10 pm dipole receiver described in section 3.4. The coupling
arrangement is shown in figure 5.5. In this experiment a new coupling technique
was implemented using a pair of plano-cylindrical lenses with a FWHM beam
focus at the lens face of ~200 um at 1 THz. This technique has previously been

used to couple terahertz radiation to parallel plate waveguides [8]. The samples
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were separated from the lens faces by ~50 um at both ends and translated
perpendicular to the optical axis to optimise the coupling. The small sample-lens
separation was set using a Mylar spacer which was removed before taking
measurements. In this case, the lens focus provides efficient end-fire coupling by
matching the symmetry of the mode and optimising the mode overlap. This
scheme provides a much more efficient coupling mechanism than using razor
blades (chapter 4) and allows the experimental geometry to be simplified.
Removing the sample resulted in a reduction in the peak to peak signal by a factor
of ~5 in amplitude, indicating that the free-space contribution to the detected SPP

signal was small.

Receiver Transmitter
stage stage HC-PCF
Metamaterial Sample
Q1 & e S B O
Out-coupling In-coupling
cvlindrical lens cylindrical lens

Figure 5.5. Schematic diagram of the coupling arrangement.

Figure 5.6 shows time-domain traces and spectra obtained after propagation along
the coaxial sample. Also plotted is a reference signal obtained by removing the
sample and keeping the lens separation fixed. It is clear that the presence of two
SPP modes leads to beating in the time-domain and the production of two distinct
peaks in the Fourier transform. It is also clear that the high frequency ‘edges’ of
these peaks show excellent agreement with the position of the modal cut-offs
predicted by the FDTD simulations and MEA calculations. From figure 5.6 it can
be seen that a large peak to peak signal (>800 pA) can be produced by the lens

coupling technique, greatly improving the signal-to-noise ratio.

In order to estimate the coupling efficiency, a separate reference signal with the
lenses at their mutual focus was acquired and ratioed to the metamaterial signals.

In this case, both the transmitter-to-lens and receiver-to-lens separations were kept
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fixed. From this comparison, the total amplitude coupling efficiency was found to
be >20% for both SPP modes. Due to the symmetry of the system, the in-coupling
and out-coupling efficiencies are approximately equal. This implies that the
average amplitude coupling efficiency at each lens exceeds 45%. This value
provides a significant increase in coupling efficiency compared to other
broadband coupling schemes reported to date in the literature. For example,
aperture coupling using razor blades (chapter 4) typically yields an amplitude
coupling efficiency of ~10% at each blade [9] whereas prism based edge-
diffraction techniques have been reported to yield amplitude coupling efficiencies
up to ~20% [10]. It is interesting to note that similar coupling efficiencies of
~50% have been reported in simulations of end-fire coupling to wires using radial
antennas [11]. In this case, symmetry and spatial matching of the incident and
guided fields proves to be critical. This also explains the high efficiency of our

coupling technique.
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Figure 5.6. (a) Time-domain trace and (b) spectrum obtained for propagation
along the coaxial metamaterial sample (red). A reference obtained by removing
the sample is also plotted (black). The vertical blue and green lines correspond to
the cut-offs calculated from FDTD simulations.

The improved signal to noise ratio from this coupling scheme enables the reliable
extraction of phase information, allowing the SPP dispersion to be calculated
using equation 4.4. Figure 5.7 shows the experimental phase data and extracted
dispersion relation. It is clear from figure 5.7(a) that above the TEM-like cut-off

there is an offset in the phase corresponding to ~13 radians (indicated by the
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dashed blue line). From FDTD simulations, the dispersion curve would be
expected to return to the light line at this point, before diverging again close to the
TE;; mode cut-off. The most likely explanation for this offset is the finite
frequency resolution of the experiment, which prevents the resonance close to the
TEM-like plasma frequency from being resolved properly. In this case, the offset
arises from the requirement for continuity of phase in the Fourier transform.
When analysing the dispersion of the TE;; mode, this offset is subtracted from the
data. Errors in the experimental data were estimated from repeat measurements
and are not plotted in figure 5.7 for clarity. The experimental error in wavevector
was highest at low frequencies (~15% at 0.4 THz, ~13% at 1.2 THz) and
decreased close to the plateaued regions (~6% at 0.9 THz, ~10% at 1.5 THz). It is
clear from figure 5.7(b) that within the range of Ak measured in the experiment,
the experimental dispersion curves show close agreement with those calculated
from the analytical modal expansion. The discrepancy in the case of the TEM-like
mode can be accounted for by the ~8% variation in the cavity depth which affects

the frequency of the mode cut-off (figure 5.3(a)).
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Figure 5.7. (a) Coaxial phase data (red), the light line is indicated in black. The
dashed blue line corresponds to the phase offset discussed in the text and the
vertical green lines indicate the spectral region omitted due to signal-to-noise
reasons. (b) Extracted dispersion curve showing the TE;; (black) and TEM-like
(red) modes. In the former case the phase offset is removed. The green and blue
curves are derived from the MEA.
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Experimentally, we cannot measure the very tightly bound fields close to the
TEM-like cut-off. This is because the plateaued region of the dispersion curve is
very tightly bound to the surface and displays a very small group velocity, leading
to both higher attenuation and significant spreading of the signal in time. The very
large wavevector components close to the TEM-like cut-off are also only weakly
excited in the experiment due to the large phase mismatch with respect to light in
free-space which results in tighter field confinement and hence lower modal

overlap with the excitation field.

Using this data, we can calculate the confinement at the two spectral peaks shown
in figure 5.6(b). For the TEM-like mode at 0.90 THz, we calculate a modal
confinement of L,;,~621£39 um (~2A) and for the TE;; mode at 1.50 THz we
obtain a value of L,,~498+51 um (~2.51). The uncertainties in each case are
evaluated from the wavevector errors described above. These values for the field
confinement are ~100 times smaller than expected for a flat copper sheet at the
same frequencies (chapter 2) and demonstrate the ability to achieve wavelength-
scale confinement of radiation at two distinct frequencies using coaxial structures.
These values also show good agreement with the theoretical values extracted from
the modal expansion calculation (~550 um at 0.9 THz and 1.5 THz). Closer to the
mode cut-off frequencies the confinement increases further. Figure 5.8 shows a
comparison between the decay lengths experimentally extracted from the phase
data and those calculated from the analytical modal expansion, which show

reasonable agreement over a wide range of frequencies.
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Figure 5.8. Out-of-plane decay length in air, evaluated from the experimental
phase data (black and red curves) and MEA calculation (blue and green curves).

5.4.2. Near-field probing

In order to test the ability to probe the out-of-plane decay lengths directly, scans
were performed using the aperture-based near-field dipole receivers described in
section 3.6. In these experiments, in-coupling was achieved using the plano-
cylindrical lens already discussed and the near-field receiver was scanned across
the edge of the metamaterial at a fixed distance of ~50 um. A removable steel
razor blade placed ~4 mm from the in-coupling lens at a height of ~1 mm above
the sample surface was used to help discriminate against unguided radiation.
Figure 5.9(a) shows the field perpendicular to the plane at two frequencies, 0.9
THz and 1.5 THz, corresponding to the two spectral peaks shown in figure 5.6(b).

Exponential fits to the data enabled the out-of-plane decay length, L.;, to be
extracted directly. Interestingly, both with and without the razor blade, a finite
background signal was detected. This is accounted for in the exponential fitting.
We tentatively assign this contribution to radiation lost by the SPP via diffraction.
From these measurements, we obtain average values of L,;~320+£55 pum at 0.9
THz and L,;~298+62 pum at 1.5 THz. The errors in each case are evaluated from
repeat measurements made with two different near-field probes (10 um dipole

with 20 um and 60 pm apertures), both with and without the razor blade. The
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discrepancy between these decay lengths and the values extracted from the phase
data (which agree closely with theory) suggests that the metal screen on the near-
field probe perturbs the field supported by the sample. In principle, an accurate
determination of the SPP decay length would require a probe with no aperture,
although in this case there might be a residual dielectric effect as well as arefacts
associated with coupling to the metal tracks. A scan was also taken across the
transverse axis of the sample, as shown in figure 5.9(b), collected using the larger
aperture near-field probe (10 um dipole with 60 pm aperture). In this case, the plot
displays an approximately Gaussian transverse profile with FWHM ~6.1 mm. The
lateral extent in this case is due to the line-focus produced by the in-coupling lens

and the finite sample width.
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Figure 5.9. (a) Out-of-plane scans performed using the 10 um dipole with 20 um
aperture (vertically offset for clarity) and (b) transverse near-field scan
performed using the 10 um dipole with 60 um aperture. Both scans were obtained
at a probe-sample separation of ~50 um. Points represent experimental data and
lines correspond to exponential and Gaussian fits to the data plotted in (a) and (b)
respectively. The horizontal dashed line in (a) represents the position of zero
amplitude for the 0.9 THz scan.

Despite the low signal strengths, the adequate signal-to-noise ratio of these
measurements is demonstrated in figure 5.10(a) for a scan captured with only 40
averages. The corresponding spectrum, shown in figure 5.10(b), displays two
distinctive peaks as with the far-field measurements discussed earlier (figure 5.6).
The relative decrease in the low-frequency part of the spectrum is due to the high-

pass filtering behaviour of the 20 um aperture.
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Figure 5.10. (a) Time-domain trace and (b) spectrum obtained using the 10 um
dipole with 20 um aperture near-field probe at a distance ~170 um above the
coaxial metamaterial sample.

5.4.3. Attenuation measurements

In order to measure the amplitude attenuation of the coaxial structure, a cut-back
method was implemented in the experimental geometry shown in figure 5.5. In
this approach, the sample was removed between measurements and reduced in
length by cleaving. For each measurement, the out-coupling lens and receiver
were then repositioned to maintain a constant sample-lens and lens-receiver
separation. From these measurements the amplitude attenuation was found to be
0.22+0.06 cm™ (figure 5.11(b)). The biggest source of error comes from the
variation in coupling efficiency due to slight variations in sample position
between measurements (shown by the error bars in figure 5.11(b)). For
comparison, FIT simulations were used to calculate the amplitude attenuation as
described in chapter 4. In this case, the effects of diffractive and Ohmic loss could
be straightforwardly separated by first modelling the structure as a PEC and then
as a lossy conductor (copper) with gp= 5.8.10" Q'm™. In this case the total loss
was found to be 0.20 cm™, in good agreement with the experimental result. From
the PEC calculation the diffractive contribution is estimated to be 0.15 cm™ and
clearly dominates over the Ohmic contribution. These properties are very
encouraging in terms of high-confinement waveguiding due to the tolerable trade-

off between loss and confinement.
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Figure 5.11. (a) SPP amplitude calculated from an FIT calculation (points) for
various propagation lengths along the coaxial structure. Lines represent
exponential fits to the data. (b) experimental measurements (triangles) of the
amplitude attenuation using a cut-back method. The solid red line corresponds to
an exponential fit to the data.

5.5. Summary

In summary, a novel cylindrical-lens coupling geometry was shown to enable
highly efficient SPP excitation on metamaterial samples consisting of two-
dimensional coaxial hole arrays. Samples were shown to support two spoof-
plasmon modes, allowing wavelength-scale field confinement to be
experimentally realised at two distinct frequencies (L,;~621+39 pum at 0.9 THz
and L.,;~498+51 um at 1.5 THz) in good agreement with values obtained from an
analytical calculation. The lower frequency mode has a frequency cut-off
determined by the cavity resonance where as the higher frequency mode is cut off
by periodicity. For comparison, direct measurement of the out-of-plane decay
length was attempted using near-field probing. From this measurement, values of
L./~320+55 pym at 0.9 THz and L.,=298+62 um at 1.5 THz were obtained. The
discrepancy between the near-field and phase measurements of the out-of-plane
confinement (which closely agree with theory) seems to indicate that the metal
screen of the probe perturbs the field being measured. Accurate probing probably
requires the fabrication of probes without apertures, although in this case there

may be a residual dielectric effect and artefacts associated with coupling to the
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metal tracks. The propagation loss on the coaxial sample was experimentally
measured using a cut-back method and found to be 0.22+0.06 cm™ in excellent
agreement with FIT simulations which predict losses of 0.20 cm’. These
simulations also enable us to identify diffraction as the key loss mechanism. From
FDTD simulations it has been shown that, in principle, bound fields decaying
within ~A/9 of the sample surface are supported close to the TEM-like cavity cut-
off. This produces a five-fold field enhancement with respect to the field
confinement at the higher frequency band edge, where radiation is confined by
diffraction. The dual wavelength capability is particularly attractive in terms of
sensing, as is the fact that the structures are air-filled and access to the bound
fields remains unrestricted. In terms of sensing, we anticipate that these structures
could be straightforwardly applied to thin film sensing by detecting the resonant
shift in both cut-off frequencies. In this case, quantifying the resonant shifts would
enable different dielectrics to be separated and allow the frequency dependent
refractive index and absorption gradients to be estimated. In terms of biosensing it
is also conceivable that this functionality might enable different molecular
conformations to be separated. Another possibility would be to match the
engineered metamaterial cut-offs to the known resonant phonon peaks in a
crystalline solid. In this case, one might expect a resonant enhancement in
sensitivity due to the combination of resonances. The great advantage of the
metamaterial approach to sensing is that the structures are freely scalable and by
using the fabrication technique described, could be designed to operate anywhere

within the range 0.1-3.6 THz.

References

[1] N. Marcuvitz. Waveguide handbook. McGraw-Hill Book Company Inc.
New York (1951).

[2] A. Roberts and R. C. McPhedran. Bandpass grids with annular apertures.
IEEE Trans. Antennas Propag. 36(5), 607-611 (1988).

[3] P. A. Krug, D. H. Dawes, R. C. McPhedran, W. Wright, J. C. Macfarlane

and L. R. Whitbourn. Annular-slot arrays as far-infrared bandpass filters.
Opt. Lett. 14(17), 931-933 (1989).

&9



[4]

[5]

[8]

[9]

[10]

[11]

F. I. Baida and D. Van Labeke. Light transmission by subwavelength
annular aperture arrays in metallic films. Opt. Commun. 209, 17-22
(2002).

W. Fan, S. Zhang, K. J. Malloy and S. R. J. Brueck. Enhanced mid-
infrared transmission through nanoscale metallic coaxial-aperture arrays.

Opt. Express 13(12), 4406-4413 (2005).

W. Fan, S. Zhang, B. Minhas, K. J. Malloy and S. R. J. Brueck. Enhanced
infrared transmission through subwavelength coaxial metallic arrays.

Phys. Rev. Lett. 94, 033902 (2005).

F. 1. Baida, A. Belkhir, D. Van Labeke and O. Lamrous. Subwavelength
metallic coaxial waveguides in the optical range: role of the plasmonic
modes. Phys. Rev. B 74, 205419 (2006).

R. Mendis and D. Grischkowsky. Undistorted guided-wave propagation of
subpicosecond terahertz pulses. Opt. Lett. 26(11), 846-848 (2001).

E. V. Alieva, G. Beitel, L. A. Kuzik, A. A. Sigarev, V. A. Yakovlev, G. N.
Zhizhin, A. F. G. van der Meer and M. J. van der Wiel. Linear and
nonlinear FEL-SEW spectroscopic characterization of nanometer-thick

films. Appl. Spectrosc. 51(4), 584-591 (1997).

J. F. O’Hara, R. D. Averitt and A. J. Taylor. Prism coupling to terahertz
surface plasmon polaritons. Opt. Express 13(16), 6117-6126 (2005).

J. A. Deibel, K. Wang, M. D. Escarra and D. M. Mittleman. Enhanced

coupling of terahertz radiation to cylindrical wire waveguides. Opt.
Express 14(1), 279-290 (2006).

90



6. Studies of surface plasmon polaritons on metawires

6.1. Introduction

The surface of a wire can support an azimuthally independent, radially polarised
SPP called the Sommerfeld wave [1]. Recently, the properties of this mode have
received growing attention because of possible applications in terahertz
waveguiding [2,3,4,5] and sensing [6,7]. Unfortunately, in the terahertz region,
the close proximity of the Sommerfeld wave dispersion curve to the light-line
leads to poor modal confinement. This is detrimental to sensing and also for
waveguiding due to increased bend loss [3] and the potential for electromagnetic

coupling to nearby objects.

Although it has long been known that the radial extent of the Sommerfeld wave
can be reduced by applying thin dielectric coatings [8], surface structuring
provides a potentially more flexible approach to engineering the dispersion [9,10].
The idea of using corrugated wires for waveguiding, builds upon work from the
1950s in which the propagation of microwaves along cylinders with arrays of
discrete [8,11] and helical [11] grooves was explored. Despite these early works at
lower frequency, the idea of using sub-wavelength structured corrugated wires for
terahertz waveguiding has only recently received much attention, with theoretical
studies predicting sub-wavelength field confinement on wires textured with
periodic arrays of circumferential grooves called metawires [12,13]. In
comparison with smooth wires, this increase in field confinement not only makes
the structures less susceptible to bend loss, but also produces large field
enhancements at the wire surface, something that is particularly attractive in terms
of sensing. Simulations also suggest that either by gradually tapering the metawire
or grading the groove depth, energy can be concentrated into increasingly smaller
volumes, in the former case facilitating narrowband terahertz super-focussing
[12,13]. Terahertz focussing using tapered smooth wires has also been simulated
[14], indirectly inferred by experiment [15] and described quasi-analytically [16].

This builds on the well-known idea that reducing the wire diameter reduces the
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radial decay length into the dielectric [8]. Despite the fact that it is difficult to
directly compare the two focussing approaches, in part due to the huge flexibility
in design parameters in the metawire case, the analysis of Shen et al. [17] in
which the effects of loss are explicitly included, provides some evidence that the
focussing capabilities may be similar. The same analysis also suggests that the
finite conductivity of the metal becomes increasingly important as energy is
focussed, due to enhanced absorption resulting from increased energy
concentration within the metal. This is important as it may limit practical

focussing capabilities.

In this chapter, we present the first experimental results demonstrating terahertz
waveguiding on helical and discretely grooved metawires. We also present a
detailed theoretical analysis of the dispersion and azimuthal symmetry of the SPP
modes supported by both classes of structure. We begin in section 6.2 by outlining
the theory describing Sommerfeld wave propagation along smooth wires, before
moving on to discuss the theory describing SPP propagation on both discretely
grooved (section 6.3) and helical geometry (section 6.4) metawires. In section 6.5
the sample fabrication and experimental setup are outlined and finally, in section

6.6, experimental results are presented and discussed.

6.2. Sommerfeld wave theory

The propagation of SPPs along a cylindrical metal-dielectric interface was first
examined by Sommerfeld in 1899 [1]. For a metal wire bounded by air,
Maxwell’s equations can be solved independently within the metal and dielectric
regions. Continuity of the fields is then imposed at the wire surface, allowing a
transcendental equation to be formulated, which can be solved numerically to
yield the Sommerfeld wave solution. In addition to this mode, a variety of
azimuthally-dependent modes may also be supported, but they are quickly

attenuated as the majority of the field resides in the metal region [1].

92



To find the Sommerfeld wave solution, Maxwell’s equations are evaluated within
the cylindrical coordinate system (p,6,z). The time dependency of the fields is
assumed to be harmonic and is omitted for clarity. Within the dielectric region
bounding the wire, the radially decaying electromagnetic fields can be described

by modified Bessel functions [13] and are given by,

Ez(p,z)= EdKO(iqdp)eXp(ikZz) (6.1)
k : )
Ho(p.2) = "4 "B K, (ig4p)exp(ik,2) 62)
dqZy

where E. is the electric field component along the axis of the wire, E,; is the
electric field amplitude within the dielectric and K, and K; are the modified
Bessel functions of the second kind (order 0 and 1 respectively) that control the
radial decay into the dielectric. The total wavevector within the dielectric is

kg = w/cand is linked to the radial and propagation wavevector components, ¢,

and k., by the expression \/akozwlkzzjtqdz and Zp=.up/ep is the

impedance of free-space.

Similar expressions to equations 6.1 and 6.2 can be formulated for the fields in the

metal,

E,(p.z)=E Iy (iq,,p)exp(ik,2) (6.3)
Ho(p.7)= —%J%Emh(iqmp)expﬁkzz) (6.4)
m#“~0

where E,, is the electric field amplitude in the metal, /) and /; are the modified

Bessel functions of the first kind, ¢, :\/em(a))-k02 —kZZ , 1s the radial

wavevector within the metal and &,, () is the dielectric function of the metal.

Imposing continuity of £, and Hjy at the wire surface (p=R) yields,
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q_dKO(iqdR):_ dm loligmR) (6.5)
€4 Kl(iqdR) Sm((ﬂ) Il(iqu)

Equation 6.5 can be solved numerically to evaluate the dispersion relation of the
Sommerfeld wave, as shown in figure 6.1. A simple Drude model is used to
evaluate the dielectric function of the metal to provide qualitative information on
the Sommerfeld dispersion curve. It is important to realise that above ~480 THz
for copper [18], the metal absorption increases dramatically due to the onset of
interband transitions and the accuracy of the Drude model breaks down. Despite
this, the model can still be used to describe the qualitative behaviour of the

Sommerfeld wave dispersion.
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Figure 6.1. Dispersion relation of the Sommerfeld wave (black) calculated from
equation 6.5 using a Drude model for copper, with parameters w . = 1.38.10"
rad.s” and w,= 1.12.10" rad.s" [19] for an R=600 um wire bounded by air
(e4=1). The light line is plotted in blue.

It is clear that at visible frequencies, the Sommerfeld wave dispersion curve
deviates significantly from the light line, indicating tight field confinement to the
wire surface. At terahertz frequencies however, where the dispersion curve lies
close to the light line, the mode is only weakly confined, extending tens of

wavelengths into the bounding dielectric. Within the terahertz region, this lack of
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confinement fundamentally limits the application of terahertz Sommerfeld waves
to guiding and sensing, although the low dispersion and attenuation are attractive.

In order to gain more information about the properties of the Sommerfeld wave,
the frequency-dependent radial decay length in air L,; and amplitude attenuation
length L. can be calculated from the radial and in-plane wavevectors using

expressions equivalent to equations 2.7 and 2.9 (figure 6.2).
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Figure 6.2. (a) Radial decay length into air for differing wire radii, evaluated
from equation 6.5 using a Drude model for copper with parameters @ , =
1.38.10" rad.s™ and w,= 1.12.10" rad.s™ [19]. (b) Attenuation lengths for
different wire radii evaluated from the Sommerfeld model with identical Drude
parameters.

As well as being strongly dependent on frequency, figure 6.2 shows that both the
field extension into air and attenuation length are strongly influenced by the wire
radius [20]. In the limiting case where R tends to infinity and the curvature of the
wire surface becomes negligible, asymptotic expressions for the modified Bessel
functions yield the Zenneck wave solution describing SPP propagation on a flat
metal sheet. In the opposite limit, where the wire radius tends to zero, it has been
suggested that the skin depth within the metal is increasingly enhanced due to
coherent interference between the radially symmetric field components around the
curved surface [21]. This effect is most pronounced for low frequencies where the
absolute value of the skin depth is largest and results in terahertz wave
propagation with a phase velocity much less than the speed of light. For this

reason a phase lag develops between the high and low frequency components and
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the asymptotic approach of the dispersion curve to the light line can deviate
significantly from theory. In the Sommerfeld model, the penetration depth into the
metal is found to be independent of wire radius. Therefore for wire radii below the

skin depth (~65 nm at 1 THz for copper) the Sommerfeld model breaks down.

6.3. Discretely grooved metawire (U-ring) theory

The poor confinement of terahertz SPPs propagating along metal wires
(Sommerfeld waves) can be dramatically improved by structuring the metal on a
sub-wavelength scale to form a metamaterial. As for the case of planar
metamaterials, a sub-wavelength structured metawire formed from a PEC can
support confined spoof plasmons with dispersion characteristics controlled by the
cut-off properties of the cavities. The effects of the finite conductivity of the metal
are generally neglected at terahertz frequencies due to the small penetration depth
into the metal. This allows the metawire to be modelled as a PEC, dramatically
simplifying the implementation of boundary conditions. The simplest metawire
design is the U-ring structure represented schematically in figure 6.3, which
consists of a PEC wire of outer radius R, inscribed with an array of periodic

grooves of pitch 4, width a and depth 4.

Figure 6.3. Schematic diagram of the U-ring metawire structure.

As the U-ring structure is periodic, Bloch’s theorem can be used to solve

Maxwell’s equations over a single unit cell. Within the air-filled (e,=1) grooves,
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the electromagnetic fields can be expanded as a sum of propagating and counter-

propagating radial ring waveguide modes (index /) [13] as,

k
Hy(p,z) = ¥ ——24 D{L(qlp)
T qZ

where D; are the modal amplitudes, ¢; = \/ gdk02 —(xl/ a)2 are the radial mode

wavevectors within the cavities, Jy and J; are Bessel functions (order 0 and 1
respectively), Ny and N; are Neumann functions (order 0 and 1 respectively),
r = R —h is the inner ring radius and y; represent the ring waveguide modes which

are only non-zero within the grooves and are given by,

1(z)=J2- 310 i/a cos[%l [z + a/2]j for |2] < % (6.8)

For the region bounding the metawire (p>R) the electromagnetic fields can be

expanded as a sum of diffraction orders as,

< . exp(ik ,z)
E,(p,z)= ) C K liq,p)—==> 6.9
.(p.2) ZOO o(iq,p) Tx (6.9)
Ho(p,z)= ¥ Kogq. CnKl(iqnp)—eXp(ik“Z) (6.10)
n:*quZO A

where C, are the n"-order diffraction coefficients, ¢, = edk()z —knz is the

radial wavevector associated with the n™ diffraction order and k, =k, +2mn/A is

the propagation wavevector associated with the n™ diffraction order.

In order to derive the transcendental equation, continuity of the electromagnetic

fields is enforced at the surface forming the outer radius of the wire (p=R). In
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practice, the matching process is greatly simplified by considering only the
fundamental ring waveguide mode (/=0) which is always propagating (qy=ko) and
can therefore be assumed to dominate the field behaviour within the
circumferential grooves [13]. This assumption is valid as long as the free-space
wavelength is much larger than the groove width, yielding the transcendental

continuity equation given by,

‘2 _ Ji(koR)Ng(kor)—=Jo(kor)N;(koR) 6.11)
To(koR)Ng (kor)=Jo(kor)Ng(koR) ~

- ko Kl(ian)
=0 2 An 0,
nzz_:oo dn KO(ian)‘ =on

where Q_g, =+a/4 -sinc(k,a/2) is the overlap integral that describes the

coupling between the /=0 ring waveguide mode and the n”-order diffracted Bloch
wave. As with the Sommerfeld continuity equation, equation 6.11 can be solved
numerically to yield the dispersion for the lowest order SPP mode supported by
the U-ring structure. Figure 6.4 illustrates that this quasi-analytical approach is in

good agreement with numerical FDTD simulations.

The inclusion of higher order ring waveguide modes in the above analysis
involves computing an extended set of overlap integrals (£2;,) between each of the
n Bloch modes in vacuum and / ring waveguide modes within the grooves. In this
case, a more involved field matching procedure is required, which in the case

where A>>a, results in only minor modifications to the SPP dispersion curve.

In the limit where R tends to infinity, the asymptotic expressions for the Bessel
functions can be used. In this case, equation 6.11 takes the simplified form of the
dispersion relation describing SPP propagation along a planar one-dimensional

array of grooves, given by [10],

2
k, = ko\/l +(%j tan” (k) (6.12)
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In this case, the spoof plasma frequency, f,,or = ¢/4h , controls the behaviour of

the fields at large wavevectors. The dependence of f,,,r on 4 in this simplified
model shows that the critical parameter in controlling the dispersion is the groove
depth. Increasing / leads to a lowering of the spoof plasma frequency and
flattening of the SPP dispersion curve. This behaviour is also common to the U-

ring structure.
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Figure 6.4. Comparison between dispersion curves calculated using the quasi-
analytical U-ring model (black curve) and FDTD simulations (green points) for
R=600 um, A=400 um, a=200 um and h=150 um. The light line is plotted in blue.

As well as the azimuthally independent m=0 mode described thus far, the U-ring
structure supports a number of higher-order modes exhibiting azimuthal
dependence. In this case, an additional factor of ™% must be included in the field
expressions and the TE (transverse-electric) and TM solutions of Maxwell’s
equations cannot be decoupled. In order to map out the dispersion of the higher
m>(0 modes, FDTD simulations can be used. Figure 6.5 shows the full set of
modal dispersion curves (including m=0) obtained for a U-ring metawire with
parameters stated in the figure caption. The absolute electric field maps of the

azimuthally varying modes evaluated at the band edge are also displayed.
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It is evident from figure 6.5 that the field maps associated with the m™ SPP mode,
for m>0, exhibit 2m circumferential nodes and no odd numbered nodal solutions

exist. The significance of this point will become evident in the next section.
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Figure 6.5. (a) Dispersion curves for the full set of SPP modes evaluated on a U-
ring metawire with R=600 um, A=400 um, a=200 um and h=150 um. Also plotted
is the light line (grey line). (b)-(e) |E| maps evaluated at the band edge (k,=n/A).
Purple corresponds to high fields and blue to low. (b) m=0. (c) m=1. (d) m=2. (e)
m=3.

As the structure under consideration is azimuthally symmetric, the asymmetry in
the field plots shown in figure 6.5 is attributed to the off-axis positioning of the

excitation field.

6.4. Helical metawire theory

We now move on to consider a helical metawire consisting of one wire tightly
wound around another straight wire of the same diameter, as depicted
schematically in figure 6.6. For this type of structure, no analytical model exists
and the SPP dispersion and field distributions are evaluated using FDTD

simulations in which the helical grooves are modelled with a triangular profile.
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Figure 6.6. Schematic diagram of the helical metawire structure with close up of
the approximately triangular groove profile.

Figure 6.7 shows that for the helical metawire, the lack of azimuthal symmetry
leads to very different electric field distributions at the band edge, in that the m"
SPP mode now exhibits 2m+1 circumferential nodes. It is also clear that with
decreasing wavevector, the number of nodes in the field pattern gradually reduces
by one and becomes even. Thus, at long wavelengths, the modes found on a

helical metawire resemble those found on a U-ring metawire.
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Figure 6.7. (a) Dispersion curves for the full set of SPP modes evaluated on a
helical metawire with R=600 um, A=400 um, a=200 um and h=150 um. Also
plotted is the light line (grey line). (b)-(g) |E| maps for the helical metawire SPP
modes. Purple corresponds to high fields and blue to low. (b) m=0 at k,=n/A (c)
m=1 at k,=rn/A (d) m=2 at k,=n/A (e) m=0 at k,=0.87/A (f) m=1 at k,=0.56257/1
(g) m=0 at k,=0.597/A. [Results are extracted from an FDTD simulation carried
out by Antonio Fernandez-Dominguez].
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In order to appreciate why the SPP modes supported by the helical metawire
exhibit this k., dependent symmetry, the electromagnetic fields bound to the helical

structure can be expanded in terms of diffracted waves [22,23] as,

Fin (p.0,2) = exp(ik ,z) exp(im0) > A, v (p)exp(in{2nz/A —0)  (6.13)

n

where the modal amplitude A4, ,-,(p) contains the radial dependence of the n™
diffracted wave and F,(p,6,z) is an eigenfunction of the helical translation

operator S, [22] satisfying the relation,
P
2n

>

S p¢pFm(p.0,2)=Fyy (p, 0+,z+ Aq)] = exp(i{m +k, A}d)ij (p,0,2) (6.14)
o o 2n 2n

At this point, it is useful to introduce the helical coordinate ¢ [24] which is parallel

to the cylindrical coordinate z, but measured from the surface z = 46/ 2z,

E=g-0 (6.15)

The SPP fields given by equation 6.13 can then be reformulated in terms of £ as,
. A
F,,(p,0.8)=f(p, &)exp(l{m +k, 2—}6] (6.16)
T

When equation 6.16 is evaluated along the helical surface ({=constant), the
eigenfunction evolves in time as cos|(m+k,A4/2x)0 —wt]. For this reason,
snapshots of the electromagnetic fields at the band edge where k, =7n/A4 show

2m+1 nodes along one helix pitch, as @ is varied from 0 to 2w, whereas for k,=0,

they show only 2m nodes.
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6.5. Experimental setup

Two grooved wires were studied in this work. A 15 cm long helically grooved
metawire was formed by tightly wrapping steel wire of ~400 um diameter around
a ~400 pm diameter steel core. The metawire was nickel plated to ensure
robustness and the input and output end faces were polished flat. The resultant
structure had a period of 400+10 um and an approximately triangular groove
profile of base width ~200 pm and depth ~150 um (figure 6.8). A 15 cm long U-
ring metawire was fabricated by physical machining, in this case with the
parameters a=100+£5 pm, h=250+12 pm, A=200+10 um and R=1250+60 pm.

Comparison was made with a bare copper wire of radius 600 um.

Figure 6.8. SEM image of the helical metawire structure.

Each of the metawire structures was studied using the radially polarised
transmitter and 50 um ion-implanted receiver described in chapter 3. The terahertz
beam generated by the transmitter was collimated to a diameter of ~6 mm using a
silicon substrate lens and end-fire coupled to the wire [25], which was placed ~2
mm away from the tip of the lens. In this geometry, efficient SPP excitation
occurs by matching the symmetry of the mode and optimising the mode overlap.
The lens to wire distance was kept constant in these experiments by using a thin
expanded polystyrene disk (transparent at terahertz frequencies) as a spacer.

Radiation propagating off the output end of the wire was similarly out-coupled to
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the 50 um ion-implanted GaAs dipole receiver. On the output side, the wires were

slightly displaced from the optical axis to maximise the detected signal.

Various alternative coupling mechanisms have been suggested in the literature,
including focussing linearly polarised light onto grooves milled into the wire
surface [26] or onto a wavelength scale gap defined by a perpendicularly oriented
wire [2]. Another approach involves coaxial aperture excitation via the insertion
of a tapered metal wire into a sub-wavelength circular aperture [27]. The latter
two techniques were initially trialled in this work and found to be ~3-6 times less

efficient than the coupling scheme illustrated in figure 6.9.

Aperture defined
by variable iris

THz propagation HC-PCF

_Q T Q
B «1 Ay 1> 1

Metawire

Receiver Transmitter

Figure 6.9. Schematic diagram of the end-fire coupling apparatus.

In the helical metawire case, the elimination of free-space contributions to the
detected signal was partially achieved using the iris aperture depicted in figure 6.9
which was located ~1 cm from the input end of the wire. Setting the aperture to a
diameter of ~3 mm was found to reduce the free-space background significantly,
without affecting the metawire signal. Further to this, the helical metawires were
curved along the arc of a circle of radius 26 cm. In the U-ring case, an aperture
was also used, but in this case the diameter was set to ~1 cm and the metawires

were not curved.
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6.6. Results

Figure 6.10 shows time domain traces obtained with and without the smooth wire.
The spectrum of the wire signal is also shown. It is apparent that for the smooth
wire, a single-cycle-like pulse, the partially-evolved Sommerfeld wave,
propagates to the detector. To illustrate the lack of free-space contributions to the
detected signal, a trace captured with the wire removed is also shown. For the bare
wire, a clear polarity inversion could be observed by displacing the wire to either
side of the detector optical axis (figure 6.11). Asymmetry in the effect was
attributed to a redistribution of the field profile as a result of the bending of the
wire, the assumption being that most radiation is lost tangentially at the outer
circumference of the bend. The guided signal along the bare wire was peaked at
lower frequency and spectrally narrower than the input spectrum (which extended
beyond 1.2 THz, see figure 6.10(b)). This behaviour, which is consistent with
other experimental studies [28] might be explained by the poorer spatial overlap
between the incident terahertz beam (~6 mm diameter) and the higher frequency
Sommerfeld wave components which are bound most tightly to the wire and

produces an effective low-pass response in the coupling process [29].
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Figure 6.10. (a) Time-domain trace (black) and (b) spectra (black) for
propagation along the curved 1=15 c¢cm, 600 um radius copper wire. The time-
domain trace with the wire removed is also plotted (red). For comparison, a
normalised free-space spectrum (red), obtained with transmitter and receiver face
to face at a separation of 15 cm, is shown in (b).
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Figure 6.11. Time-domain trace for propagation along the curved =15 cm, 600
um radius copper wire with the receiver displaced to either side of the wire axis.
Traces were obtained with the radial transmitter with no Ge screen.

Figure 6.12 shows the time-domain trace and spectrum together with the spectrum
of a second, nominally identical sample of the helical structure. The similarity
between the spectra from the two metawire samples shows the reproducibility of
the data to small variations in experimental alignment. In contrast to the bare wire
results, propagation on the helical wire is accompanied by significant dispersion,
together with beating due to the presence of modes with different frequencies. By
comparing the area under the normalised spectra, we can estimate that the
spectrally averaged amplitude coupling efficiency is ~3 times higher for the

smooth wire, presumably due to better mode matching with the radial source.

We attribute the three spectral peaks at 0.305+0.02 THz, 0.320+£0.02 THz and
0.353+£0.02 THz to the three lowest order helical metawire modes (figure 6.7).
This is in part due to the fact that their relative amplitudes were found to depend
upon the orientation of the receiver antenna, indicating some kind of azimuthal
mode symmetry, but mainly due to the agreement with calculations described
below. Because care was taken to exclude spectral artefacts associated with
reflections in the experiment, we tentatively assign the two peaks at 0.249 and

0.273 THz, to either unintentional variations in the pitch of the metawire or, more

106



likely, to the frequency dependence of the coupling of the guided modes to free

space radiation.
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Figure 6.12. (a) Time-domain trace and (b) spectra for SPP propagation along
the [=15 cm helical metawire, with SPP peaks marked by blue arrows.

FIT calculations were also performed on a 9.6 cm long structure illuminated in the
near field by a linearly polarized plane wave propagating parallel to the wire axis.
The band edges from both the FDTD (at 0.305, 0.320 and 0.349 THz) and FIT
(0.304, 0.321 and 0.351 THz) simulations were found to be in excellent agreement
with the highest frequency peaks found in the experimental amplitude spectra.
This allows us to be confident that the experimental peaks do indeed correspond
to the helical metawire SPP modes. In the FIT simulations, the simulation time
(700 ps) was chosen so that reflection of the electromagnetic fields from the
output end of the wire was avoided. The spectra (figure 6.13) clearly recreate the
experimental spectra except for the structure in the tails below 0.3 THz. The FIT
results also demonstrate that the measured spectrum depends on the azimuthal
position of the detector. This point explains the experimentally observed

sensitivity to the receiver polarisation mentioned earlier.
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Figure 6.13. (a) FIT simulation results showing the three SPP peaks at three
different azimuthal positions (15 um above the wire surface), 0=n/2, & and 37/2.
Black arrows correspond to experimental peak positions. (b-d) Electric field maps
of the three modes evaluated at the band edge (k,=n/A). Red corresponds to high
field strengths, descending through yellow and green, to sky blue which indicates
low field strengths. The dark blue regions correspond to zero field. (b) m=0. (c)
m=1. (d) m=2. [Results are extracted from an FIT simulation carried out by
Antonio Fernandez-Dominguez].

Figure 6.14 shows time-domain traces and spectra obtained for propagation along
the U-ring structure. In contrast with the helical metawire data, it is clear that
there is no beating in the time-domain, resulting in what appears to be a single
spectral cut-off frequency close to the band edge at ~0.7 THz. In order to analyse
the observed propagation characteristics, both FDTD and FIT simulations were
undertaken. Although the FDTD calculation predicts the presence of no less than
15 spoof plasmonic modes below the light line with band edges within the range
0.21-0.56 THz (figure 6.15), both experimentally and via FIT simulations only a
single band edge is observed close to 0.7 THz (as illustrated in figure 6.14(b)).
This result along with the presence of a clear spectral minimum close to the
lowest predicted band edge at 0.21 THz (figure 6.14) seems to suggest that the
finely spaced SPP bands overlap to form a continuous tail. The spectrally
averaged coupling efficiency is ~13% and has a maximum value of ~30% just

below the band edge. It is also noted that additional (m>14) U-ring modes may
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exist in the region up towards the light line and that we simply do not resolve
them in our simulation due to the coarse mesh size. Unfortunately, a finer mesh
could not be implemented in this work due to the very large simulation volume

and long computational times.
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Figure 6.14. (a) Time-domain trace for propagation along the =15 cm U-ring
metawire (red) and in free-space (black). (b) spectra for SPP propagation along
the I=15 cm U-ring metawire (red) in free-space (black) and for comparison
spectra obtained from an FIT simulation (blue).
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Figure 6.15. Dispersion curves for the full set of SPP modes evaluated on the U-
ring metawire with A=200 um, a=100 um, h=250 um and R=1250 um. The light
line is also plotted (black line).

109



The phase difference between the metawire and free-space time-domain signals
allows the modal confinement to be estimated using an equivalent expression to
equation 4.4 (figure 6.16). The wavevector shift of ~22 m™ close to the spectral
peak at 0.6375 THz yields an out-of-plane confinement estimate of ~1.3 mm
(~3A). This value corresponds to an increase in confinement of ~20 compared to a
smooth copper wire of equal diameter at the same frequency. Closer to the band
edge, the confinement increases to ~850 um (~2A4) at 0.6712 THz. We anticipate
that greater field confinement could be achieved either by decreasing A, or
switching to a smaller wire diameter. In the latter case this would also reduce the
number of modes supported by the structure, leading to spectral narrowing. The
main effect of reducing # would be to decrease the number of modes below the

light line by increasing the cut-off frequency of the m=0 mode.

The ability to confine radiation to within three free-space wavelengths of the
surface over a large propagation distance of 15 cm is encouraging in terms of
waveguiding. From FDTD simulations, a radial decay length of ~A/6 (~96 um) is
predicted for the m=14 mode at the band edge. These highly bound regions of the
field are not detected in the experiment due to a combination of larger attenuation,
temporal spreading and lower coupling efficiency due to the poorer mode overlap

with the transmitter.
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Figure 6.16. Experimental dispersion extracted from phase data for propagation
on the U-ring metawire.
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6.7. Summary

In summary, we have described the first direct observations of terahertz frequency
SPP modes on helical and discretely grooved metawires. With the aid of FDTD
and FIT simulations we have been able to numerically model the propagation and
identify SPP modes with different azimuthal symmetries. The helical metawire is
found to support three azimuthally dependent SPP modes, leading to beating in
the time-domain and relatively narrowband guidance. In contrast, the discretely
grooved metawire displays broadband character due to the fine frequency-spacing
of the supported modes, exhibiting a sharp cut-off close to the band edge. In the
latter case, the structure is found to confine radiation to within three free-space
wavelengths at the spectral peak, ~20 times smaller than compared to a smooth
copper wire of equal diameter. For the U-ring structure it is anticipated that
reducing the wire diameter would reduce the number of SPP modes supported by
the structure, leading to a reduction in the effective bandwidth but an increase in
field confinement. This would also reduce the density of modes within the first
Brillouin zone, enabling individual peaks to be resolved as with the case of the
helical metawire. The same effect could also be achieved by reducing 4 so as to
increase the cut-off frequency of the m=0 mode. We believe that these structures
may find applications in waveguiding and sensing. Particularly in confined
geometries, where the metawire design may be more suitable than planar

metamaterials.
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7. Conclusions

In this thesis, a fibre-coupled terahertz time-domain spectroscopy (TTDS) system
using hollow-core photonic crystal fibres (HC-PCFs) and photoconducting dipoles
was constructed and used to investigate terahertz surface plasmon polariton (SPP)
guidance on a range of metamaterial structures. In each case, high confinement
waveguiding was achieved by binding SPPs to cavity resonances which spoof the
behaviour of intrinsic surface plasmon resonances found at much higher

frequencies.

In chapter 3, the construction of the fibre-coupled TTDS system was described.
The dynamic range (~2x10°) and bandwidth (up to ~2.2 THz) of our system were
found to compare favourably both to the commercial system distributed by
Picometrix and other fibre-based systems described to date in the literature. By
using HC-PCFs, the optical power available for terahertz generation and detection
was significantly increased. In addition to this, by working above the zero
dispersion wavelength, the fibre itself can be used to provide negative group
velocity dispersion (GVD) and compensate for positive GVD imparted by other
optical components in the system. This removes the requirement for external
dispersion compensation, making the system more compact and less prone to
drift. The extension of the system to include a near-field probing arm for mapping
of evanescent fields was also described. In this case, the sub-wavelength spatial
resolution of the probe was found to correspond closely to the sum of the effective

receiver length and probe-sample separation.

In chapter 4, wavelength-scale confinement of radiation over an octave in
frequency was demonstrated on plasmonic metamaterials consisting of copper
sheets patterned with two-dimensional arrays of square copper-lined holes. This
degree of confinement represents more than a two orders of magnitude increase
compared to a flat copper sheet over the same frequency range. For this structure,
radiation is bound as a result of diffraction induced bending of the TE;, SPP

dispersion curve close to the zone boundary. This was confirmed by
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measurements on random structures, where the removal of periodicity was found
to lead to much poorer field confinement. From simulations, the amplitude
attenuation coefficient for these structures was estimated to be 0.11 cm™,
reflecting a tolerable trade-off between loss and confinement. These
characteristics are encouraging for potential applications in terahertz waveguiding,

as well as in chemical or biochemical sensing.

In chapter 5, dual-band wavelength-scale confinement of radiation was
demonstrated using a novel coaxial hole array structure. In this case, in addition to
the diffracted TE;; mode, the addition of a coaxial pillar introduces a TEM-like
mode which is bound to the central pillar and displays a cut-off dependent on the
cavity depth. Therefore, for deep enough cavities the TEM-like cut-off represents
an effective spoof plasma frequency, which even for air-filled cavities can be
engineered to lie within the first Brillouin zone. Such an effect is not possible for
bare cavities as high-index dielectrics are required to reduce the TE;; spoof
plasma frequency below the band edge. The amplitude attenuation on the coaxial
structure was measured experimentally using a cut-back method and found to be
0.22+0.06 cm™, in excellent agreement with simulations which predict losses of
0.20 cm™'. For our structure, simulations suggest that close to the TEM-like cut-
off, fields are bound to within ~A/9 of the sample surface. This produces a five-
fold field enhancement with respect to the field confinement at the TE;; band
edge. The dual-frequency confinement of radiation on these samples could be
used for quantitative sensing of thin dielectrics, biochemicals and crystalline
solids. In the latter case, we anticipate that by matching one or more of the
metamaterial resonances to the resonant phonon peaks of the sample it may be

possible to achieve a combined resonant enhancement in sensitivity.

Finally, in chapter 6, the first direct observations of terahertz SPPs on helical and
discretely grooved cylindrical metamaterials termed metawires were presented. In
this case, with the aid of numerical simulations the structures were shown to
support multiple azimuthally dependent modes with distinct mode symmetries. In
each case, the number of modes below the light-line was shown to be controlled
by the cavity depth and metawire diameter. For the discretely grooved metawire,

wavelength-scale field confinement was demonstrated close to the band edge,
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representing at least a twenty-fold increase in confinement compared to a smooth
copper wire of equal diameter at the same frequency. Such structures may prove
to be particularly useful for waveguiding and sensing in confined geometries,

where the metawire design may be more suitable than planar metamaterials.
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