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ABSTRACT

Terahertz (THz) radiation (≈ 0.1−10×1012 Hz) is non-ionizing and its photon ener-

gies correspond to the rotational and vibrational modes of many complex molecules.

Hence many substances of interest for biological and security applications can be

detected using THz light; making THz spectroscopy an ideal tool for bio- and se-

curity sensing. However, a size mismatch between the photon wavelength and the

size of many commonly sensed targets, and a lack of powerful sources hamper the

progress of THz technology towards more widespread real-world applications.

The focus of this thesis is to use novel concepts in the field of metamaterials to

overcome or side step some of these challenges. In particular, the use of confined

electromagnetic surface modes, such as lattice resonances and spoof plasmons, on

metamaterial surfaces to conduct THz sensing is investigated. Different ways in

which sensing information can be extracted from these specially structured meta-

material surfaces are explored so as to demonstrate the feasibility and versatility of

metamaterial surfaces in THz sensing applications.

The application of lattice resonances to detect refractive index changes caused by

various fluids on an array of metallic rods is first reported in this thesis. This can

be seen as a prelude to the work presented in later chapters where strongly confined

spoof plasmons are employed for THz sensing. A metamaterial surface supporting

spoof plasmons (simply termed as a Spoof Plasmon Surface (SPS)), consisting of a

linear array of metallised sub-wavelength grooves, is filled with various fluids and

shown to be capable of high performance refractive index sensing in an Otto prism

setup. Sharp phase changes, readily available from THz time-domain spectroscopy

(THz-TDS), associated with the coupling of THz radiation to spoof plasmons are

used as the readout response in this case to indicate changes in the refractive indices

of the fluids filling the grooves. Building upon the initial work on spoof plasmon

sensing, further investigations demonstrate the feasibility of SPSs as a versatile
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platform on which various forms of sensing information can be extracted by using

THz radiation that is coupled in and out of spoof plasmons via the scattering edge

coupling scheme. The time-domain signal from the SPS is analysed using a short-

time Fourier transform (STFT), enabling the extraction of the broadband spoof

plasmon dispersion with a single measurement as well as the attenuation coefficient

with a minimum of two measurements. Broadband sensing is demonstrated, again

by filling the grooves with various fluids, which results in changes in the spoof

plasmon dispersion and attenuation coefficients. In addition, the observation of the

absorption peak of α-lactose monohydrate at 1.37 THz due to the enhanced light-

matter interactions on an SPS is demonstrated and opens the door towards a more

spectroscopic approach to THz sensing using SPSs.
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chapter 1

INTRODUCTION

1.1 terahertz technology: promises and challenges

Terahertz (THz) or sub-millimetre radiation is loosely defined as electromagnetic

waves with frequencies from 0.1 × 1012 Hz to 10 × 1012 Hz and has an equivalent

blackbody temperature of roughly 5 K to 464 K. Consequently, THz spectroscopy

has traditionally been used in the field of astronomy as much of the light from the

Big Bang has cooled into the sub-millimetre frequency band and many important

chemical species such as water and oxygen have their thermal emission peaks or

first rotational or vibrational line emissions in the low THz regime. For example,

astronomers have used the radiation from interstellar dust to study the early universe

as well as for atmospheric observations [1–3].

In recent years, researchers have also been interested in other applications of THz

radiation. High speed wireless communications is one major area of growth in an

attempt to satiate the ever burgeoning demand for higher data transfer rates needed

for high definition media content streaming and the increasing number of mobile

technology users [4, 5]. Another area of focus for THz research is standoff imaging

for security applications owing to the ability of THz radiation to penetrate common

materials such as fabric and paper as well as the existence of spectral fingerprints of

many materials of interest at THz frequencies [6–9]. Looking at Fig. 1.1 (a), we can

see that THz radiation is capable of penetrating clothes, revealing a concealed knife

due to the high reflectivity of metals to low frequency light [6]. Another example is

shown by Kawase et al. [10] in Fig. 1.1(b), where the spectral fingerprints of complex

molecules in the THz regime is used to identify illicit drugs concealed in an envelope.
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(a) (b)

Figure 1.1: (a) THz image of a man concealing a knife. Reprinted with permission from [6].
Copyright 2007, IEEE. (b) THz spectral imaging of illicit drugs such as methamphetamine
concealed in an envelope. (Inset) Artificially coloured spectral image of the concealed drugs
demonstrating the ability of THz radiation to differentiate between drugs. Reprinted with
permission from [10]. Copyright 2003, OSA.

The idea of using THz light to uniquely identify substances as shown in Ref. [10]

leads us to consider an area of research in which THz technology shows immense

promise: bio-chemical sensing. There are two main reasons why bio-chemical sensing

is advantageous at THz frequencies. Firstly, THz radiation is non-ionising, owing

to its low photon energies. This means that samples probed by THz light can

then be passed on to other sensing or detection methods such as Fourier Transform

Infrared Spectroscopy (FTIR) or ultra-violet - visible (UV-VIS) spectroscopy to gain

complete information about the substance over a broad band of frequencies.

Secondly, many complex molecules have unique interactions with light at THz fre-

quencies such as molecular rotations, low frequency phonons, collective vibrational

modes and molecule conformational modes as illustrated in Fig. 1.2. Hence, THz

radiation allows us not only to uniquely identify certain biochemical substances but
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Figure 1.2: Diagram illustrating interesting bio-chemical signatures in the THz regime.
Reprinted with permission from [11]. Copyright 2006, IOP Publishing.

also to study their physical structure and intra- and inter-molecular interactions

as exemplified by the following examples. Figure 1.3(a) shows the THz absorption

spectra of water vapour at various humidity levels [12]. The sharp absorption peaks

are due to mainly to rotational modes of the water molecule in vapour form. In

general, water itself has been widely studied due to its ubiquitous nature and its

importance in various settings ranging from atmospheric observations to biologi-

cal systems [12–17]. Fig. 1.3(b) shows the absorbance spectra of the photoactive

protein bacteriorhodopsin and shows how the THz absorption of the protein can

change in response to a change from its rest state (green line) to the M state (blue

line) which is associated with a conformational change in the protein [15,18]. At the

same time, Markelz also highlighted, in Refs. [18,19], the use of THz spectroscopy to

study the optical responses of DNA and proteins to changes in environmental condi-

tions like temperature and hydration levels, and structural changes of the biological

3



sample itself like the denaturing of DNA. Figure 1.3(c) shows spectral signatures

of double-stranded, small-interfering RNA stretched through a nanofluidic channel

demonstrated by Brown et al. [20]. The last example raised is that of lactose which is

a common excipient in the pharmaceutical industry [11]. In Fig. 1.3(d) which shows

the absorption spectra of α-lactose monohydrate (dashed line) and anhydrous α-

lactose (black line), one can clearly see the differences between the two different

forms of α-lactose. This is important as the final form of the ingredients present in

drugs can affect drug performance [21].

Figure 1.3: (a)Absorbance spectra of water vapour at various humidity levels. Reprinted
with permission from [12]. Copyright 2006, AIP Publishing LLC. (b) Absorbance spectra
of the photoactive protein bacteriorhodopsin. Reprinted with permission from [15]. Copy-
right 2012, Springer. (c) Transmission spectrum of RNA stretched through nanofluidic
channels showing several spectral peaks. Reprinted with permission from [20]. Copyright
2010, IEEE. (d) Absorbance spectra of α-lactose monohydrate and anhydrous α-lactose.
Reprinted with permission from [22]. Copyright 2007, Elsevier.
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THz spectroscopy has also been used to study a wide variety of substances such as

saccharides [23–25], polar liquids [26], drugs [27], explosives [6, 8, 28], oils [29–31]

and even skin [32, 33]. It is impossible to comprehensively cover the huge body of

work done on using THz radiation for biological and chemical studies. Nonetheless,

we can see from the examples cited above how THz radiation can be harnessed to

complement current characterisation technologies for biochemical sensing as well as

have a palpable impact in commercial settings such as drug production.1

The logical question to ask then is, why is THz spectroscopy not more widely used

in real-world sensing applications? One of the main reasons for this is the lack

of convenient yet powerful THz sources. This has led to a lack of signal-to-noise

ratio in sensing experiments involving biological systems consisting of an aqueous

environment which is extremely absorbing due to its polar nature [3]. The most

common form of THz generation is that of pulsed laser excitation of photoconductive

antennas on semiconductor substrates which result in a picosecond electromagnetic

pulse with a Fourier counterpart in the THz (see Appendix A). However pulsed

laser excitation of photoconductive antennas can only generate up to microwatts of

power [40]. Other THz sources include free electron lasers and synchrotrons [41].

However these sources, though high powered, are costly and, not to mention, the

size of a small building.

The problem of the lack of powerful yet convenient sources is somewhat allevi-

ated with the development of quantum cascade lasers (QCLs) [42,43], photomixing

techniques [44, 45] and nonlinear frequency difference THz sources [46]. However,

challenges remain. For example, QCLs are capable of emitting THz radiation up

to milliwatt power levels but they require liquid nitrogen cooling. Moreover, QCLs

are narrowband sources and hence are not suited for spectroscopic purposes. THz

generation via photomixing allows for better spectral power density but it is a fre-

quency domain technique and is unable to capture time-domain data like a THz

1For extensive reviews, see [11,15,18,21,34–39].
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time-domain spectrometer (THz-TDS) which is useful for studying carrier and sol-

vation dynamics [47, 48]. Even then, the power generated by photomixing is often

only in the tens of microwatts and often does not have the bandwidth of a THz-TDS.

Nonlinear frequency difference THz generation is capable of tens of milliwatts of THz

power but again shares the same drawbacks as other frequency domain techniques

such as photomixing [46].

To side-step the problem of the lack of strong sources, especially in the case of prob-

ing strongly absorbing aqueous biological systems, researchers have tried to reduce

the sample volumes to increase the signal-to-noise ratio. However this immediately

leads us to another problem which is the lack of light-matter interaction due to a

length scale mismatch between the photon wavelength and the sample size/volume.

In general, cell sizes are on the order of tens of microns and biological species such

as proteins are even smaller [49]. On top of that, microfluidic channels or very thin

cuvettes on the order of a few tens of microns are used to not only limit the amount

of absorption that results from the water environment suspending the biological sub-

stance but also due to the fact that the samples, especially in a practical setting, are

available only in small amounts. All this means that in a traditional transmission

spectroscopy scenario, the overall typical sample length is very small compared to

the free space wavelength.

Efforts have again been made to side-step this issue by probing the biological samples

embedded in polyethylene powder matrices [18] or using attenuated total reflection

(ATR) spectroscopy [50, 51]. But they too present problems. For example, embed-

ding biological substances in polyethylene matrices means that they are no longer

in their natural environment. ATR spectroscopy allows for the probing of samples

via localised evanescent waves but it does not offer the opportunity to tailor opti-

cal responses to specific applications like metamaterials as the confinement depends

solely on the refractive index of the prism used.
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An alternative perspective can be taken with regards to the lack of THz power

and the length scale mismatch between THz wavelengths and typical sample sizes.

Instead of trying to increase the amount of power at our disposal, we can take steps

to make better use of the power we already have. For example, one way to counter

the problem of sensing small volume samples would be to confine the THz light to

small volumes so as to increase light-matter interactions. In this way, we would

no longer need to rely on conventional methods, such as transmission/reflection

spectroscopy [11–15] and ATR spectroscopy [16,50,51], which are the main sensing

techniques used in previously reported work. This can be achieved with the help of

metamaterials as we shall see in the next section.

1.2 translating metamaterials concepts to thz applications

Ametamaterial can be described as a collection of constituent elements much smaller

than the incident wavelength of light which has bulk optical properties as a result

of the structure of the individual elements rather than the material from which

the elements are made. To highlight the similarities and differences between a

metamaterial and a normal material, we have to first look at materials in the way

we usually know it.

A normal bulk material is an ordered (crystalline) or disordered (amorphous) col-

lection of atoms. This is depicted in Fig. 1.4. The bulk optical properties are then

determined by the aggregate response of all the atoms to light as well as their ar-

rangement. In the case of dielectrics, the polarisability of the atoms are responsible

for the dielectric constant of the material. In metals, the number of free electrons

in the conduction band will determine the plasma frequency of the metal, which in

turn affects the way the metal responds to light. And also, if the atoms are placed

in an ordered array, i.e. in a crystal lattice, that will lead to the formation of band

structure and the existence of optically active phonons that will also change the way

the material responds to light. In short, it is the nature of the constituent atoms that
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determines the overall optical properties of the material. But as the wavelength of

light is much greater than the size of the atoms, any incident light does not interact

with each individual atoms but with the material as a whole (classically speaking

of course).

Bulk

atoms

meta-
atoms

VS

Figure 1.4: Comparing metamaterials and real materials

With the advent of micro- and nano-fabrication technology, we are now able to

define structures that are much smaller than the wavelength of light with very high

quality. This is especially true at THz frequencies where the photon wavelengths are

of the order of hundreds of microns. What this means is that researchers can now

think about actually replacing the actual atoms with meta-atoms, which are sub-

wavelength structures that interact in an engineered fashion with light as depicted

in Fig. 1.4. This in turn would lead to an overall optical response of the collection

of meta-atoms which is determined by the structure of the meta-atom itself. At the

core of the idea of metamaterials is the notion that the way light interacts with its

surroundings can be designed using an effective refractive index which is achieved

via careful engineering of the meta-atoms. In a way, this has allowed researchers

to unleash their imagination and consider refractive index regimes, such as negative

refractive indices, that were thought impossible as well as to come up with creative

ways to control light.

The beginnings of the field of metamaterials is widely attributed to Prof. Sir John

Pendry and a group of his peers in the late 1990’s, where they showed that the

8



optical properties of an array of specially structured elements can be effectively

engineered depending on the geometrical properties of the individual elements and

that the entire phenomenon can be easily understood in terms of effective material

properties such as an effective refractive index [52–55]. Since then, there has been

an explosion in metamaterials research interest due to the possibility of manifesting

exotic optical phenomena and the empowerment of researchers to engineer optical

behaviour according to their needs. The first of such optical phenomena is negative

refractive index which is achieved when both the effective permittivity and effective

permeability of the metamaterial are negative [56–61]. This had led to investigations

in reversed Cherenkov radiation [62,63] and perfect lenses [55,64,65]. Although the

idea of negative refractive indices was conceived as early as 1968 by Veselago [66],

it did not gain traction as such negative refractive index materials did not exist in

nature. It was only with the advent of metamaterials that researchers were able

to realise negative refractive index. The ability to explore refractive index regimes

non-existent in nature has also led researchers to consider metamaterials with an

effective permittivity equal to or near zero which can act as optical conduits or

elements in optical circuitry [67–71]. Taking the engineering of optical properties

even further, researchers were even able to design a spatial distribution of refractive

index to constitute optical cloaks, a device of science fiction and fairytales [72–76].

Metamaterials are very well placed to help address problems in THz technology such

as those mentioned in the previous section. First of all, micro-fabrication which has

reached an extremely mature stage of development is very capable of manufacturing

high quality sub-wavelength structures that serve as meta-atoms in metamateri-

als. This allows researchers to be very creative in designing structures to manifest

a desired optical response such as the complicated 3D micro-structures shown in

Fig. 1.5 [77, 78]. Secondly, the ability to freely engineer the optical response of

metamaterials has led to a huge amount of research on THz components such as

tuneable modulators [79–82], optical filters with a chiral response [78,83–85], flexible

9



metamaterials that can be conformed to non-planar geometries [86–89], metamate-

rials with very sharp resonances [90, 91] and much more.

Figure 1.5: An example of a complicated 3D metamaterial structure. Reprinted with
permission from [78]. Copyright 2012, Nature Publishing Group.

The opportunity to apply metamaterials to conduct THz refractive index sensing did

not go unnoticed by researchers as well where extremely strong field enhancements

at specific locations on the meta-atoms make the optical response of the metama-

terial very sensitive to dielectric changes at those locations [92,93]. Sadly, the work

conducted on THz metamaterial sensing is not as varied as the research done to try

to use metamaterials as THz optical components; thus far it has been focussed solely

on utilising localised hot spots in resonant structures as the sensing mechanism and

on detecting simple refractive changes [92] or thin film layers [93, 94]. As shall be

seen in the rest of this thesis, we take THz metamaterials sensing one step further

by considering the use of confined surface waves on THz metamaterial surfaces for

sensing. Particularly, the use of surface wave will expand the sensing region beyond
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that of localised spots on resonant structures and increase the interaction between

the EM fields and the analytes. Moreover, at the end of this thesis, it will be shown

how metamaterials supporting strongly confined surface waves could potentially be

used to take a more spectroscopic approach to THz sensing by detecting spectral

fingerprints of materials instead of simply detecting refractive index changes.

It is easy to notice the overlap in ideas and approaches between metamaterials

research in the visible and THz frequency regimes. This is because Maxwell’s equa-

tions scale with frequency. For example, the study of Fano resonances in the visible

regime [95–98] has led to corresponding studies in the THz [91, 99, 100]. The only

thing that is not constant over the two frequency ranges are material properties.

Whereas metals exhibit plasmonic properties in the visible regime, in THz metals

behave much like perfect electrical conductors (PECs) which do not support strongly

confined surface waves. Even so, plasmonic properties can be manifested at THz

frequencies using semiconductors such as InSb [101, 102]. This leads us to consider

how metamaterial concepts in the visible can be borrowed to solve problems in THz

sensing, just as metamaterials has led to the design of novel THz optical components

as previously illustrated. For the purpose of this thesis, two ideas in metamaterials

research are pertinent and during the course of this thesis the translation of these

ideas to THz frequencies and their application to address challenges to THz sensing

will be shown.

The first is that of lattice resonances via diffractively coupled antennas which are

first explored by Markel [103, 104] and Zou et al. [105]. Basically, such lattice res-

onances are a result of the reinforcement of the individual antenna resonances by

light scattered from neighbouring antennas in an array and can be thought of as a

surface wave propagating in the plane of the antennas. The theory behind this is

briefly explained in Section 2.3. This idea is further explored in [106–109] at visible

frequencies. In Ref. [106], sharp lattice resonances are shown to exist in nano parti-
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cle arrays and are tuneable via a change in the spacings between the nano particles

as shown in Fig. 1.6(a). Vecchi et al. subsequently showed that the fluorescence

emission of a photoactive molecule can be enhanced due to the lattice resonance

acting as an effective decay pathway for the molecule, indicating that the EM fields

at lattice resonance frequencies interact strongly with the dielectric environment of

the antenna array [108]. The top left panel of Fig. 1.6(b) shows the fluorescence

enhancement of the photoactive molecule at various excitation angles. As can be

seen, the maximum enhancements occur when the lattice resonances are present (see

top right panel, Fig. 1.6(b)). The bottom panel of Fig. 1.6(b) shows the fluorescence

enhancements at specific excitation angles and enhancements as large as seven times

were observed. This is attributed to the de-localised nature of the lattice resonance

which allows light to interact with more of the photoactive molecules as compared to

when only localised antenna resonances are used to enhance excitations, according

to Vecchi et al.. In Chapter 3, we show how the de-localised and tuneable nature of

lattice resonances can be exploited to conduct refractive index sensing in the THz

regime.

The second important piece of metamaterials research is that of spoof plasmons.

Work on spoof plasmons began initially with investigations on extraordinary optical

transmission (EOT) where it was found that light transmission through periodically

perforated metal films was much larger than expected [110]. It was subsequently

discovered that EOT is strongly mediated by electromagnetic surface modes prop-

agating on the structured metallic surfaces [111–115]. Researchers then went on to

study in detail the nature of the surface modes and show that strongly confined

surface waves can even be supported on corrugated PEC surfaces [116–120]. These

electromagnetic surface modes on corrugated metallic surfaces are coined spoof or

designer plasmons for their tuneable dispersion relation with respect to geometrical

parameters as well as the resemblance of the dispersion relation to that of conven-

tional surface plasmon polaritons (SPPs) in the visible regime. For example, in an
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(a) (b)

Figure 1.6: (a) Example of lattice resonance tuning via changing the periodicity of the
antenna array. Reprinted with permission from [106]. Copyright 2008, American Physical
Society. (b) Enhancement of fluorescence emission via lattice resonances as demonstrated
by [108]. (Top left panel) Fluorescence enhancement at various excitation frequencies
and angles. (Top right panel) Dispersion diagram of lattice resonance. (Bottom panel)
Fluorescence enhancements at specific incident angles. Reprinted with permission from
[108]. Copyright 2009, American Physical Society.

experiment done by Hibbins et al. at GHz frequencies [121], it was shown that a

periodic array of subwavelength PEC holes depicted in Fig. 1.7(a) supports spoof

plasmons with dispersion given in Fig. 1.7(b).

The sharp deviation of the dispersion relation from the light line implies strong field

confinement and is evidenced by the calculated field distribution of the spoof plas-

mons in Fig. 1.7(c). Such confinement of fields is not possible on flat metal-dielectric

interfaces at low frequencies such as THz as only unconfined Sommerfield-Zenneck

waves can propagate [122], and is a result of the design of subwavelength corru-

gations on the metal surface. The ability to freely engineer the surface dispersion

relation led to a great deal of experimental and theoretical work investigating the

properties of spoof plasmons supported by corrugated metallic surfaces of various

geometries for their wave guiding capabilities [123–133]. Such structured surfaces

supporting surface waves are also known as slow wave antennas and have been
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Figure 1.7: (a) A photograph and (b) the dispersion relation of a corrugated PEC surface
consisting of a periodic array of subwavelength holes supporting spoof plasmons. (c)Field
distribution around the grooves due to spoof plasmons. Reprinted with permission from
[121]. Copyright 2008, OSA.

studied in microwave engineering under the transmission line framework [134, 135].

In Chapters 4 and 5, we will describe how the field confinements enable by spoof

plasmons allows us to better utilise the limited power of current THz sources and

increase light-matter interactions for sensing applications.

1.3 structure of the phd program & thesis

This PhD was sponsored by the Agency of Science, Technology and Research,

A*STAR in Singapore and conducted under the A*STAR-Imperial Program (AIP)

where work was conducted in Singapore as well as the United Kingdom. This en-

abled the utilisation of equipment and and expertise at both A*STAR and Imperial

College London. The fabrication of samples was done mainly in A*STAR while the

simulations and characterisation were performed in Imperial College London.

The focus of this thesis is to use novel concepts in the field of metamaterials to

address some of the challenges of THz research. In particular, the use of confined

electromagnetic surface modes, such as lattice resonances and spoof plasmons, on

metamaterial surfaces to conduct THz sensing is investigated. Different ways in

which sensing information can be extracted from these specially structured meta-

material surfaces are explored so as to demonstrate the feasibility and versatility of
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metamaterial surfaces in THz sensing applications.

In the first two chapters, the background and motivations under which the research

work is carried out as well as the basic theory concepts are introduced. Chapter 3

describes the application of lattice resonances to detect refractive index changes

caused by various fluids on an array of metallic rods. This can be seen as a prelude

to the work presented in Chapters 4 and 5, which detail the use of strongly confined

spoof plasmons for THz sensing. In Chapter 4, a metamaterial surface supporting

spoof plasmons (simply termed as a Spoof Plasmon Surface (SPS)), consisting of

a linear array of metallised sub-wavelength grooves which are filled with various

fluids, is shown to be capable of high performance refractive index sensing in an Otto

prism setup. Sharp phase changes, readily available from THz-TDS, associated with

the coupling of THz radiation to spoof plasmons are used as the readout response

in this case to indicate changes in the refractive indices of the fluids filling the

grooves. Building upon the work in Chapter 4, Chapter 5 further demonstrates

the feasibility of SPSs as a versatile platform on which various forms of sensing

information can be extracted. THz radiation is coupled in and out of spoof plasmons

using the scattering edge coupling scheme. The time-domain signal from the SPS

is analyzed using short-time Fourier transform (STFT), enabling the extraction of

the broadband spoof plasmon dispersion with a single measurement as well as the

attenuation coefficient with a minimum of two measurements. Broadband sensing

is demonstrated again by filling the grooves with various fluids, which results in

changes in the spoof plasmon dispersion and attenuation coefficients. Additionally,

a proof-of-concept demonstration of THz surface-enhanced absorption spectroscopy

is shown using α-lactose monohydrate powder deposited on the SPS. In Chapter 6,

the thesis is concluded with a summary of results and a short description of the

future work that can be done.

The work carried out is represented in the mind map shown in Fig. 1.8.
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chapter 2

THEORY

2.1 introduction

The main branches of theory relevant to this thesis are outlined in this chapter. First,

we start with Maxwell’s equations followed by a description of lattice resonances

mediated by diffractively coupled dipoles, relevant to work presented in Chapter 3. A

brief introduction to surface plasmon polaritons (SPPs) on metal-dielectric interfaces

which leads to a coupled mode description of spoof plasmons on corrugated metallic

surfaces is then given. This provides the theoretical framework upon which the work

in Chapters 4 and 5 is built. Lastly, Fourier transform, used everywhere in the thesis

to process data from the THz-TDS, is described. SI units are used throughout this

thesis.

2.2 maxwell’s equations

Classical electrodynamics is governed by the Maxwell’s equations [136],

∇ ·D = ρf , (2.1)

∇ ·B = 0, (2.2)

∇× E = −∂B

∂t
, (2.3)

∇×H = jf +
∂D

∂t
, (2.4)

where E and B are the vector electric field and magnetic flux density, respectively,

ρf is the free charge density and jf is the free charge current density.

D and H are the electric displacement and magnetic fields, respectively, and are
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related to E and B by the constitutive relations,

D = ϵrϵ0E, (2.5)

B = µrµ0H, (2.6)

where ϵ0 and µ0 are the permittivity and permeability of free space and ϵr and µr

are the relative permittivity and permeability of the material.

The boundary conditions required to solve the above differential equations are simply

that the components of E and H tangential to an interface between two media, let’s

say i and j, are continuous across the interface. This can be straightforwardly written

as,

n× (Ei − Ej) = 0, (2.7)

n× (Hi −Hj) = 0, (2.8)

where n is the unit vector normal to the interface between the two media and Ei and

Hi (Ej andHj) are the electric and magnetic fields in media i (media j), respectively.

It is also assumed that jf = 0, which is valid for dielectrics.

Using Equations (2.1) to (2.4) the Helmholtz equations, which describe the propa-

gation of electromagnetic waves in a homogeneous, linear and isotropic media with

optical constants ϵr and µr can be derived to give,
(
∇2 − ϵ0ϵrµ0µr

∂2

∂t2

)
E = 0, (2.9)

(
∇2 − ϵ0ϵrµ0µr

∂2

∂t2

)
B = 0, (2.10)

where ∇2 is the Laplace operator and ρf and jf are assumed to be zero.

2.3 lattice resonances in diffractively coupled antennas

Consider a periodic 1D chain of dipole-like spheres in vacuum with radius a, and lat-

tice constant P, illuminated normally by light polarized in a direction perpendicular

to the chain axis, as shown in the top panel of Fig. 2.1.
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Figure 2.1: (Top panel) Schematic of particle chain with particle radius, a, and lattice
constant, P. (Bottom left panel, orange box) Each individual particle undergoes a dipolar
resonance and scatters light in the direction of the particle chain. (Bottom right panel,
purple box) The scattered light can reinforce the dipolar resonance of the neighbouring
particles when the wavelength of the light is equal to P.

As given by Markel [103, 104], the dipole amplitude of particle m, dm, taking into

account the incident light and the radiated fields of the other dipoles in the chain is

given by

dm = α

[
E0 +

∑

m′ ̸=m

Wm−m′(kP )dm′

]
, (2.11)

where k = 2π/λ is the incident wavevector, m and m′ are the dipole indices, α is

the polarizability of the dipole, E0 is the incident field amplitude and

Wp(x) = k3
(
x−1/|p|+ ix−2/|p|2 − x−3/|p|3

)
exp(ix|p|)

is the dipole interaction term in which p = m−m′ and x = kP .

Solving Eq. (2.11) gives an effective dipole amplitude for such a particle in the

chain [104]

dm =
a3E0

a3/α− (ka)3S(kP )
, (2.12)
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where S(x) = 2
∑

m>0(1/(xm) + i/(xm)2 − 1/(xm)3) exp(imx) encapsulates the

dipole interactions from the chain elements.

When the wavelength of the incident light is close to the lattice constant of the chain,

there is a divergence in dm [105] (for a detailed theoretical analysis, see [104, 105]).

As a result, there is a narrow dip in the transmission of an incident plane wave caused

by the coupling of the diffractive modes to the dipole resonances of the individual

particles. This resonance is a collective mode which is due to the periodicity of the

chain and the interaction between the dipoles. This theoretical framework in one

dimension can be extended to describe a 2D grating as well [105,106].

A physical interpretation of lattice resonances in diffractively coupled dipoles is

shown by the bottom panels of Fig. 2.1. When light is incident on a small sphere,

it is scattered in a dipole-like fashion by the sphere and is the strongest when

the wavelength of the incident light corresponds the the dipole resonance of the

sphere (see orange box). This scattered light then propagates in the plane of the

particle chain. Now if the wavelength of the scattered light also corresponds to the

interparticle distance, P, the scattered light will arrive at the neighbouring particles

in-phase with the dipolar oscillations of the particles themselves thus interfering

constructively and reinforcing the dipole resonance of each sphere as shown in the

purple box in Fig. 2.1. This is the reason why when the phase-matching conditions

are met, there is a sharp dip in the transmission through the particle chain. The

wavelengths at which such lattice resonances take place is closely related to the

positions of Rayleigh anomalies in a grating [137] and can be estimated by

k2
0 = (k0 sin (θ))

2 +

(
N
2π

P

)2

, (2.13)

where θ is the angle of incidence, k0 is the free space wavevector, k0 sin (θ) is the

wavevector parallel to the particle chain and N is the diffraction order. This is

because Rayleigh anomalies are a result of the passing of diffraction orders from

propagating to evanescent modes. At the Rayleigh anomaly point, light is scattered
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by the grating in such a way that it propagates in the plane of the grating itself and

thus is able to interact strongly with the individual particles. In a way, one can view

such lattice resonances as part of the general class of Wood’s anomalies [138–140]

as well as a surface wave propagating in the plane of the particle chain.

2.4 surface plasmon polaritons at metal-dielectric interfaces

Before we move on to the theoretical framework of spoof plasmons, conventional

Surface Plasmon Polaritons (SPPs), defined as collective electron density waves

propagating along and evanescently decaying away from a metal-dielectric interface,

will be briefly described here in order to understand the impetus for using meta-

materials to engineer tightly confined surface modes. The discussion presented here

will be brief as this is not the focus of the thesis. An excellent exposition of SPPs

is given by S. A. Maier [141].

We begin by considering a general interface in 2-D between two media with per-

mittivities, ϵ1 and ϵ2, as shown in the inset of Fig. 2.2. Assuming a harmonic time

dependence (i.e. fields are proportional to e−iωt), jf = 0 and µr = 1, we have from

Eqs. (2.3) and (2.4),

∇× E = iωµ0H, (2.14)

and

∇×H = −iωϵ0ϵrE, (2.15)

which gives us the relation of the E-field components to the H-field components.

If we then confine ourselves to TM modes (i.e. Hx = Hz = Ey = 0) for now and we

look for solutions to Eqs. (2.14) and (2.15) of the form Hy ∝ eiβxe−kzz, where β is

the propagation constant of the wave in the x-direction and kz is the wavevector in
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Figure 2.2: Dispersion relation of SPP at a metal-dielectric interface assuming a lossless
Drude model for the permittivity of the metal ϵm(ω), with a plasma frequency ωp. (Inset)
Schematic of metal-dielectric interface.

the z-direction, we would arrive at the following set of equations,

Hy(z) = A1e
iβxe−kz1z,

Ex(z) =
iA1kz1
ωϵ0ϵ1

eiβxe−kz1z, (2.16)

Ez(z) = − A1β

ωϵ0ϵ1
eiβxe−kz1z,

for z > 0 and

Hy(z) = A2e
iβxekz2z,

Ex(z) = − iA2kz2
ωϵ0ϵ2

eiβxekz2z, (2.17)

Ez(z) = − A2β

ωϵ0ϵ2
eiβxekz2z,

for z < 0. Note that A1 and A2 are the amplitude of the H-fields and kz1 and kz2

are defined such that the solutions decay evanescently away from z = 0. We have

also assumed that the fields are constant in the y-direction in the 2-D case (i.e.

∂/∂y = 0).
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Applying the boundary conditions given by Eqs. (2.7) and (2.8) at z = 0 to Eqs. (2.16)

and (2.17), we arrive at the following relation,

kz1
kz2

= −ϵ1
ϵ2
. (2.18)

Given that the values of kz1 and kz2 are both positive, since the signage is taken

care of explicitly in Eqs. (2.16) and (2.17), this condition means that ϵ1 and ϵ2 have

opposite signs. If we describe the permittivity of a metal, ϵm using the lossless Drude

model as given by,

ϵm(ω) = 1−
ω2
p

ω2
, (2.19)

where ω = 2π/f is the angular frequency and f is the frequency of the incident light,

we would see that Eq. (2.18) is well satisfied by metals below the plasma frequency,

ωp. Hence we see at the first instance that one of the conditions for SPP is such

that the interface between the two media is made up of a metal below its plasma

frequency (ϵm < 0) and a dielectric (ϵd > 0).

Returning to the Helmholtz equation given in Eq. (2.10) and putting in the condi-

tions of a TM wave in 2-D, we get

∂2

∂z2
Hy + (ϵrk

2
0 − β2)Hy = 0, (2.20)

which applies in both z < 0 and z > 0 half spaces and ϵr is the relative permittivity

of the media in which the Helmholtz equation is applied.

If we now let ϵ1 = ϵm(ω) and ϵ2 = ϵd and solve Eq. (2.20) for kz, we arrive at the

following relations,

k2
z1 = β2 − ϵm(ω)k

2
0, (2.21)

k2
z2 = β2 − ϵdk

2
0. (2.22)

Equations (2.21) and (2.22) are basically expressions of conservation of momentum

and show that in order for the surface wave to be evanescent normal to the interface,
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β2 > ϵrk2
0. Using Eqs. (2.18), (2.21) and (2.22), we can solve for β to arrive at

β = k0

√
ϵm(ω)ϵd

ϵm(ω) + ϵd
, (2.23)

which gives the dispersion relation of the SPP propagating along the metal-dielectric

interface.

The red solid line in Fig. 2.2 plots the SPP dispersion assuming a lossless Drude

model for ϵm(ω) (see Eq. (2.19)). The axes are normalised to the plasma frequency

of the metal, ωp. The deviation of the SPP dispersion from the light line at ω/ωp ≈

0.6 corresponds to the confinement of light to the interface as can be seen from

Eqs. (2.21) and (2.22). Most importantly, note that at frequencies that are small

compared to the plasma frequency, the SPP dispersion is very close to the light line,

indicating that the SPP fields are very poorly confined. These unconfined SPPs are

also known as Sommerfeld-Zenneck waves [122] and are common at low frequencies

such as the THz on flat metal surfaces, namely gold, whose plasma frequency is of

the order of 1015 Hz. Hence one can see that at THz frequencies, in order to attain

high field confinements for increased light-matter interactions which are important

for THz sensing (see Chapter 1), one cannot simply use metals that only support the

tightly confined SPPs at visible frequencies. A way to circumvent this issue would

be to lower the effective plasma frequency by corrugating the metal surface as shall

be seen in the next section.

The above mathematical procedure can be used to show that TE waves are not

supported. And of course, much can be said of introducing loss in the description

of the permittivity of metals to more accurately model the SPP dispersion. But

that is not within the scope of this thesis. What is important is to understand

that unstructured metal surfaces that are used widely in plasmonics research are

inadequate for THz sensing purposes due to their high plasma frequencies. The

reader is referred to Ref. [141] for a more in depth discussion of the plasmonic

properties of metals in the visible regime.
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2.5 coupled mode theory of spoof plasmon surfaces

In this section, a brief overview of the Coupled Mode Method (CMM) will be given

with the aim of showing how strongly confined electromagnetic surface modes can

be manifested on corrugated metallic surfaces. The basic idea behind CMM is that

by expanding the fields within a multilayer system, such as the one seen in Fig. 2.3,

by a suitable set of basis functions and applying appropriate boundary conditions

at different interfaces in the system, the relationship between the fields in different

parts of the system can be obtained. From there, CMM has been widely used to

calculate transmission and reflection spectra of metamaterials such as hole or groove

arrays with much success [111,119,120,125,142,143]. Here, we shall only discuss the

application of CMM with regards to bound surface modes on groove arrays. Only

the essential mathematics to give the reader a feel for CMM will be covered. For a

full discussion of CMM and its applications to metamaterials see [119,144–146].

2.5.1 basic problem setup

Consider a generic system like a perfect electric conductor (PEC) film of thickness,

h, periodically perforated with rectangular holes of widths, ax and ay, as shown in

Fig. 2.3(a). The periodicities are Px and Py in the x- and y-directions, respectively.

The system can be divided into three regions: I (z < 0), II (0 < z < h) and III

(z > h) (see Fig. 2.3(b)).

In regions I and III, the EM fields can be expressed as an expansion of Bloch waves

of the form ∼ eikmnr with

kmn = ki +m
2π

dx
x+ n

2π

dy
y, (2.24)

where kmn is the transverse wave vector (i.e. in the x-y plane) and ki is the transverse

incident wave vector. Note that r is the transverse position vector.

By definition, the Bloch waves are orthogonal to each other. Mathematically, this
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Figure 2.3: Sketch of Coupled Mode Method (CMM) system. (a) The system used here
is a perfect electric conductor (PEC) film of thickness, h, periodically perforated with
rectangular holes of widths, ax and ay. The periodicities are Px and Py in the x- and
y-directions, respectively. (b) Cross section of the unit cell.

means that,

⟨kmn, σ | km′n′ , σ′⟩ = δmm′δnn′δσσ′ , (2.25)

where σ is the index denoting the two polarizations (s- and p-polarizations).

In region II, the EM fields can be expressed as an expansion of waveguide modes

present in the holes. This is valid since we have assumed that the film is a PEC in

regions other than the holes. The waveguide modes are denoted by | qα, γ⟩, where γ

denotes the polarization of the mode (TE or TM). The exact form of the waveguide

modes will depend on the shape of the holes. Similar to the propagating light in

Regions I and III, the waveguide modes are orthogonal to each other as in Eq. (2.26).

⟨qα, γ | qα′ , γ′⟩ = δαα′δγγ′ , (2.26)

where α denote the waveguide mode index.

We are now in a position to give a general description of the fields in the system

as a superposition of the eigenfields having clarified their relationship with each
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other above. In Region I, the transverse fields (in the x- and y-planes, denoted by

subscript t) can be expressed as the sum of the incident light with the reflected light

in the various diffraction orders as in Eqs. (2.27) and (2.28).

|EI
t ⟩ = |k0, σ0⟩eikz0z +

∑

mnσ

rmnσ|kmn, σ⟩e−ikzmnz, (2.27)

− uz × |HI
t ⟩ = Y I

k0σ0
|k0, σ0⟩ −

∑

mnσ

Y I
kmnσrmnσ|kmn, σ⟩e−ikzmnz, (2.28)

where uz is the unit vector in the z-direction, k0 is the incident transverse wavevec-

tor, kmn is the transverse wavevector of order (m,n), as defined in Eq. (2.24),

kzmn =
√
ϵIk2

0 − |kmn|2, rmnσ is the reflection coefficient for the corresponding

diffractive order and Ykmnσ is the mode admittances which are equal to Y0kzmn/k0

for TE modes and Y0ϵIk0/kzmn for TM modes. Note that ϵI is the permittivity of

Region I and Y0 =
√
ϵ0/µ0 is the admittance of free space.

In Region II, the fields outside the holes are zero since the structure is a perfect

electrical conductor; within the holes fields can be expressed as a superposition of

waveguide modes, |qα, γ⟩.

|EII
t ⟩ =

∑

α

[Aαe
iqαzz +Bαe

−iqαzz]|qα, γ⟩, (2.29)

− uz × |HII
t ⟩ =

∑

α

Y II
α [Aαe

iqαzz −Bαe
−iqαzz]|qα, γ⟩, (2.30)

where qαz =
√

ϵIIk2
0 − |qα|2 and Y II

α is Y0qαz/k0 for TE modes and Y0ϵIIk0/qαz for

TM modes. ϵII is the permittivity of the waveguide in Region II.

The fields in Region III can be defined in a similar fashion as Region I. Here we

use primed quantities to differentiate them from their counterparts in Eqs. (2.27)

and (2.28).

|EIII
t ⟩ =

∑

mnσ

tmnσe
ik′zmn(z−h)|kmn, σ⟩, (2.31)

− uz × |HIII
t ⟩ =

∑

mnσ

Y III
kmnσtmnσe

ik′zmn(z−h)|kmn, σ⟩, (2.32)
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where tmnσ is the transmission coefficient for the various diffraction orders, k′
zmn =

√
ϵIIIk2

0 − |kmn|2 and Y III
kmnσ is similarly defined as in Region I. ϵIII is the permittivity

of Region III.

We now proceed with the usual process of enforcing the continuity of the transverse

fields across boundaries to link the fields in the three regions together. At z = 0,

|k0, σ0⟩+
∑

mnσ

rmnσ|kmn, σ⟩ =
∑

α

[Aα + Bα]|qα, γ⟩, (2.33)

and

Y I
k0σ0

|k0, σ0⟩ −
∑

mnσ

Y I
mnσrmnσ|kmn, σ⟩ =

∑

α

Y II
α [Aα −Bα]|qα, γ⟩. (2.34)

At z = h,
∑

α

[Aαe
iqαh +Bαe

−iqαh]|qα, γ⟩ =
∑

mnσ

tmnσ|kmn, σ⟩, (2.35)

and
∑

α

Y II
α [Aαe

iqαh − Bαe
−iqαh]|qα, γ⟩ =

∑

mnσ

Y III
kmnσtmnσ|kmn, σ⟩. (2.36)

Equations (2.33) and (2.35) giving the continuity equations for the transverse electric

fields are valid over the whole unit cell. For Eqs. (2.34) and (2.36), the magnetic

field continuity relations are only valid over the non-PEC regions. This is because

of discontinuities in surface current at the PEC interfaces according to Faraday’s

law. We now proceed to project the continuity equations related to the transverse

electric fields over Bloch waves, |kmn, σ⟩, as given in Eq. (2.24) over the entire unit

cell. The corresponding equations for the transverse magnetic fields are projected

over the waveguide modes within the corrugations of the PEC surface, |qα, γ⟩. This

procedure of projection of the equations over the basis functions can be thought of as

a dot product in function space1 and greatly simplifies the equations by eliminating

the non-interacting modes.

1
∫
⟨φ|ψ⟩dr
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Projecting Eq. (2.33) onto plane waves (using the orthogonality relations),

δm0δn0δσσ0 + rmnσ =
∑

α

Y II
α [Aα +Bα]⟨kmn, σ|qα, γ⟩. (2.37)

Projecting Eq. (2.34) onto waveguide modes (using the orthogonality relations),

Y I
k0σ0

⟨qα, γ|k0, σ0⟩ −
∑

mnσ

Y I
kmnσrmnσ⟨qα, γ|kmn, σ⟩ = Y II

α [Aα −Bα]. (2.38)

Similar operations on Eqs. (2.35) and (2.36) yields the following,

tmnσ =
∑

α

[Aαe
iqαh +Bαe

−iqαh]⟨kmn, σ|qα, γ⟩, (2.39)

Y II
α [Aαe

iqαh − Bαe
−iqαh] =

∑

mnσ

Y III
kmnσtmnσ⟨qα, γ|kmn, σ⟩. (2.40)

Note here that expressions such as ⟨kmn, σ|α⟩ are actually the overlap integrals which

are defined as

⟨kmn, σ|qα, γ⟩ =
∫

dr⟨kmn, σ|r⟩⟨r|qα, γ⟩ = κ, (2.41)

gives how well one mode couples to another. In the particular case illustrated in

Eq. (2.41), the overlap integral gives a measure of how well light in the waveguide

mode |qα, γ⟩, couples into the Bloch wave |kmn, σ⟩.

Further algebraic manipulation of Eqs. (2.37) to (2.40) will result in two tight-

binding equations that would link the fields in all three regions of the system to

each other,
(
GI

αα′ − ϵα
)
Eα +

∑

α̸=α′

GI
αα′Eα′ −GV

αE
′
α = Iα, (2.42)

and
(
GIII

αα′ − ϵα
)
E ′

α +
∑

α ̸=α′

GIII
αα′E ′

α′ −GV
αEα = 0. (2.43)

29



The quantities in the above tight-binding equations are defined as follows:

Iα = 2iY I
k0σ0

⟨qα, γ|k0, σ0⟩,

Gαα′ = i
∑

mnσ

Ymnσ⟨kmn, σ|qα′ , γ⟩⟨qα, γ|kmn, σ⟩,

GV
α =

Y II
α

sin(qαzh)
, (2.44)

ϵα = Y II
α cot(qαzh),

Eα = Aα +Bα,

E ′
α = −[Aαe

iqαzh +Bαe
−iqαzh].

Iα is related to the incident illumination in Region I. Eα and E ′
α are the field am-

plitudes of the waveguide modes at the input (I–II) and output (II–III) interfaces,

respectively. ϵα gives the effect of the EM fields at the interfaces, namely I–II and

II–III, on itself via the corrugations. GV
α gives the effect of the fields at one inter-

face on the other which is why GV
α is the coefficient of E ′

α in Eq. (2.42) and of Eα

in Eq. (2.43). Gαα′ describes how light is coupled from waveguide mode |qα, γ⟩ to

diffractive order ⟨kmn, σ| and into waveguide mode |qα′ , γ⟩, essentially describing the

interaction between the corrugations. From this one can see that all the interactions

have been incorporated into the coupled equations Eqs. (2.42) and (2.43).

2.5.2 bound modes on linear array of subwavelength grooves

Having setup the problem in the previous section, it is easy to see how the cal-

culations can become very involved as a large enough number of Bloch waves and

waveguide modes, as well as their coupling to one another, needs to be considered.

However, precious insights can be gained by simply considering the lowest order and

the most dominant modes in the system. Hence, we now shift our focus onto bound

surface modes given by the tight-binding equations on a linear array of subwave-

length grooves. We consider here a 2D system with a unit cell consisting of a groove
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in PEC shown in Figure 2.4 with a period of P, a groove width of a and a groove

depth of h as well as the following simplifications to the system:

• we take only the fundamental TM waveguide mode, α = 0 into consideration.

This is valid if a is subwavelength resulting in the fundamental waveguide

mode being the only propagating mode.

• we consider only the zero diffraction order p-polarized waves. This is analogous

to the metal-dielectric case in the visible light regime where only p-polarized

waves give rise to surface plasmons polaritons. And also, the consideration

of solely the zero diffraction order is akin to treating the groove array as a

metamaterial with an overall aggregate optical response and the incident light

being insensitive to the periodicity of the system. Note that this assumption

begins to break down near the Brillouin zone edge (i.e. P/λ ∼ 0.5) as the

corrugations are no longer deeply subwavlength (see Fig. 4.1). In this case,

higher diffraction orders need to be taken into account in order to accurately

model the metamaterial.

The 2D PEC groove and the above simplifications have quite a few implications

on the coupled equations, Eqs. (2.42) and (2.43). First of all, Region III as in

Fig. 2.3(b) is now a PEC region. This means that we are only left with Eq. (2.42)

since the fields in Region III are zero and E ′
α = 0 since the interface II–III is now

a dielectric–PEC interface in the grooves. The coupling between the interfaces is

now irrelevant, hence GV
α = 0. Lastly, the term

∑
α ̸=α′ GI

αα′Eα′ is zero as we only

consider the fundamental waveguide mode. This leaves us with a single equation

describing the whole system,
(
GI

αα − ϵα
)
Eα = Iα.

To look for the bound modes existing in the system, we further allow Iα → 0.

This is because the bound modes should result in a non-zero field amplitude at the

interfaces despite an arbitrarily small illumination. Consequently for a non-trivial
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Figure 2.4: Unit cell of an array of subwavelength grooves with period, P, groove width,
a and depth, h.

solution to the tight-binding equation, we must have that the dispersion relation of

the bound modes is given by

GI
00 − ϵ0 = 0, (2.45)

which leads us to
G

ϵ
= 1, (2.46)

where we have discarded the subscripts and superscripts since they are now super-

fluous.

Using the definitions given in Eq. (2.44), we have

1 =
−Y 2

k,p|κ|4

ϵ2
, (2.47)

where κ is the overlap integral given by Eq. (2.41).

For the fundamental TM waveguide mode which has the simple form
√
1/aP , κ is

given by

κ =

√
1

aP

2 sin
(
a
2k0
)

k0
∼
√

a

P
, (2.48)

in the limit of ak0/2 is small.
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Using Eqs. (2.47) and (2.48) and solving for k// =
√
ϵIk2

0 − k2
z , gives a dispersion

relation for bound modes existing on a linear array of subwavelength grooves as,

k// =
√
ϵIk0

√
1 +

ϵI
ϵII

( a

P

)2
tan2 (

√
ϵIIk0h). (2.49)

As can be seen, the dispersion relation is quadratic in frequency like that of surface

plasmon polaritons in the visible regime at a metal-dielectric interface (note the

k0 factor on the RHS of Eq. (2.49)). Hence, such bound modes are termed spoof

plasmons [116]. The confinement length Lz of the spoof plasmons normal to the

metamaterial surface is given by,

Lz =
(
k2
// − k2

0

)−1/2
, (2.50)

and is essentially the deviation of the dispersion relation from the light line. Hence,

the spoof plasmon dispersion (ϵI = ϵII = 1, P = h and a = P/3) shown in Fig. 2.5

which deviates significantly from the light line signifies that the mode is evanescent

perpendicular to the corrugated PEC surface and is tightly confined in this region.
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Figure 2.5: Analytical spoof plasmon dispersion given by Equation 2.49.
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2.6 fourier analysis of time-domain signals

Fourier transforms which relate real quantities such as time t, to their counterparts

in the reciprocal space, frequency f, are frequently used in this thesis to process time-

domain signals to give frequency space spectra. We begin with the basic Fourier

series before moving on to Fourier transforms in its continuous and discrete vari-

able forms. Lastly, short-time Fourier transforms for the time-frequency analysis

of dispersive time-domain data is presented. The purpose of this section is to give

the reader some background on the key method used in processing the raw data

obtained from experiments in this thesis. For the full mathematical properties of

Fourier series and transforms, the reader is referred to Ref. [147].

2.6.1 fourier series

The Fourier series asserts that any periodic function s(t), with period P, can be

fully replicated by an infinite sum of periodic sinusoidal functions. It is given by

sN(t) =
A0

2
+

∞∑

n=1

[
an sin

(
2πnt

P

)
+ bn cos

(
2πnt

P

)]
, (2.51)

where P is the period of the original function and an and bn are the Fourier coeffi-

cients for the sine and cosine components, respectively.

This is most easily visualised in the Fourier series decomposition of a square wave

shown in Fig. 2.6 as the blue solid line. The red line gives the resultant Fourier

series representation as an increasing number terms are included in sN(t) from the

top panel to the bottom panel. As can be clearly seen, sN(t) slowly builds up to the

original function s(t) as terms with higher frequencies are slowly added in varying

amounts.

We can simplify Eq. (2.51) by taking advantage of the Euler notation for complex
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Figure 2.6: Fourier series decomposition of a square wave.

numbers (eix = cos(x) + i sin(x)) to give

s(t) =
n=+∞∑

n=−∞

[
cne

i2πnt/P
]
, (2.52)

where cn is now a complex Fourier coefficient and the Fourier series is defined based

on a set of complex harmonic functions ei2πnt/P .

To calculate a particular Fourier coefficient cm, we simply multiply s(t) by e−i2πmt/P

and integrate over the length of the signal to give

1

P

∫ P/2

−P/2

s(t)e−i2πmt/Pdt =
1

P

∫ P/2

−P/2

(
n=+∞∑

n=−∞

[
cne

i2πnt/P
]
)
e−i2πmt/Pdt

= cm, (2.53)

where we have made use of the orthogonality relation
∫ π

−π e
imxeinxdx = δmn which

removes all terms where n ̸= m.

The Fourier component cn, represents the magnitude of the sinusoidal wave with a

frequency 2πn/P that is present in the original function s(t). Hence, we can see
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here how signals in real space are closely related to the reciprocal space spectra and

how using Fourier series we can access information about the reciprocal space, at

least for periodic functions in this case.

2.6.2 continuous fourier transform

By letting the period of the signal tend to infinity and assuming that outside of a

given time interval s(t) = 0, we can extend the Fourier series to Fourier transforms

which account for non-periodic signals and a continuous frequency variable. In its

continuous variable form, the Fourier transform of a given signal from the time-

domain s(t), to the frequency-domain S(ω), and vice versa is given by

S(ω) = F(s(t))

=

∫ ∞

−∞
s(t)e−iωtdt, (2.54)

and

s(t) = F−1(S(ω))

=
1

2π

∫ ∞

−∞
S(ω)eiωtdω, (2.55)

respectively, where ω = 2πf and f is the frequency in Hertz. F and F−1 represent

the Fourier transform operator and its inverse, respectively. Note the similarities of

Eqs. (2.54) and (2.55) to Eqs. (2.52) and (2.53)

In a way, Fourier transforms can be viewed as a dot product in function space

between the signal time function s(t) and a set of time-harmonic basis functions

e−iωt. For instance, on a two dimensional Cartesian grid, the dot product of an

arbitrary column vector a , with the unit axis vector x or y , will give the component

of a in the x- or y- direction. In other words, the operation a ·x or a ·y tells us how

similar a is to x or y . Analogously, Eq. (2.54) asks the question, “How similar is

the signal function s(t), to a set of harmonic functions e−iωt?” For example, given a
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pulse signal in time, S(ω) gives the the required amount of the frequency component

ω, to constitute that pulse.

2.6.3 discrete fast fourier transform

The data obtained in experiments consists of a finite number of discrete points

rather than an infinite and continuously varying signal function as assumed in the

previous section. As such, we need to have a discretised form of the Fourier transform

in order to process experimental data which is most commonly given by the Fast

Fourier Transform (FFT). The FFT of a discrete signal s[tn] with N points sampled

at time intervals of T is given by

S [ωk] =
N−1∑

n=0

s[tn]e
−iωktn , (2.56)

where k = 0, 1, ..., N − 1, ωk = 2πfk =
2πk
NT is the kth frequency point, tn = nT is the

nth time point and the square brackets indicate the discrete nature of the signal s.

The key point to note in Eq. (2.56) is that S[ωk] is N-point periodic (i.e. S[ωk, n] =

S[ωk, n + N ]) and is a pulse train in frequency [148]. This means that the FFT

essentially treats the finite length time domain signal also as a N-point periodic

pulse train in time. This will have a few implications to the properties of the

Fourier transform that become crucial considerations when making measurements.

First of all, note that S[ωN−k] = S[ωk]∗, where ∗ implies complex conjugate. This

means that the frequency resolution of the FFT ∆f , is given by 1
2NT and the highest

frequency accessible is given by fmax = N−1
2NT [148]. These will determine how long

the time-domain signal needs to be and what is the desired T value. Secondly, as the

time-domain signal is also treated as a pulse train by the FFT, this means that, to

the FFT procedure, the start of s[t] is joined to the end of s[t]. Hence it is important

that both the start and end of s[t] is zero. Otherwise, to the FFT, it would seem as

if there is a discontinuity in the signal, resulting in spurious frequency content. A

apodization window that slowly tapers the ends of s[t] to zero is usually applied to
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the experimentally collected data to counteract this effect. However, the shape and

length of the window needs to be carefully chosen to minimise other spectral effects

such as spectral leakage and loss of frequency resolution [149,150].

2.6.4 short-time fourier transform

The Fourier transform gives the frequency content of the entire time signal by in-

tegrating over the entire signal duration. However, it could well be possible that

the time signal is very dispersed (i.e. different frequency components propagate at

different velocities and hence arrives at the detector at different times), such as that

shown by the black line in Fig. 2.7. Or there might be secondary reflections in the

system as shown by the second peak in the signal at around 370 ps in Fig. 2.7. In

such situations, a simple frequency analysis of the signal becomes inadequate and it

might be necessary conduct a time-frequency analysis by picking out the frequency

content of the signal at specific time points.

One common form of time-frequency analysis is called the short-time Fourier trans-

form (STFT) [148] which is given by,

S(τ,ω) =

∫ ∞

−∞
s(t)w(t− τ)e−iωtdt, (2.57)

where s(t) is the time-domain signal, w(t) is the window function and S(τ,ω) is the

STFT at time τ . Note that we have reverted to the continuous variable representa-

tion for simplicity.

The window function w(t), usually has a Gaussian-like profile that is non-zero within

a certain window duration Lw. The maximum value of Lw is equal to the duration

of s(t), Ls. This is because if Lw = Ls, the STFT is simply a normal Fourier

transform with an apodization window applied (see previous section). In order to

properly conduct a time-frequency analysis, Lw has to be shorter than Ls such that

anywhere outside of Lw, s(t) = 0. In this way, as w(t) is slid along s(t), by varying

τ , the only non-zero part of the time signal will be in the time range of τ±Lw/2 (see
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Fig. 2.7). This means that the Fourier transform of s(t)w(t − τ) will only contain

frequency information around the time τ since the rest of the s(t) is now zero.
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Figure 2.7: Explanation of short-time Fourier transform (STFT). A sliding time window
is imposed on the signal to look at the frequency content of the signal at different time
points.

Thus a 2D time-frequency plane can be built up by progressively sliding w(t) along

the whole of s(t). This allows us to know the frequency components present in s(t)

at specific time points τ .

As mentioned in the end of the previous section, the application of a time window

will inevitably affect the Fourier transform. In the case of the STFT, the finite

length of the time window introduces an uncertainty in the time coordinate of a

particular frequency component of ∆w, which is the FWHM of w(t). And that in

turn introduces a width in S(τ,ω) of ∆ω ∼ 1/∆w (see [148]). We shall see the

application of STFT for signal processing in the work presented in Chapter 5.
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chapter 3

REFRACTIVE INDEX SENSING VIA LATTICE RESONANCES

3.1 introduction

In this chapter, results on utilising lattice resonances, supported on a metallic an-

tenna array, for THz sensing are presented. As mentioned in Chapter 1, such optical

coupling effects have been demonstrated in the visible regime [102, 106–108]. Here,

we translate this idea to THz frequencies so that we can take advantage of the de-

localised nature of the lattice resonances on a 2D array of metallic bars to increase

the interaction volume of THz radiation with analytes. In particular, a small fluid

chamber containing the antenna array was filled with various fluids and placed in

a THz-TDS. Changes in the transmission spectra, in response to the change in the

dielectric environment of the antennas, was used to conduct fluid refractive index

sensing. Most importantly, the work presented here is the springboard from which

we launch into work on spoof plasmon sensing in the later chapters.

3.2 experimental & simulation methods

The THz antenna array, designed to work in the wavelength range of 200 µm <

λ0 < 600 µm, was first simulated in a homogeneous and lossless dielectric envi-

ronment using the finite-difference-time-domain (FDTD) method (FDTD Solutions

6.5, Lumerical Inc.). In this way, the characteristics of the collective antenna reso-

nance mediated by diffractive coupling between individual antennas can be clearly

discerned by avoiding spectrum artefacts due to the substrate and maximising the

coupling efficiency between antennas [107, 108]. The simulated antennas were as-

sumed to be perfect electric conductor (PEC) slabs with rounded ends and have
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dimensions of l = 85 µm, w = 38 µm and a thickness of 200 nm as depicted in

Fig. 3.1(a). The PEC antenna was embedded in a 200 µm× 220 µm unit cell with

a refractive index of 1.7 and periodic boundary conditions. The system was excited

by a plane wave polarised in the x-direction at normal incidence (see Fig. 3.1(a)).

A 2D array of rectangular metal antennas was fabricated via direct laser writing

on positive photoresist followed by a liftoff process on 100 µm thick polyethylene

napthlate (PEN) substrates obtained from Dupont Teijin Films (Teonex Q81). A

2.2 µm thick layer of Microposit S1822 positive photoresist was first spin-coated onto

the PEN substrate at 5000 RPM and baked on a hotplate for 1 minute at 110◦C. The

sample was then placed on a computer controlled stage and exposed to light with

a wavelength of 400 nm from a frequency doubled Ti:Sapphire femtosecond laser

(Spectra Physics Tsunami, Model 3960, τ = 100 fs, repetition rate=82 MHz). The

light was focussed onto the sample via a 100× microscope objective. The antenna

patterns, which were simply rectangles with rounded ends, were then written on the

photoresist by moving the sample relative to the focussed light spot using the stage.

After the development of the photoresist using the Microposit MF-319 developer to

reveal the inverse antenna array, 5 nm of Cr followed by 200 nm of Au was deposited

on the sample via electron beam evaporation. Finally, any unwanted photoresist

and metal was removed via acetone ultrasonic agitation, leaving behind the final

antenna array as shown in Fig. 3.1(b). The final sample consists of a 30× 30 array

of (85± 1) µm× (38± 3) µm Au antennas with periods of Px = (200± 1) µm and

Py = (221 ± 1) µm in the x- and y-direction, respectively as shown in Fig. 3.1(b).

As can be seen, the fabricated antennas closely resemble the simulated ones. The

entire sample measures 6.6 mm by 6.6 mm and is sufficiently large such that the

3 mm diameter THz beam from the THz-TDS, used to characterise the sample, is

well within the sample area.

Fluid refractive index sensing was performed using a THz-TDS (TPS3000, Tera
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Figure 3.1: (a) Schematic diagram of THz antenna array with antennas of length l, width
w and periods Px and Py in the x and y directions, respectively. (b) Optical microscope
image of THz antenna array. (c) Schematic diagram of the fluid chamber assembly used
for transmission measurements. Reprinted with permission from [151]. Copyright 2011,
OSA.

View Inc.) and a small fluid chamber as shown in Fig. 3.1(c). The fluid chamber

consists of a 100 µm thick PEN substrate which supports the antenna array, a 50 µm

spacer and another 100 µm thick PEN film as the capping layer. THz radiation

was normally incident and polarised in the x-direction. Gaseous nitrogen (control),

methanol, ethanol and liquid paraffin were used to fill the chamber and demonstrate

refractive index sensing. The transmission spectra for the fluids with the antenna

array present was measured and normalised to that without the antennas in order

to monitor the changes in the optical response as the dielectric environment of the

antennas was varied. All measurements were made in a nitrogen purged chamber to

reduce the effects of water absorption (see Appendix A).

To quantitatively analyse the performance of lattice resonance refractive index sens-

ing, a Figure-of-Merit (FOM) defined by Eq. (3.1) [152] was extracted from the

experimental results,

FOM =
∆λres/∆n

Γ
, (3.1)

where ∆λres is the change in resonance wavelength, ∆n is the change in refractive

index and Γ is the full width at half maximum (FWHM) of the resonance.
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The rationale behind the FOM is similar to why one uses a thin and narrow pointer

on a weighing scale instead of a thick one. The numerator of the FOM gives how

much the readout response of the sensing mechanism changes with respect to a

change in environmental condition. However if the readout feature, namely the dip

in transmission or the pointer on a scale, is very broad, it is very hard to discern

small changes in the conditions of the system. Ideally, one would like a system where

there is a large change to a small perturbation in the system while at the same time

a very narrow readout feature to facilitate the discernment of the smallest change

possible.

3.3 characteristics of lattice resonances

The simulation results of an infinite antenna array embedded in a homogeneous

environment with a refractive index of 1.7 are presented here. Figure 3.2(a) shows

the transmission spectrum of the simulated antenna array (red-solid line). The

first features to note are the Rayleigh anomalies denoted by the blue-dashed lines

whose positions are given by (nenvk0)2 = (2Nπ/Px)2 + (2Mπ/Py)2, where nenv is

the refractive index of the environment and (N,M) represents the diffraction order,

similar to that defined in Section 2.3. Note that only the (1,1) and (0,1) order

Rayleigh anomalies can be seen here. The (1,0) Rayleigh anomaly is not clearly

resolved due to the symmetry of the system [102]. At λ = 281 µm (Fig. 3.1(a), red

square), there is a broad dip in transmission which is due to the dipolar resonance

of the individual antennas. Lastly, near the (0,1) Rayleigh anomaly, at λ = 389 µm

(Fig. 3.1(a), green circle), there is a sharp dip in transmission as a result of the

resonant interactions between the antennas as they become diffractively coupled

(see Section 2.3). Note that the position of the lattice resonance is approximately

1.7Py, in accordance to the theoretical expectation that the lattice resonance occurs

when the wavelength is approximately equal to the periodicity of the grating and

near the particle resonance.
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Figure 3.2: (a) Simulated transmission spectrum of the THz antenna array (l = 85 µm,
w = 38 µm, Px = 200 µm and Py = 220 µm) embedded in an infinite homogeneous
medium of n = 1.7. (0,1) and (1,1) Rayleigh anomalies (blue dashed lines) occur at
λ = 374 µm and λ = 251 µm, respectively. The geometrical dipole resonance (red square)
and the lattice resonance (green circle) can also be clearly seen. (b, c) Log-scale electric
field intensity distributions in the z-normal plane at λ = 281 µm and λ = 389 µm. (d - g)
Log-scale electric field intensity distributions in the x-normal plane cutting through the
center of the antenna ((d) and (e)) and at 32.5 µm offset from the center in the x-direction
((f) and (g)) at λ = 281 µm and λ = 389 µm. The white line marks out the antenna
position. (h) Diagram indicating the coordinate system and the cutting planes of (d, e)
and (f, g). Reprinted with permission from [151]. Copyright 2011, OSA.

To further understand the nature of the lattice resonance supported by an antenna

array, we now look at the field distributions around the antenna at λ = 281 µm and

λ = 389 µm (see Fig. 3.1(b)–(h)). Figure 3.1(b) and (c) show the log-scale electric

field intensity distributions in the z-normal planes at λ = 281 µm and λ = 389 µm,
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respectively. As can be seen in Fig. 3.1(b), the geometrical half-wavelength mode

of the antenna results in a dipole-like field distribution at λ = 281 µm. Meanwhile,

at the lattice resonance point (Fig. 3.1(c)), the fields become very delocalised with

significant field enhancements in the region between the antennas, indicating that

there are strong interactions between neighbouring antennas. At the same time,

the region of high field enhancement in the immediate vicinity of the antenna is

larger than that shown in Fig. 3.1(b) since at the lattice resonance point there is a

divergence in dm (see Section 2.3).

Figure 3.1(d) and (e) show the log-scale electric field intensity in the x-normal plane

cutting through the center of the antenna which is depicted as the white line. Again,

at the antenna geometrical half-wavelength resonance point (Fig. 3.1(d)), there is

almost no field enhancement between the neighbouring antennas while at the lattice

resonance point (Fig. 3.1(e)), there is a significant concentration of electric field.

This is in line with the physical interpretation of lattice resonances given in Sec-

tion 2.3 that light scattered off the individual antennas propagate in the plane of

the array and interacts with the neighbouring antennas in a way which reinforces

the dipole-like resonance of the individual antennas. A similar picture is painted

by Fig. 3.1(f) and (g) which show the x-normal plane electric field distribution at

a 32.5 µm offset from the center in the x-direction. The locations of the x-normal

planes are shown in Fig. 3.1(h).

At this point we can begin to see how lattice resonances can be applied to THz

sensing. First of all, the position of the lattice resonance is related to the refractive

index of the environment and can be tuned by simply changing the geometrical

parameters of the array. Moreover, the fact that the entire environment is used

to provide the phase-matching conditions required for the lattice resonance means

that the whole sample is probed. The delocalised nature of the lattice resonance is

in sharp contrast with previously proposed THz sensing methods where the optical
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response of a metamaterial, such an array of split-ring resonators, is only sensitive

to changes in specific electric field hot spots [153]. This means that complicated

surface functionalisation processes to localise analytes in specific spots with high

field concentration may not be needed when sensing via lattice resonances.

However, there are also some caveats to take note of in a practical sensing situation

which is discussed in detail by Auguiè et al. in Ref. [154]. As the lattice resonance

can be thought of as a surface wave propagating in the plane of the antenna array,

a refractive index difference between the substrate and the sensed sample as well as

the presence of losses will impede the surface wave’s ability to propagate towards

and interact with the neighbouring antennas. Hence in the idealised case here with

no losses, light scattered by the antennas is capable of propagating indefinitely along

the plane of the array and interacts with, theoretically speaking, an infinite number

of neighbouring antennas. In experiments, a refractive index difference between

substrate and sample will result in a de-phasing of the surface wave while losses

cause the attenuation of the scattered light as it propagates. All this means that

the lattice resonance will have a finite spatial range of interaction and individual

antennas will not interact will all the other antennas in the array. Consequently,

the contribution to dm in Eq. (2.11) from the second term in the square brackets

will be diminished, resulting in a weaker lattice resonance. Nonetheless, diffractive

coupling between antennas can still be achieved by reducing the refractive index

contrast between the substrate and the sensed analyses [107, 154]. Bearing these

conditions in mind, we now move on to the experimental results on fluid sensing via

lattice resonances.

3.4 fluid refractive index sensing with lattice resonances

In the fluid sensing experiments, PEN was chosen as the substrate for the following

reasons:
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1. PEN has a refractive index of approximately 1.6 which is a good match for

the fluids being tested.

2. It is relatively low loss.

3. It is cheap and flexible and thus making it potentially viable as a disposable

sensor chip.

Figure 3.3 shows the experimental (red-solid lines) and simulated (black-dashed

lines) transmission spectra for nitrogen, liquid paraffin, ethanol and methanol. The

lattice resonance positions are demarcated by the red arrows. As can be seen, there is

a good qualitative agreement between the experimental and simulated results. The

simulations were carried out again with the FDTD method, taking into account the

fluid chamber in the unit cell. The resultant data was then processed in the same way

as the experiments. The fluid dielectric constants used were experimentally obtained

according to the parameter extraction method given by Duvillaret et al. [155] via a

Matlab code written by Dr. Stephen Hanham.

We first note that the lattice resonance for nitrogen (Fig. 3.3(a)) is much weaker than

those of the liquid samples. This is mainly because of the refractive index mismatch

between the substrate and nitrogen which results in the weaker diffractive coupling

between antennas as mentioned before.

The dips prior to the lattice resonances are attributed to guided modes which exist

within the substrate or superstrate due to phase matching from the antenna array

itself [154]. This is illustrated in Fig. 3.4, which shows the electric field distribution

in the x-normal plane of the fluid chamber at λ = 276 µm, 346 µm and 367 µm,

respectively (from left to right), for the nitrogen case. As can be seen in the panel

corresponding to the lattice resonance at λ = 367 µm, the field distribution is very

similar to that of Fig. 3.2(e). While for the transmission dips at λ = 276 µm and

346 µm (see Fig. 3.3(a)), we can see that the fields are concentrated in the bottom
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(a)

(c)

(b)
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Figure 3.3: (a)–(d) Experimental (red solid lines) and simulated (black dashed lines)
transmission spectra for nitrogen, liquid paraffin, ethanol and methanol, respectively. The
lattice resonance is marked by the red arrow. Transmission dips at wavelengths smaller
than that of the lattice resonance are due to guided modes that exist in the substrate and
superstrate. Reprinted with permission from [151]. Copyright 2011, OSA.

and top PEN layer, respectively, and corresponds to guided modes within the PEN

layer. Another thing to note is the geometrical half wavelength mode of the antenna

is now obscured by the dips in transmission due to the guided modes.

A closer examination of Fig. 3.3 will reveal that the guided mode resonances are

sometimes sharper than the lattice resonance (for example, the dip at λ ≈ 300 µm

in Fig. 3.3(b)). Naively speaking, the guided modes could potentially be an even

better mechanism to conduct sensing than lattice resonance if we look at the met-

ric of performance set out in Eq. (3.1). However, guided modes depend critically

on the sample or substrate thickness and refractive indices, and may exhibit cutoff

49



Figure 3.4: Electric field distribution of guided modes (λ = 276 µm and 346 µm) and
lattice resonance (λ = 367 µm) (from left to right). The PEN boundaries are shown by
the white lines. The right-most panel shows the schematic of the cross section.

behaviour. Lattice resonances on the other hand depend only on the geometrical pa-

rameters of the array and thus is more robust when it comes to sensing applications.

One way of circumventing the problem of guided modes obscuring the transmission

spectrum would be to use thinner substrates to shift the guided modes out of the

desired frequency regime.

Table 3.1 gives the lattice resonance wavelengths λres, and the corresponding re-

fractive indices nres, of the fluids characterised. As can be seen, the lattice reso-

nance red-shifts as nres increases. This indicates that the lattice resonance is indeed

sensitive to environmental changes. Taking a closer look at the properties of the

resonance, we note that the Q-factor of the antenna array is around 20. This is al-

most double that reported for Split-Ring Resonator (SRR) metamaterials (Q-factor

≈ 10) [156] and is at least comparable to that of asymmetric SRRs supporting

sharp Fano resonances [91]. As such, the potential for lattice resonance to conduct

THz sensing is at least on par with the previously proposed metamaterial sensing

methodologies.
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Table 3.1: Table of lattice resonance wavelength λres, and corresponding refractive index
nres, for nitrogen, liquid paraffin, ethanol and methanol

Fluid Sample Resonance Wavelength, λres Refractive Index nres

Nitrogen 367 µm 1.00
Liquid Paraffin 400 µm 1.49
Ethanol 412 µm 1.60
Methanol 416 µm 1.71

By plotting the shift in resonance ∆λres, against sample refractive index nres, as

shown in Fig. 3.5, the sensitivity of the lattice resonance to refractive index changes,

ξ = ∆λres/∆nres (also the numerator of the FOM) can be extracted. The data is

well fitted to the linear equation, ∆λres = 70.73nres − 70.82. From this linear fit

equation, it can be seen that ξ = 70.73 µm/RIU, where RIU stands for Refractive

Index Unit, and the FOM is 3.80. The ξ and FOM values are valid for fluid samples

that are 50 µm thick. For samples of other thicknesses, the interaction volume

between the fields and the fluid will be different and hence would result in different

ξ and FOM values. At the point of publication of the above results [151], the closest

comparison, to the best of our knowledge, in terms of metamaterials sensing was in

the mid-IR regime where the highest FOM obtained from simulation was 2.86 [157].

As the strength of lattice resonances mediated by diffractively coupled antennas is

strongly dependent on the range of interaction of the surface wave Lx, propagating

along the plane of the antenna array, one would expect that the diameter of the

incident light beam dbeam, in experiments to play a role in the actual measured

strength of the lattice resonance. In general, the more neighbouring antennas the

lattice resonance surface wave interacts with, the stronger the resonance. However,

if Lx ≪ dbeam, then any increase in beam diameter will not significantly increase the

strength of the lattice resonance as most of the collective interactions would have

been captured within the beam. The reverse would be true if Lx ∼ dbeam and an

increase in dbeam will be expected to result in a stronger lattice resonance. Lx can
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70.73 70.82

Figure 3.5: Lattice resonance shift, ∆λres plotted against the refractive index nres at λres.
The data is well described by the equation ∆λres = 70.73nres − 70.82 (red line) for 50 µm
thick samples. Reprinted with permission from [151]. Copyright 2011, OSA.

be estimated by [107],

Lx =
1

∆kx
, (3.2)

where∆kx is the width of the resonance in k-space and is estimated from the FWHM

of the lattice resonance. It was found that Lx ∼ 1 mm for the fluids tested and

thus is comparable to dbeam. Hence it is expected that if a larger beam was used

to illuminate the antenna array, more of the diffractive coupling interactions would

have been captured and a stronger lattice resonance would have been observed. One

can see the effect of capturing more of the inter-antenna interactions by looking at

the simulation result (Fig. 3.2(a)) which shows a much stronger lattice resonance

due to a plane wave illumination of an infinite array.

3.5 evaluating lattice resonance sensing: what comes next?

In this chapter, fluid refractive index sensing via lattice resonances is demonstrated.

The ability to tune the positions of the lattice resonances via the geometric param-
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eters of the antenna array makes lattice resonances a flexible way to conduct THz

sensing over a large range of wavelengths. In addition, the delocalised nature of the

lattice resonance means that the entire fluid sample is probed and is not only sensi-

tive to dielectric changes in specific electric field hot spots. Also, we showed that the

lattice resonance sensing performance is at least comparable to that of previously

proposed metamaterial sensing methods.

However, the lattice resonance sensing method also suffers from a few drawbacks.

First of all, the guided modes which obscure the transmission spectra are hard to get

rid of. Although using thinner substrates is one way of circumventing the problem,

it can make the sensor fragile due to its thinness. Secondly, the weakening of the

resonance due to a refractive index contrast between the substrate and sensed fluid

is unavoidable in a practical situation and is a handicap when designing sensors for

various sensing purposes since one would be limited by the availability of materials.

An ideal sensing mechanism should give the maximum field confinement so as to

make the best use of the limited power available in the THz and allow for small

sample volumes to be sensed (see Chapter 1). At the same time, the ability to freely

engineer the optical response of the sensor without compromising the integrability

of the sensor into a lab-on-chip configuration as well as be limited by the choice of

materials is important in a real-world setting where sensed analytes might need to

undergo other forms of characterisation or are in small quantities. These require-

ments led to the exploration of the use of spoof plasmons for THz sensing discussed

in the following chapters.
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chapter 4

SPOOF PLASMON SURFACES AS A PLATFORM FOR

TERAHERTZ SENSING APPLICATIONS

4.1 introduction

We see from the conclusions of the previous chapter that lattice resonance based

sensing suffers from some drawbacks when it comes to practical sensing applica-

tions. Here, we turn our attention to spoof plasmons in an attempt to push THz

sensing, with all its potential benefits, one step closer to real world applications us-

ing metamaterials. As we shall see in the following chapters, metamaterial surfaces

supporting tightly confined spoof plasmons, which we simply term Spoof Plasmon

Surfaces (SPSs), go some way in addressing some of the difficulties faced.

SPSs have been widely studied for their waveguiding potential as well as the plethora

of interesting optical effects that can be manifested on them [123,125,128,133,158,

159]. However, very little scientific effort has been devoted to the exploitation of

these novel structures to overcome problems in THz sensing. In this chapter, we

present the results of using a SPS consisting of a linear array of subwavelength

grooves to demonstrate refractive index sensing. First, the general characteristics

of spoof plasmons supported on our SPS will be discussed to lay out some general

guidelines for SPS design. Next, spoof plasmons, coupled into via an Otto prism

setup, are shown to be capable of high performance narrowband THz sensing as the

grooves of the SPS are filled with various fluids. In particular, the phase jumps that

occur at the spoof plasmon coupling frequency are used as the readout response,

instead of the conventional amplitude response.
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4.2 spoof plasmons on a linear array of subwavelength grooves

Let us begin by looking at the general properties of spoof plasmons supported on a

linear array of subwavelength PEC grooves. The dispersion relation of spoof plas-

mons for square PEC grooves, obtained from the coupled mode method under certain

simplifications (see Section 2.5 and Eq. (2.49)), is reproduced here for convenience.

k// = k0

√
1 +

1

ϵII

( a

P

)2
tan2 (

√
ϵIIk0h), (4.1)

where k0 is the free space wavevector, k// is the wavevector of the spoof plasmon

in the direction of propagation, a is the width of the groove, P is the period of the

grooves and ϵII is the permittivity of the material filling the grooves. The region

above the SPS is assumed to be air.

Although Eq. (4.1) is derived from a very idealised scenario, there are precious

insights that can be drawn from this simple analytical expression. First of all, it can

be seen that a/P gets larger, k// gets larger as well, indicating that the fields become

more confined at a given frequency with wider grooves. This is seen in Fig. 4.1(a)

where the analytical spoof plasmon dispersion for a = 30 µm and h = 30 µm

(blue line) deviates more strongly from the light line than that of a = 10 µm and

h = 30 µm (red line). Of course, it will not escape notice that following this path

of reasoning, at a/P = 1 the spoof plasmon dispersion will be even more confined

even though the surface will now be flat with no grooves to speak of at all! However,

that is not the case as h will be equal to zero, resulting in k// = k0 which is what

is expected for flat PEC surfaces where only Sommerfeld-Zenneck surface waves

propagate [122].

The next point to note in Eq. (4.1) is that k// diverges when
√
ϵIIk0h → π/2. This

gives a criteria for the cutoff frequency of the SPS which is given by

√
ϵIIh =

λ0

4
, (4.2)
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and it gives an estimate for the operating frequency range of the SPS. In addition,

from Eq. (4.2), it can be seen that a deeper groove will cause the spoof plasmon be

more confined at a given frequency as shown in Fig. 4.1 by the dispersion relations

for a = 30 µm and h = 30 µm (blue line) and a = 30 µm and h = 40 µm (green

line). Note that Eq. (4.2) is valid only for the first spoof plasmon mode. For an SPS

with deeper grooves, higher order spoof plasmon modes can be supported as shown

by Jiang et al. [160].
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Figure 4.1: (a) Analytical spoof plasmon dispersion relations for a linear array of square
PEC grooves with a = 30 µm and h = 30 µm (blue line), a = 10 µm and h = 30 µm (red
line) and a = 30 µm and h = 40 µm (green line). The simulated spoof plasmon dispersion
for a = 30 µm and h = 30 µm is depicted as the blue-dashed line. The light line is given
by the black-dashed line. (b) Electric energy density around the groove at the Brillouin
zone edge for a = 30 µm and h = 30 µm. The white line demarcates the groove.

The blue-dashed line in Fig. 4.1(a) shows the simulated spoof plasmon dispersion

for a = 30 µm and h = 30 µm, calculated using the Eigenmode solver in the

commercial software CST Microwave Studio. Compared to the analytical solution

given by the blue line, the simulated solution is noticeably different near the Brillouin

zone edge (i.e. k//P/2π = 0.5) due to the fact that Eq. (4.1) does not take into

account diffraction effects which come into play [146]. Nonetheless, one can see that
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both simulated and analytical curves agree reasonably well with each other. The

analytical solution can be made to fully agree with the simulated spoof plasmon

dispersion by taking into account higher diffraction orders and more waveguide

modes in the grooves (see Section 2.5). Figure 4.1(b) shows the corresponding

simulated electric energy density in the vicinity of the groove at k//P/2π = 0.5.

The white line demarcates the groove. It is obvious from this plot that the spoof

plasmons propagating on the SPS are very tightly confined to the surface of the

SPS.

Using the definition of confinement length (see Eq. (2.50)) together with Eq. (4.1),

the confinement of the spoof plasmons to the SPS surface can be simply written as,

Lz = (k0)
−1

(
1

ϵII

( a

P

)2
tan2 (

√
ϵIIk0h)

)−1/2

, (4.3)

and is plotted in Fig. 4.2 for the a = 30 µm and h = 30 µm case. For example,

at 1.5 THz, the electromagnetic fields are confined to a region that is of the order

of λ0/4 (or less since the simulated dispersion curves which take into account all

diffraction orders and waveguide modes show that the spoof plasmons are actually

more strongly confined than analytically suggested near the Brillouin zone edge).

This tight confinement of fields in the vicinity of the SPS surface means that the

spoof plasmons are very sensitive to changes in the dielectric environment. Thus

the potential of spoof plasmons for sensing begins to become clear at this stage. In

the rest of this chapter, the first steps taken in this PhD towards actually applying

spoof plasmons to THz sensing are described.

4.3 optical lithography of metallized sub-wavelength groove

arrays

Our SPS, consisting of a linear array of subwavelength grooves (shown in Fig. 4.3(a)),

was fabricated by Dr. Jianfeng Wu (National University of Singapore) via conven-

tional UV photolithography of a positive photoresist on a glass substrate. A thick
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Figure 4.2: Confinement length Lz, of spoof plasmons on square PEC grooves with a =
30 µm and h = 30 µm.

layer of AZ 9620 positive photoresist was first coated onto a glass substrate via a

two-step spin coating process. In the first spin coating step, the AZ 9620 was spun

at 1350 RPM for 1 min followed by a soft bake at 110◦C for 80 seconds. The second

spin coating step was performed at the same spin speed followed by a soft bake at

110◦C for 180 seconds, giving a final photoresist thickness of approximately 28 µm.

The photoresist is then exposed to UV light (λ = 405 nm) via a pre-fabricated

photomask in a mask & bond aligner (Karl Suss, MA8/BA6) with a dosage of

1000 mJ cm−2 and developed with AZ 400K developer to reveal the photoresist

groove array. Lastly, 600 nm of gold is sputtered onto the photoresist groove array

(AJA International Inc., ATC 1800V) to give the final SPS with an overall sample

area of 18 mm×34 mm. As the gold layer is much thicker than the skin depth of gold

at THz frequencies (∼ 80 nm at 1 THz), the final structure closely approximates a

corrugated PEC surface.

Figure 4.3(b) shows an optical microscope image of the fabricated SPS with the

following dimensions as labelled in Fig. 4.3(a): h = 27µm, wt = 37µm, wb = 25µm
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Figure 4.3: (a) 3D image of spoof plasmon metamaterial. The red region depicts the
photoresist grooves and the yellow region depicts the gold film. (b) Optical microscope
image of the fabricated groove array.

and d = 60µm. A period of 60µm implies that diffraction effects are only mani-

fested above 2.5 THz. Below this frequency the SPS features are subwavelength and

the SPS operates within the so-called metamaterial regime. The slanted walls of

the grooves are a consequence of the photolithography of the thick photoresist layer

which results in photoresist at the top receiving more UV light exposure than at the

bottom. This, undoubtedly, will affect the spoof plasmon dispersion as the waveg-

uide modes propagating within the slanted-wall grooves are of a different nature

from those propagating in square grooves owing to the fact that the groove width

experienced by the fields varies with the depth in the case of the slanted walls. As

can be seen in Fig. 4.4, the spoof plasmon on a slanted-wall groove SPS (red line) is

less confined that that of a square groove SPS. This reduction in confinement can be

intuitively understood by the fact that, in the case of the slanted-wall grooves, the

waveguide modes have a greater tendency to be reflected upwards as they propagate

within the groove due to a change in groove width with depth.

4.4 otto prism coupling to spoof plasmons

Spoof plasmons, being bound modes (i.e. they exist below the light line), cannot

be coupled into from free space propagating light directly; they need to be phase-

matched using a coupling mechanism. Here, we have chosen the conventional Otto
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Figure 4.4: Spoof plasmon dispersion of square (blue) and slanted-wall (red) PEC grooves.
The slanted-wall groove SPS dispersion relation was obtained by simulating a periodic
groove with the geometrical parameters of our SPS in CST Microwave Studio. The black-
and magenta-dashed lines give the light line in air and the wax prism, respectively.

prism configuration to couple THz radiation into spoof plasmons on our SPS, as

shown in Fig. 4.5(a) [161, 162]. The prism used is a right angled triangular prism

made of wax with a refractive index np, of 1.446. THz radiation from a THz-TDS

undergoes Total Internal Reflection (TIR) at the base of the prism and couples

evanescently to spoof plasmons on the SPS across a coupling gap g (see Fig. 4.5(a)).

Resonant coupling to spoof plasmons occurs when the phase-matching condition

given by

npk0 sin θi = k//, (4.4)

where θi ≈ 74◦ is the angle of incident from the normal of the base of the prism and

k// is the spoof plasmon propagation constant, is met. The Otto prism configuration

has previously been used to couple to semiconductor SPPs and surface modes on

metallic surfaces in the microwave and THz regime [50,51,121,163–165]. In the case
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of Otto prism coupling to semiconductor SPPs, the observed resonance features tend

to be quite broad due to high inherent material losses [50,51]. Thus semiconductor

SPPs are not well suited to detect small refractive index changes, which is why we

opted to use SPSs instead.
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Figure 4.5: (a) Schematic of the Otto Prism setup. (b) Experimental reflectivity spectra
for g = 20µm (black), 40µm (blue), 60µm (red), 70µm (green), 80µm (cyan), 100µm
(magenta) and 120µm (yellow). Simulated (dashed-cross, black) reflectivity spectrum
at strongest spoof plasmon coupling point (g = 70µm) is also shown for comparison.
The fluid in the grooves is nitrogen. (Inset) Simulated field distribution at 1.70 THz for
g = 70µm. The white line demarcates the prism-coupling gap interface.

The entire Otto prism setup was placed in a nitrogen-purged chamber of a quasi-

optical THz-TDS (see Appendix A) and measurements were carried out at less than

5% relative humidity and a frequency resolution of approximately 7 GHz. Changes

in reflectivity R, and phase φ, can then be monitored by taking the Fourier transform

of the time-domain data measured by the THz-TDS. The experimental reflectivity

was calculated by normalising the signal reflected off the prism base with the SPS

at a coupling gap g, beneath the prism E(ω, g), to the signal in the absence of the

SPS beneath the prism, E(ω, g → ∞), as given by

R =

∣∣∣∣
E(ω, g)

E(ω, g → ∞)

∣∣∣∣
2

. (4.5)
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Dips in the reflectivity spectrum are related to destructive interferences between the

incident light, light coupled into spoof plasmons as well as light out-coupled from

spoof plasmons into free space radiation [161,162]. They are clear indications of the

resonant coupling between THz radiation and spoof plasmons.

The phase change spectrum ∆φ, is given by the difference in phase of each frequency

component of the Fourier transform between the sample and the reference,

∆φ = φsam − φref , (4.6)

where φsam and φref are the phase components of the Fourier coefficients of the

sample and reference, respectively. Typically, one would expect to see a jump in

phase at the resonance frequency [166].

Figure 4.5(b) shows the reflectivity spectra for various g values as well as the sim-

ulated reflectivity spectrum at g = 70 µm. Firstly, the reflectivity dips due to

resonant coupling to spoof plasmons red-shifts and broadens as the coupling gap is

reduced. This is linked to an increase in the effective refractive index of the im-

mediate environment of the SPS. The spoof plasmons coupled via the Otto prism

configuration is a leaky mode. In other words, since the evanescent light from the

prism base can interact with the SPS, the spoof plasmons could likewise extend far

enough above the SPS to interact and couple back into propagating light in the

prism as well. Thus as the prism is brought closer to the SPS, the spoof plasmon

frequency reduces due to the presence of the prism which increases the effective

refractive index in the vicinity of the SPS. Coincidentally, this also means that the

spoof plasmon has a greater chance of coupling into free space light in the prism

and the spoof plasmon lifetime also decreases as the prism is brought closer to the

SPS. Thus a broadening of the reflectivity dip is also observed at small g values. At

g = 120 µm, almost no dip in reflectivity is observed, indicating that the interac-

tion between the evanescent field from the prism base and the SPS is negligible. In

addition, the experimental spoof plasmon frequency fsp, is in good agreement with
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the prediction from bandstructure calculations (CST Microwave Studio) which gives

fsp = 1.72 THz, given an experimental frequency resolution of around 16 GHz (see

Fig. 4.4, intersection point of slanted-wall PEC grooves dispersion (red-solid line)

and prism light line (magenta-dashed line)).

Secondly, we note that the strongest reflectivity dip occurs at the spoof plasmon

frequency fsp = 1.71 THz for g = 70 µm (green line in Fig. 4.5). This is in good

agreement with simulations which predict fsp = 1.70 THz at g = 70 µm (black-

dashed line in Fig. 4.5). The theoretical reflectivity spectrum was calculated using

the commercial software COMSOL Multiphysics with a single groove as the unit cell

and Floquet periodic boundary conditions. The surface of the groove was simulated

using the surface impedance boundary condition (assuming a Drude permittivity

with plasma frequency ωp = 1.367 × 1016 rad s−1, and collision frequency γ =

4.072× 1013 rad s−1), instead of a PEC boundary condition. This was done because

COMSOL Multiphysics does the calculation in the frequency domain (i.e. an infinite

time period is considered) and if the PEC boundary condition was used all the energy

coupled into spoof plasmons would eventually be coupled out resulting in no dip in

the reflectivity.

Lastly, it can be seen that the experimental reflectivity dip for g = 70 µm, with a

FWHM ∆fsp, of 40 GHz and a Q-factor of approximately 43, is broader and deeper

than its simulated counterpart. This broadened resonance is indicative of a shorter

spoof plasmon lifetime which means that there are some experimental damping

mechanisms which are not fully reflected in our calculations. The deepening of the

dip means that these damping channels do not contribute to the SPS reflectivity

and can be related to absorption losses such as those due to hot spots at surface

imperfections and to diffraction effects caused by the scattering of spoof plasmons

at the edges of the sample. On top of that, we note that not all the light out coupled

from spoof plasmons can be collected due to the symmetry of the Otto prism setup
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and the silicon lenses used in the emitter and detector (see Appendix A), unlike in

simulations where all free space propagating light is collected by the monitor.

The inset of Fig. 4.5(b) shows the simulated field distribution at 1.70 THz for g =

70 µm. It can be seen that the fields are tightly confined to the SPS surfaces and

are well removed from the prism base demarcated by the white line. This relatively

high Q-factor (even in the experimental case) means that the spoof plasmons can

potentially be used in sensing applications.
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Figure 4.6: Phase change ∆φ (a), and absolute gradient of ∆φ, ∆φ′ = |d(∆φ)/df | (b) at
g = 70µm. Reprinted with permission from [167]. Copyright 2013, Wiley.

Before proceeding on to SPS refractive index sensing, we draw the reader’s attention

to an oft-neglected source of information in THz metamaterials research, the phase of

the electromagnetic fields. Figure 4.6 shows the change in phase between the sample

and reference spectra ∆φ (see Fig. 4.6(a)) and the absolute gradient of phase change
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∆φ′ = |d(∆φ)/df | (see Fig. 4.6(b)) for g = 70 µm. A sharp phase change takes place

at fsp, whereby ∆φ exhibits a Fano-like lineshape (see Fig. 4.6(a), blue line). This

sharp phase change can be used as the readout response by which refractive index

sensing can be carried out, instead of the conventional amplitude response. The

absolute gradient of the phase change ∆φ′, shown by the green line in Fig. 4.6(b)

exhibits a sharp peak at fsp, corresponding to the sharp phase change. The width

of this peak is around 10 GHz, giving a fφ/∆fφ (analogous to the Q-factor) value

of 170, where fφ and ∆fφ are the peak position and the width of the peak in

∆φ′, respectively. Note that this peak is four times sharper than its counterpart

in amplitude measurements, making phase change a very effective indicator for the

SPS to detect small changes in the refractive index of the material filling the groove

(recall the definition of FOM in Chapter 3).

4.5 narrowband refractive index sensing on the sps

The grooves of the SPS are filled with nitrogen (n = 1.00, control), gasoline (n ≈

1.41), liquid paraffin (n ≈ 1.49), glycerin (n ≈ 1.82) and water (n ≈ 2.1) as a

demonstration of THz spoof plasmon refractive index sensing. The fluids used here

provides us with a good spread of refractive index values, enabling us to investigate

the efficacy of SPS sensors when subjected to a wide range of refractive index and

loss conditions. For example, water has a high refractive index and also extremely

high loss [3, 16].

R and φ were again monitored as the fluids filling the grooves are changed. For all

the fluids, g was kept constant at 70 µm where the strongest spoof plasmon coupling

takes place in the case of nitrogen. The samples were washed with deionised water

and an additional measurement was taken between different fluids to ensure that

the spoof plasmon coupling point remains the same as the nitrogen case (control

sample). The reason why g was kept constant will be discussed later in this section.
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Figure 4.7 shows the dispersion relation of the spoof plasmons as the SPS grooves

are filled with the various fluids calculated using the Eigenmode Solver in CST

Microwave Studio. According to Eq. (4.4), fsp is given by the intersection point

between the prism light line and the respective spoof plasmon dispersion curves.

The predicted fsp for nitrogen, gasoline, liquid paraffin, glycerin and water are 1.72

THz, 1.49 THz, 1.44 THz, 1.28 THz and 1.14 THz, respectively and are summarised

in Table 4.1.
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Figure 4.7: Calculated spoof plasmon dispersion relations for nitrogen (blue), gasoline
(cyan), liquid paraffin (red), glycerin (green) and water (magenta). The light line in air
and the prism are given by the black-dashed and black-dash-dot lines, respectively. The
dispersion relations were calculated using the Eigenmode Solver in CST Microwave Studio.

Figure 4.8 plots the reflectivity spectra for the various fluids. It is obvious that

as the refractive index of the fluid filling the SPS grooves increase, the reflectivity

dip red-shifts. The resonance points are 1.71 THz, 1.53 THz, 1.48 THz, 1.30 THz

and 1.17 THz for nitrogen, gasoline, liquid paraffin, glycerin and water, respectively

(see Table 4.1). As can be seen, the experimental fsp is in good agreement with
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Table 4.1: Table of calculated and experiment fsp for the various fluids

Fluid Sample Calculated fsp (THz) Experimental fsp (THz)
Nitrogen 1.72 1.71
Gasoline 1.49 1.53

Liquid Paraffin 1.44 1.48
Glycerin 1.28 1.30
Water 1.14 1.17

the calculated ones, given a frequency resolution of around 10 GHz in the experi-

mental THz-TDS spectra. For low loss fluids, such as gasoline and liquid paraffin,

the widths of the resonance ∆fsp, are 90 GHz and 50 GHz, respectively. As the

losses due to the fluid increases, such as for glycerin, the reflection dip broadens

significantly to 280 GHz, yielding a Q-factor of around 4.6. With a fluid of very

high loss, such as water, ∆fsp further increases to approximately 390 GHz. Thus,

refractive index sensing with amplitude measurements might not be a good option

for fluid with high losses. This is because the significant broadening will require a

larger refractive index change in order to properly discern any spectral shifts (recall

the definition of FOM in Chapter 3). Nonetheless, compared to sensing via reso-

nance metamaterials in transmission mode, our Otto prism coupled spoof plasmon

sensing concept represents a relevant improvement since the THz signal after pass-

ing through a high loss fluid layer would be greatly attenuated, leading to a low

signal-to-noise ratio [92–94,153,156,168,169].

The phase change ∆φ spectra for the various fluids are given in Fig. 4.9. The first

thing to note is that all the fluids exhibit a phase jump at fsp. However, this is not

the best way to visualise and compare the results as the ∆φ spectra all have different

starting points. The difference in starting points is caused by slight differences in

sample positions relative to the prism and the prism position relative to the beam,

resulting in different absolute phases when the sample and reference measurements

were made. In order to compare the results, the phase change spectra have to be
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Figure 4.8: Reflection spectra of sample fluids (nitrogen (blue), gasoline (cyan), liquid
paraffin (red), glycerin (green) and water (magenta)) at g = 70µm. Reprinted with
permission from [167]. Copyright 2013, Wiley.

able to be plotted on the same scale.

To do this, the absolute gradient of phase change ∆φ′, obtained using fitted ∆φ

data, is plotted in Fig. 4.10. The phase jumps will then appear as peaks while

at the frequencies adjacent to fsp, ∆φ′ will be flat. In this way, the phase jump

spectra for all the fluids can be plotted on a common axis and compared. The ∆φ′

spectra (with the exception of nitrogen) are magnified to enable easy reading. This

is because losses in the fluids result in a smaller and more gradual overall phase

jump at resonance and hence a smaller ∆φ′ peak. Remarkably all the peaks in

Fig. 4.10 are narrower than the reflectivity dips in Fig. 4.8. The fφ/∆fφ values for

nitrogen, gasoline, liquid paraffin, glycerin and water are approximately 170, 44, 78,

18 and 7, respectively. Note that these values are at least twice the Q-factors of the

amplitude measurements. In particular, the fφ/∆fφ values for nitrogen and glycerin
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Figure 4.9: Phase change ∆φ spectra for nitrogen (blue), gasoline (cyan), liquid paraffin
(red), glycerin (green) and water (magenta).

are 4 times as high as its equivalent for amplitude measurements. Our experimental

results indicate that the problem of broadening due to losses is mitigated when using

phase jumps as the readout response.

A Figure-of-Merit, similar to Eq. (3.1), is then defined as

FOM =
1

∆fsp

dfsp
dn

, (4.7)

where fsp is the spoof plasmon frequency, dfsp/dn is the change in resonance fre-

quency per refractive index unit (RIU) and ∆fsp is the width of the resonance. This

FOM was calculated for each fluid to quantitatively evaluate our SPS sensor.

The resonance frequencies of the SPS when filled with various fluids are plotted in

Fig. 4.11. The blue line shows the linear fit to the experimental data and is given

by fsp = −0.49n + 2.21, from which we can deduce the sensitivity of the system

ξ = ∆fsp/∆n to be 0.49 THz / RIU. Also, if we assume a detection resolution of 10
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Figure 4.10: Absolute gradient of phase change spectra ∆φ′ for nitrogen (blue), gasoline
(cyan), liquid paraffin (red), glycerin (green) and water (magenta) obtained from fitted ∆φ
data. The ∆φ′ spectra for fluids other than nitrogen are magnified for clarity. Reprinted
with permission from [167]. Copyright 2013, Wiley.

GHz, the detection limit, which is the minimum change in refractive index that can

be detected, is 0.02 RIU. The sensitivity featured in our SPS is higher than previ-

ously reported in similar devices [93]. The FOM values calculated using Eq. (4.7)

for nitrogen, gasoline, liquid paraffin and glycerin are 49, 15, 25 and 7, respectively

(see Table 4.2), and are much higher than that presented in Chapter 3 [151] as

well as those of THz metamaterial sensors based on SRRs or asymmetric SRRs

previously reported in Refs. [91, 92, 94, 157, 170]. This indicates an improvement in

the sensing performance of our spoof plasmon sensing approach relative to tradi-

tionally proposed THz metamaterial sensors. This is because rather than rely on

specific field hot spots to detect refractive index changes (as is the case for SRRs),

the SPS generates high field enhancements over many grooves, thus resulting in a

large effective interaction volume between the light and fluids. The FOM values

were calculated using the phase jump spectra data for ∆fsp. Thus we can see that

the high FOM values were mediated by the sharpness of the phase jumps and the
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SPS sensing approach proposed here can be very promising for application in areas

where fluids are generally low loss such as the petroleum industry [171]. This is in

contrast to the generally broad SPP resonances on semiconductor surfaces, where

absorption losses can significantly decrease SPP lifetimes [50, 51]. The FOM value

for water is only 3 and is lower than the other fluids because it is extremely lossy.

However, water often is an insurmountable obstacle when it comes to other forms

of THz spectroscopy [3]. Hence, our result here shows that refractive index sensing

can still be carried out despite high losses, albeit not as well as compared to the

other fluids.
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Figure 4.11: Resonance frequencies of various fluids, fsp at g = 70µm plotted against
refractive indices for experiments (blue solid, cross), simulations (red dashed, open circle)
and analytical expressions with weff = 37 µm (black, dotted) and weff = 25 µm (black,
dash-dot). (Inset) Electric energy density distributions for n = 1 and n = 2.1 at fsp.
Reprinted with permission from [167]. Copyright 2013, Wiley.

The red-open circles in Fig. 4.11 are the calculated fsp as summarised in Table 4.1.

The linear fit to the calculated data is given by the equation fsp = −0.52n + 2.24
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Table 4.2: Summary of Figure-of-Merits for the various fluids tested.

Sample Fluid Figure-of-Merit
Nitrogen 49
Gasoline 15

Liquid Paraffin 25
Glycerin 7
Water 3

and is in good agreement with the experiments.

We can compare the experimental and simulation results to analytical expectations

by referring back to Eq. (4.1), which gives the spoof plasmon dispersion relation

for square PEC grooves. The fsp given by the intersection between the prism light

line and Eq. (4.1) (see Eq. (4.4)) is solved numerically for the cases of square PEC

grooves with an effective width of 37 µm (i.e. wt) and 25 µm (i.e. wb) and plotted

as the black-dashed and black-dashed-dot lines in Fig. 4.11, respectively. The two

analytical cases calculated represent the theoretical limits to the experimental case.

As can be seen, the experimental results fall within the bounds of the two analyt-

ical curves in Fig. 4.11. The lower (higher) bound is given by the 37 µm (25 µm)

case as expected from Eq. (4.1). By taking the numerical gradient of the analytical

curves, we find the minimum analytical expectations for the sensitivity of the SPS

to be 0.40 THz / RIU and 0.47 THz / RIU for the 37 µm and 25 µm cases, respec-

tively. Again, these values are similar to that obtained from experiment. We also

note that the sensitivity values given by the analytical curves can be higher than

experimentally obtained, such as near n = 1. This means that SPS-based sensors

can potentially be improved or engineered to give better sensing performances than

reported here.

One difference between the experimental and analytical results is that the analytical

curves follow a 1/n trend due to the tangent term in Eq. (4.1) while the trend

observed in our experiments is obviously quite linear. The reason for this is because
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the slanted walls of the grooves in the experiments result in a varying groove width

with the groove depth. We can understand the effect of the slanted walls by looking

at the electric energy density distribution in the grooves for a groove refractive index

of n = 1 and n = 2.1 at their respective fsp, shown as the insets of Fig. 4.11. For

n = 1, we can see that the electric energy is concentrated at the top of the groove

while for n = 2.1, the electric energy resides mainly in the groove. In other words,

at n = 1, the fields feel an effective groove width closer to wt while at n = 2.1 the

effective groove width is more similar to wb. This explains why the experimental

results are similar to the 37 µm analytical case near n = 1 while the SPS behaviour

near n = 2.1 approximates square PEC grooves with an effective width of 25 µm.

Having presented the results obtained from our experiments, it is now a good time

to explain the rationale behind keeping g constant. For the work presented in this

chapter, the sensing scenario envisioned is one where a known reference fluid (namely

nitrogen) is compared to an unknown fluid while keeping all parameters constant.

Of course, there are numerous other ways one can conduct spoof plasmon sensing

with an Otto prism configuration. One can also, for example, look for the optimum

g which gives the strongest coupling for each fluid. Doing this would probably result

in better FOM due to sharper phase jumps but would not change the sensitivity

values by much since fsp does not change much for gaps larger than that which

gives the deepest reflectivity dip. This was not done because the THz-TDS used in

this experiment has a slow mechanical delay line (see Appendix A.3) which would

have made measurements for searching for the optimal g prohibitively long. More

importantly, the overall conclusion that SPS can deliver better performance sensing

even for high loss fluids as compared to other metamaterial sensing approaches would

have remained the same.
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4.6 narrowband data: surely this can’t be all?

In this chapter, the results on THz spoof plasmon refractive index sensing using an

Otto prism coupling scheme were presented, with good agreement between theory

and simulations. Phase jumps at resonant coupling to spoof plasmons were used as

the readout response to deliver superior sensing performance. A FOM as high as 49

was achieved for lossless fluids and FOM values around 20 can be expected for low

loss fluids such as gasoline. It is even shown that refractive index sensing might be

tenable for high loss fluids such as water. In addition, the SPS sensor can be tailored

to the sensing requirements by using alternative geometries such as annular holes

[128] or complementary SRRs [127]. Lastly, it is not difficult to see the potential

for SPS sensors to be integrated with microfluidics or surface functionalisation to

conduct material characterisation that is complementary to other techniques such

as mid-IR spectroscopy.

The question that then follows is: is that all we can do with spoof plasmons? Sensing

can be divided into two broad categories that are epitomised by two questions.

1. How much is there? This is the question asked when an unknown analyte is

compared to a known reference. A change in sensor response can be attributed

to a known change in system conditions via techniques such as surface func-

tionalisation or a prior knowledge of the substances present.

2. What is present? In this case, the substances present are unknown. Hence

information from a broad range of frequencies are often needed to identify the

analytes present.

The first question is usually answered using resonant methods since a change in the

resonant response, such as a dip in reflectivity, can be attributed to a known change
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in the system, say a change in concentration of an analyte. The work presented in

Chapters 3 and 4 belong to this first category.

However the information present in the spoof plasmons is much richer than that. The

dispersion relation of a spoof plasmon exists for a broad range of frequencies, not just

at the resonant coupling point. If we can couple THz radiation to spoof plasmons

over a broad range of frequencies, instead of just one, we can access broadband

information about the analytes. This would serve to answer the second question

and make SPSs a truly versatile platform on which to conduct THz sensing.
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chapter 5

BROADBAND SENSING WITH SPOOF PLASMON SURFACES

5.1 introduction

In this chapter, we seek to answer the question of “what is present?” when it comes

to sensing problems (see Section 4.6). To know what analytes are present in a

system, however, presupposes the ability to characterise the substance over a broad

range of frequencies (or at least a large number of discrete frequency points). Only

then can a fingerprint of the substance be obtained. Such fingerprinting, in general,

cannot be achieved using the methods proposed in the previous chapters by virtue

of the narrowband resonant nature of the sensing mechanism.

Building upon the work presented in Chapter 4 and motivated by the desire to

maximise the versatility of spoof plasmons for sensing applications, work was carried

out on extracting broadband propagation data from spoof plasmons. Using the

scattering edge coupling method [123,172] and short-time Fourier transform (STFT)

(see Section 2.6.4), broadband data (0.4 THz to 1.44 THz) was extracted from an

SPS consisting of a linear array of subwavelength grooves similar to that of Chapter 4

in a single measurement. Refractive index sensing was then demonstrated for various

fluids by monitoring changes in the dispersion as well as attenuation of the spoof

plasmons, thus giving access to the real and imaginary parts of the refractive indices

of the fluids. This points to the potential for SPSs to fully characterise analytes. At

the end of this chapter, a form of THz surface enhanced absorption spectroscopy,

using α-lactose monohydrate powder as the analyte, is shown as a proof-of-principle

demonstration of broadband SPS sensors.
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5.2 sps description & bandstructure calculation

The SPS used in this chapter is similar to that of Chapter 4, with the following

geometrical parameters: P = 60 µm, wt = 37 µm, wb = 25 µm and h = 31 µm

(see Fig. 5.1(a)). The fabrication of the SPS was again undertaken by Dr Jianfeng

Wu (National University of Singapore) using the method described in Section 4.3.

Figure 5.1(b) shows an optical image of the fabricated SPS.

Figure 5.1: (a) Schematic diagram of SPS with P = 60 µm, h = 31 µm, wt = 37 µm
and wb = 25 µm. The thickness of gold is 600 nm. (b) Optical microscope image of SPS
fabricated by photolithography. (c) Calculated bandstructure of SPS. The width of the
spoof plasmon mode at the Brillouin Zone edge, ∆fSPS gives an estimate of the lifetime
of the spoof plasmon, 1/∆fSPS ≈ 20 ps.

The SPS was designed to operate between 0.2 THz and 2 THz as can be seen by

the SPS bandstructure in Fig. 5.1(c). The bandstructure was calculated using the

commercial software Lumerical FDTD Solutions and a 2D PEC groove with the

same dimensions as our SPS as well as Floquet periodic boundary conditions as the

unit cell. Spoof plasmons are excited on the SPS via TM polarised dipole sources

placed in the near field of the groove emitting THz radiation between 0.1 THz and
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2 THz. Time-domain data, collected using point field monitors located in the near

field of the grooves, is then apodized with a Gaussian time window such that the

start of the signal, which is due to light not coupled into spoof plasmons, is removed.

The remaining time-domain signal is then due to long-lived eigenmodes (i.e. spoof

plasmons) and is Fourier transformed to give the frequency of the eigenmodes for

a given phase difference between the Flouquet periodic boundaries. As the phase

difference is varied from 0 to π/P (the first Brillouin zone boundary), the frequency

of the eigenmodes can be found to give the bandstructure in Fig. 5.1(c).

From Fig. 5.1(c), we can see that the spoof plasmon dispersion deviates strongly

from the light line and saturates at fSPS = 1.54 THz, which represents the cutoff

frequency of the SPS. Also, the width of the calculated spoof plasmon dispersion

at the Brillouin zone edge ∆fSPS, gives us an estimated spoof plasmon lifetime of

1/∆fSPS ∼ 20 ps. At lower frequencies, the spoof plasmon dispersion is close to the

light line, indicating that the spoof plasmons are ill-confined and propagate close to

c0. Another important point, as shall be seen later, is that within our frequency of

interest (up to 2 THz), there is only one bound mode supported by our SPS.

5.3 scattering edge coupling to spoof plasmons

The scattering edge coupling method is used here to couple THz radiation into spoof

plasmons. THz radiation from a THz-TDS is scattered off a sharp razor blade edge

and coupled into a spoof plasmon as shown in Fig. 5.2(a). After propagating for a

distance D, the spoof plasmon is scattered off a second razor blade into free space ra-

diation which is then collected by a detector. An image of the actual scattering edge

coupling setup is shown in Fig. A.6(b). This method of coupling is fundamentally

different from the Otto prism configuration utilised in Chapter 4 as we are looking

at the light that is being coupled into the system by the incident THz radiation and

having propagated as spoof plasmons, instead of what is the frequency and amount

of light being taken out as is the case for the Otto prism. One more thing to note
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is that since the characterisation of the SPS is carried out in the time-domain (i.e.

the excitation light is a short electromagnetic pulse), the spoof plasmon is in fact

also a pulse in time which we shall call a spoof plasmon pulse here for convenience

(see Fig. 5.2(b), blue line).

Figure 5.2: (a) Diagram of the scattering edge coupling configuration. (b) Scattering edge
coupled time-domain signal of an Au film (red line) and SPS (blue line) with D = 8 mm.
The time-domain signals are vertically displaced from each other to facilitate easy reading.
(c) Filtered spectrogram of SPS with D = 8 mm. The time-frequency filters demarcated
by the white-dashed lines are applied by setting the enclosed region to zero in order to
filter out any signal that is not from the spoof plasmons and improve the visibility of the
actual spoof plasmon time-frequency curve.

Figure 5.2(b) shows the time-domain signal collected by the THz-TDS when a thick

gold film (approximately 200 nm) and the SPS is placed in the scattering edge
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coupling setup. Both time-domain signals were normalised to their respective peak

values. Note that the time-domain signals are vertically displaced from each other

for clarity of presentation. As can be seen, in the case of the gold film, given by the

red line in Fig. 5.2(b), a very short pulse is detected as a result of only unconfined

and dispersionless Sommerfeld-Zenneck waves propagating on unstructured metallic

surfaces at low frequencies [122], as previously mentioned. In contrast, the signal

collected from the SPS is very dispersed, indicating that the frequency components

of the spoof plasmon pulse propagate at very different velocities. In our experiments,

we have ensured that the separation between the razor blades D, is greater or equal

to 8 mm (i.e. at least 130 groove periods), to allow the frequency components of the

spoof plasmon pulse to be sufficiently separated by the time they reach the second

razor blade. The gaps between the razor blades and the SPS (flat gold film) were

60 µm (250 µm). THz radiation was incident on the razor blade edges at an angle

of 30◦ from the surface of the SPS. The THz-TDS frequency resolution was set to

be approximately 16 GHz.

STFT was then applied to the spoof plasmon pulse to analyse the frequency con-

tent of the pulse at each time point (see Section 2.6.4). The results of the STFT

constitutes a time-frequency plane called a spectrogram S̄ which is given by

S̄ = |S(τ,ω)|2, (5.1)

where S(τ,ω) is the STFT of the spoof plasmon pulse signal at time τ (see Eq. (2.57)).

However, as the THz radiation from the THz-TDS has an inherent spectral power

distribution (see Fig. A.5(b)), it will not be immediately apparent from S̄ what is

the dominant frequency component of the spoof plasmon pulse at each τ . Thus S̄

is normalised to its maximum magnitude at each frequency ωi to give

S̄norm =
|S(τ,ωi)|2

max(|S(τ,ωi)|2)
, (5.2)

where S̄norm is the normalised spectrogram. In this way, the dominant frequency

component of the spoof plasmon pulse at time τ can be easily picked out.
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Fig. 5.2(c) shows the normalised spectrogram of the SPS for D = 8 mm obtained

using a 20 ps Blackmann-Harris 4-term window advanced along the raw time-domain

signal in 0.6 ps steps. The length of the window was decided by looking at the

lifetime of the spoof plasmon mode at the Brillouin zone edge (see Fig. 5.1(c)).

The first feature to note is the main curve in the center of S̄norm extending from

approximately 68 ps to 120 ps in time and 0.2 THz to approximately 1.5 THz in

frequency. This gives the times τ , and the respective frequencies ω, at which most

of the electromagnetic energy carried by the spoof plasmons arrive at the detector.

Additionally, the amplitude of the spoof plasmon signal A(ω, τ), obtained from the

unnormalised spectrogram S̄, can be used to calculate the attenuation experienced

by the spoof plasmon as it propagates on the SPS, as shall be seen later.

It is clear from Fig. 5.2(c) that the frequency components of the spoof plasmon

pulse take different amounts of time to traverse the 8 mm separation between the

razor blades. For example, the 0.5 THz frequency component arrives at 68 ps while

that of 1.4 THz arrives 32 ps later. From the time difference, we can infer the

group velocities of the various frequency components of the spoof plasmon pulse

and calculate the dispersion relation as described in the next section. One thing to

note is that the time coordinates of the spoof plasmon curve in S̄norm is relative to

the start point from which the time-domain data is collected and does not represent

the actual time taken for the spoof plasmon to propagate D. It is the difference

in time taken that is important here as it tells us the difference in group velocities

between the frequency components of the spoof plasmon pulse.

Another thing to point out here is that time-frequency filtering, setting the am-

plitude of the spectrogram to zero within specific time-frequency windows, is em-

ployed to improve the visibility for the spoof plasmon curve. For example, the

time-frequency filters are demarcated by white-dashed lines in Fig. 5.2(c). This

is required due to contributions to the raw time-domain data from light that is
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not coupled into spoof plasmons (see Fig. 5.3(a), in the region f ≥ 1.41 THz and

t ≤ 84 ps) as well as secondary reflections that occur between the razor blades

(see Fig. 5.3(a), in the region f ≤ 0.6 THz and t ≥ 115 ps). By filtering out the

extraneous data we can then clearly pick out the peaks due to the spoof plasmons

propagating on the SPS. This is especially obvious when comparing Fig. 5.3(a) and

(b) in the region of f ≥ 1.41 THz and t ≤ 84 ps. As can be seen, the time-frequency

filter enables us to see the spoof plasmon curve at higher frequencies (∼ 1.5 THz)

and later times (∼ 110 ps) more clearly. A closer look at Fig. 5.3(a), which shows

the spectrogram for D = 8 mm, also reveals that there is an approximately 53 ps

time difference between the onset of the spoof plasmon curve and the secondary

reflections (f ≤ 0.6 THz and t ≥ 115 ps). This is the time it takes for low frequency

spoof plasmons to make a round trip between the razor blades at speeds close to

c0 (recall that low frequency spoof plasmons are ill-confined and propagate close to

speed of light).

Figure 5.4 shows the normalised spectrograms with D = 8, 10 and 12 mm, with

the appropriate time-frequency filters applied. They show how the spoof plasmon

time-frequency curve shifts to later times as the distance between the razor blades is

increased. Notably, the onset of the spoof plasmon curve is delayed by approximately

6.7 ps with every 2 mm increase in D as expected for low frequency spoof plasmon

propagating close to speed of light. Thus from Figs. 5.3 and 5.4, we can see that

the spectrogram is capable of accurately reproducing features that are expected of

the SPS and the scattering edge coupling method.

The efficiency of the scattering edge coupling scheme is undeniably low since much of

the light from the THz-TDS is blocked by the razor blades. Also, as noted by Saxler

et al. [172], it is hard, if not impossible, to know a priori the actual efficiency of the

coupling of the THz radiation to spoof plasmons since it depends on the frequency

as well as the size of the coupling gap. Nevertheless, it is shown here that broadband
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Figure 5.3: The effects of time-frequency filtering is illustrated here. Both spectrograms
are for the D = 8 mm case. As can be seen, the time difference between the onset of
the spoof plasmon curve and the secondary reflections is approximately 53 ps which is the
time it takes for the low frequency spoof plasmons to make a round trip between the razor
blades at speed of c0. Time-frequency filters were applied in the region of f ≤ 0.6 THz
and t ≥ 115 ps to filter out the secondary reflections. The peaks at the bottom right
corner are due to light not coupled into spoof plasmons near the SPS cutoff frequency,
fSPS . Time-frequency filters were applied in the region of f ≥ 1.41 THz and t ≤ 84 ps to
filter out the light not coupled to spoof plasmons near fSPS .

information can indeed be obtained and the issue of efficiency can be circumvented

by comparing relative changes in spoof plasmon characteristics instead of absolute

values. Moreover, the scattering edge coupling scheme is chosen as it allows for

the use of a sample with different geometrical parameters without the need for any

change to the coupling scheme itself. It is noted, however, that coupling efficiencies

could be drastically improved by adopting a microwave engineering approach where

the impedance of the SPS is matched to that of an excitation transmission line and

would be an important improvement in the future development of practical spoof

plasmon sensors [134,135]. Unfortunately, this is out of the scope of this thesis and

can only be developed in future work.

It will also not escape notice that the spoof plasmon curves in the spectrograms

shown in Fig. 5.4 all have a time width of ∆t, which is the FWHM of the window
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Figure 5.4: Spectrograms of the SPS with (a) D = 8 mm, (b) D = 10 mm and (c)
D = 12 mm.

function w(t), as well as a spectral width given by the bandwidth theorem to be

∼ 1/∆t, as a result of the application of the sliding time window. Fortunately, the

SPS used here only supports one mode as evidenced by the calculated bandstructure

in Fig. 5.1(c). If more than one bound mode were supported on the SPS, the time-

frequency width of the STFT would have imposed a finite resolution at which closely

spaced modes can be differentiated from each other.

5.4 extracting spoof plasmon dispersion relations

Each of the spectrograms shown in Section 5.3 was obtained in a single measurement

and yield information about the group velocities of the spoof plasmon over a broad

frequency range of 0.2 THz to almost 1.5 THz. This information can then be used

to extract the dispersion relation via the method outlined below.

Let us first consider two adjacent frequency components of the spoof plasmon pulse

fn−1 and fn where fn−1 < fn, as shown in Fig. 5.5. fn−1 and fn propagates on the

SPS with group velocities vn−1 and vn, respectively, from point A to point B. The

separation between A and B is the distance D.

The times taken by the frequency components fn−1 and fn to traverse D are τn−1 =

D/vn−1 and τn = D/vn, respectively. This means that the difference in time taken
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Figure 5.5: Schematic description of dispersion extraction. Here we consider two adjacent
spoof plasmon frequency components with frequencies fn−1 and fn travelling with group
velocities vn−1 and vn, respectively, on the SPS.

is given by

∆τn,n−1 = τn − τn−1

=
D(vn−1 − vn)

vn−1vn
, (5.3)

where it is assumed that vn−1 ≥ vn, which is valid given that the lower frequency

components propagate faster for our SPS.

After a slight re-arrangement of the terms, we arrive at

vn =
vn−1D

∆τn,n−1vn−1 +D
, (5.4)

where we have expressed the group velocity of the higher frequency component fn

in terms of that of the lower frequency fn−1.

We can then equate Eq. (5.4) to the definition of group velocity

vn =
∂ωn

∂k′ n
//

≈ lim
∆k′ n

// →0

∆ωn

∆k′ n
//

, (5.5)

where ωn = 2πfn and k′ n
// is the real part of the wavevector parallel to the SPS

(or the propagation constant) of the spoof plasmon of fn. ∆k′ n
// is thus defined as

k′ n
// −k′ n−1

// . Note that since we will be dealing with losses explicitly later on in this
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chapter, the complex wavevector of the spoof plasmon parallel to the SPS is defined

to be k// = k′
// + iᾱF/2 where ᾱF is the power attenuation coefficient of the spoof

plasmons.

Equation (5.5) results in

∆k′ n
// = ∆ωn

(
∆τn,n−1vn−1 +D

vn−1D

)
, (5.6)

for n = 1, 2, 3..., where ∆ωn = ωn − ωn−1.

The actual propagation constant of the spoof plasmon spectral component fn is then

given by Equation 5.7

k′ n
// = k′ n−1

// +∆k′ n
// , (5.7)

where k′ n−1
// is the propagation constant of the previous frequency component, fn−1.

The lowest frequency maxima at each time point of a spectrogram such as Fig. 5.2(c)

can then be picked out, giving a series of time-frequency coordinates (τi, fi) that can

be inputted into the above method to solve for the dispersion relation iteratively.

The lowest frequency peak at each time point is related to the spoof plasmon because,

as we saw in Fig. 5.1(c), only one bound mode is supported in our frequency range

of interest. If more than one bound mode exists, the procedure of picking out the

modes belonging to the spoof plasmons would be more complicated. At this point,

we are still missing a crucial ingredient: the starting point k′ 0
// and v0 for f0.

The starting point is decided by looking at a sufficiently low frequency component

f0, such that the group velocity is linear in the vicinity of f0 (see bandstructure in

Fig. 4.3(c)). The propagation constant is thus simply given by k′ 0
// = ω0/v0, where

v0 is the initial group velocity of f0.

The initial group velocity v0 is then calculated by comparing the time τ0, taken by

a low frequency spoof plasmon with f0 to travel the distance D on the SPS, to the

same time taken on a flat metal surface τPEC . The group velocity v0, is then given
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by

v0 = c0 −
D(τ0 − τPEC)

τ0τPEC
, (5.8)

where c0 is the speed of light in vacuum and τ0 is simply the time coordinate of f0

obtained from the spectrogram. The v0 values calculated using Eq. (5.8) as well as

by looking at the time taken by a low frequency spoof plasmon to travel a given

distance in Fig. 5.4 both give v0 = 2.95×108 ms−1 thus showing that Eq. (5.8) gives

an accurate value for the initial group velocity.

The blue crosses in Fig. 5.6 shows the spoof plasmon dispersion extracted via the

above-mentioned procedure and is in excellent agreement with the calculated dis-

persion (red-solid line, extracted from the peaks of Fig. 5.1(c)). As can be seen, the

extracted dispersion gives information about the spoof plasmon characteristics from

0.4 THz to 1.44 THz. The dispersion relation could not be extracted all the way to

the Brillouin zone edge (k′
// = π/P = 5.24 × 104 m−1) because as the theoretical

SPS cutoff frequency fSPS = 1.54 THz is approached, the signal-to-noise ratio dete-

riorates rapidly due to a lower coupling efficiency from free space radiation to spoof

plasmons.

Using Eq. (2.50), we find that the spoof plasmon can be confined to a region as

small as 43 µm normal to the SPS, representing a field confinement of the order

of λ0/5. This implies that light-matter interactions are drastically enhanced in the

vicinity of the SPS surface. Meanwhile, at low frequencies, such as 0.5 THz, it can

be seen that the dispersion is very close to the light line (Fig. 5.6, black-dashed line),

indicating poorly confined fields. Of course, this is entirely down to the design of the

SPS corrugations. One of the main advantage of using the spoof plasmon approach

is that the optical response can be tuned via a change of corrugation design or

geometrical parameters. One can imagine a SPS with novel properties such as to

have high field confinement in more than one frequency regime as demonstrated by

Williams et al. by using annular holes as the unit cell [128] or design an SPS with
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Figure 5.6: Simulated (red solid line) and experimentally extracted (blue crosses) SPS
dispersion relation. The light line is given by the black-dashed line.

a spoof plasmon relation that deviates from strongly the light line over a narrower

band of frequencies by using grooves with less slanted walls (see Fig. 4.4).

5.5 broadband refractive index sensing

So far, we have established that the scattering edge coupling method, together

with STFT analysis, allows us to extract broadband information about the spoof

plasmons. In this section, the enhanced light-matter interaction, expected to occur

in the vicinity of the SPS, will be utilised to conduct broadband refractive index

sensing. The SPS grooves are filled with various fluids, namely air (n = 1, control),

diesel (n ∼ 1.45), liquid paraffin (n ∼ 1.47), olive oil (n ∼ 1.51) and glycerin (n ∼

1.85), and changes in the spoof plasmon dispersion relation as well as attenuation

are monitored. This gives information on both the real and imaginary parts of the

refractive indices of the fluids and points to the SPS’s potential to fully characterise

fluids. It is noted here that the fluids used have a smoothly varying refractive index

profile without any sharp spectral features (see Fig. 5.7).
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Figure 5.7: The real (a) and imaginary (b) parts of the refractive indices of diesel (blue),
liquid paraffin (red), olive oil (green) and glycerin (magenta) are shown here from 0.4 THz
to 0.9 THz.

The SPS grooves are filled by first covering the entire SPS with the above fluids.

Any excess fluid is then gently removed using a thin plastic sheet. Care is taken

to remove any fluid on the SPS that is not in the groove. The SPS is rinsed with

toluene and distilled water, and a reference measurement is taken between each fluid

measurement to ensure that the SPS is clean and there is no change in the optical

properties of the SPS.

Figure 5.8(a) shows how the spoof plasmon dispersion relation is red-shifted as

the real part of the refractive index of the fluids filling the grooves is increased.

For example, at k///k0 = 1.25, the spoof plasmon frequencies for air, diesel, liq-

uid paraffin, olive oil and glycerin are 1.4 THz, 1.19 THz, 1.16 THz, 1.14 THz and

0.99 THz, respectively. This is attributed to an increase in the effective refractive

index of the SPS due to the presence of the fluids. The dispersion relation of the

spoof plasmons when the SPS grooves are filled with various fluids, simulated with

measured bulk fluid dielectric constants, are shown in Fig. 5.8(b). The experiments

are in good agreement with the simulation results. The fluid refractive indices
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used in the simulations are extracted from transmission THz-TDS measurements

via the method described by Duvillaret et al [155] using a Matlab code written by

Dr. Stephen Hanham. The x-axes in Fig. 5.8 are normalised to k0, meaning that

the light line now corresponds to a vertical line at k′
///k0 = 1. The reason behind

this normalisation is because the real part of the refractive indices of diesel, liquid

paraffin and olive oil are very similar and the dispersion relations would overlap

if plotted in the conventional units of m−1. Thus the normalisation to k0 acts to

accentuate the differences between the dispersion curves and facilitate comparison

between simulation and experiment.
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Figure 5.8: Dispersion of the SPS obtained from (a) experiments and (b) simulations
when its grooves are filled with various fluids. The x-axis is normalised to the free-space
wavevector k0, to facilitate comparison of experimental and simulation results.

Similar to Fig. 5.6, the dispersion relations could not be extracted all the way to

the Brillouin zone edge due to a deterioration in signal-to-noise ratios as the fSPS

for the individual fluids are approached in each case. This problem is aggravated

when we recall that the fluids are not lossless and the absorption of electromagnetic

energy by the fluids will result in further degradation of the signal strength.

While changes in the broadband dispersion allows us to detect changes in the re-
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fractive index of the fluid filling the grooves, we would ideally like to be able to

fully characterise the dielectric properties of the analytes in the grooves by access-

ing information about the imaginary part of the refractive indices or losses. This

can be obtained by comparing the amplitude of the spoof plasmon arriving at the

second razor blade over two separate D values, namely D = 8 mm and D = 12 mm.

Straightforwardly, the power attenuation coefficient of the spoof plasmons can be

written as

αSPS
F = − 1

∆D
ln

(
|A(ω)D=12 mm|2

|A(ω)D=8 mm|2

)
, (5.9)

where the subscript F denotes the fluid in the groove, ∆D is the difference in the two

D values (4 mm in this case) and A(ω) is the amplitude of the spoof plasmon peak

in the unnormalised spectrogram S̄, at ω. αSPS
F represents the attenuation of the

spoof plasmon caused by the fluids and the SPS itself. Losses from the SPS (i.e. the

intrinsic SPS attenuation) are caused predominantly by increased scattering from

spoof plasmons to free space radiation due to surface imperfections as well as ohmic

losses. A further discussion on the intrinsic SPS loss will be presented later in this

section.

In order to isolate the influence of fluid absorption on the spoof plasmon, the intrinsic

SPS attenuation with air filling the grooves αSPS
Air , is subtracted from the attenuation

coefficients of the other fluids to give the propagation loss due to the fluids

ᾱF = αSPS
F − αSPS

Air , (5.10)

where the subscript F now represents the fluids with the exception of air. This

experimentally accessible magnitude gives us a quantitative measure of the absorp-

tive character of the target fluids. The spoof plasmon attenuation with air as the

dielectric, αSPS
Air , is around 0.5 cm−1 from 0.4 THz to 0.9 THz.

Figure 5.9(a) shows ᾱF plotted over a frequency range of 0.4 THz to 0.9 THz.

Comparing Fig. 5.9(a) to the imaginary parts of the refractive indices of the fluids,

n′′ shown in Fig. 5.7(b), we can see that ᾱF follows a similar trend to the actual
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Figure 5.9: Attenuation coefficients of the spoof plasmon due to fluids obtained from (a)
experiment, ᾱF and (b) simulation, ᾱCalc

F .

fluid parameters, with glycerin having the highest loss, followed by olive oil, diesel

and liquid paraffin. At 0.4 THz, when the fields are poorly confined, it can be seen

that ᾱF of the various fluids are very close to each other since the fields will not be

sensitive to perturbations in refractive index of the SPS groove. On the other end of

the spectrum at 0.9 THz, however, a marked difference is observed in ᾱF values due

to the stronger field confinement at higher frequencies. Most notably, even in the

cases of liquid paraffin and diesel, which have very close n′′ values (see Fig. 5.7(b)),

there is an apparent difference in ᾱF .

Moreover, if we look back to Fig. 5.8, we can see that the dispersion relations of

diesel, liquid paraffin and olive are actually very similar to each other. However,

when we look at the losses they induce on the spoof plasmons, we can easily tell

the difference between the three fluids. The ability to obtain loss information thus

provides us with an additional avenue via which analytes can be studied and differ-

entiated from one another.

To show that the experimental results are in line with theoretical predictions, a spoof

plasmon pulse is simulated on a 2D version of our SPS via a TM polarised dipole
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source with a frequency range of 0.1 THz to 2 THz in Lumerical FDTD Solutions.

Time-domain data is collected in the simulation via two point monitors at a distance

of 8 mm and 12 mm from the dipole source and processed in the same way as the

experimental data for the various fluids. Again, the fluid refractive indices used

were the ones experimentally obtained as shown in Fig. 5.7. Figure 5.9(b) shows

the calculated power attenuation coefficient of the spoof plasmons ᾱCalc
F . As can be

seen, the simulated spectra corroborates the experimental results, with higher field

confinements (at higher frequencies) leading to greater sensitivity to the fluids.

At this point, a comment on the procedure of subtracting αSPS
Air from the fluid

attenuation is pertinent. It is noted that the intrinsic SPS attenuation is not in

general constant and metallic losses increase as the confinement of the spoof plasmon

increases [134]. This is because as the field confinement increases the current density

within the metal necessarily increases; hence there will be greater metallic losses in

the case where there is high field confinement, even though metallic losses at low

frequencies are often considered negligible due to a diminishing skin depth. However,

it is found from complex eigenfrequency calculations that increases in intrinsic SPS

losses as the SPS grooves are filled with lossless dielectrics with n = 1 to 2 are

small compared to ᾱF within the frequency range considered here. For example,

even in the case of glycerin with n ∼ 1.8 (which has the highest refractive index

and the strongest spoof plasmon confinement among the results presented here) the

increase in metallic losses contributes to less than 5% of the extracted spoof plasmon

attenuation at 0.9 THz (the maximum frequency considered). Note that this is the

most extreme case considered in our experiments. For the other fluids this increase

in intrinsic loss even less. Not to mention, at lower frequencies where there is less

field confinement, this increase in intrinsic loss would also be smaller. This is why

ᾱF is attributed mainly to fluid loess. Nevertheless, it must be borne in mind that

metallic losses can become a non-negligible factor in special scenarios such as when

there is very high field confinement or when the fluid has a very high real part of
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the refractive index and very low loss.

The comparison of ᾱF across all the fluids is done from 0.4 THz to 0.9 THz because

the SPS response of glycerin cuts off at approximately 1 THz as shown in Fig. 5.8(a)

and the data becomes very noisy near fSPS. However it is noted that broadband

data (a bandwidth of 0.5 THz) is obtained here using only two measurements per

fluids. This not only minimises sample handling processes but is also advantageous

when compared to resonant sensing methods when it comes to identifying substances

via spectroscopic features. Additionally, the interaction volume of the fluid and the

spoof plasmon is estimated to be of the order of microlitres. For example, in the

case of D = 8 mm, there are 133 grooves between the razor blades, corresponding

to an interaction volume of just 600 nL given that the THz beam diameter is ap-

proximately 5 mm. This is far lower than the volume required for traditional THz

spectroscopy methods (such as transmission spectroscopy used to extract the bulk

dielectric constants in Fig. 5.7) which is of the order of millilitres. The mentioned

interaction volume is by no means the best. It can surely be reduced by tailoring

the SPS to specific sensing applications. One can also see how the SPS can be in-

tegrated with microfluidics to perform high sensitivity broadband refractive index

sensing in a lab-on-chip type of environment; where the analytes can be delivered

to the SPS via microfluidic channels for non-destructive THz characterisation then

sent for further analyses by other methods.

Though out of the scope of this thesis, it is conceivable to use the SPS data obtained

to retrieve the broadband refractive index of the fluids using the coupled mode

method [143] since the dispersion and attenuation coefficients are related to the

complex refractive indices of the fluids filling the grooves. However, such parameter

retrieval is non-trivial since the SPS parameters are not simply related to the real

or imaginary parts of the refractive index and the electromagnetic field modes are

not easily defined for our SPS grooves which have slanted walls. For instance, the
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propagation constant generally depends on both the real and imaginary parts of

the refractive index of the fluid, and to understand how the fields interact with

the sensed samples we would need to be able to consider all the electromagnetic

modes existing in the metallic corrugations. The calculations very quickly become

involved as more diffraction orders and waveguide modes need to be taken into

account (see Section 2.5). A more practical approach might be to use simulation

methods to pre-calculate the k// for a range of complex refractive index values. In

this way, experimentally obtained k// can then be conveniently related back to a

given refractive index within the pre-calculated set.

5.6 thz surface-enhanced absorption spectroscopy

The ability to extract broadband data also means that sharp spectral features in

a material’s dielectric properties can be identified. As a final demonstration of

broadband spoof plasmon sensing, THz surface-enhanced absorption spectroscopy

via spoof plasmons is presented in this section. Here, the enhanced field confinement

on the SPS is used to identify substances with spectral features such as absorption

peaks. In this way, we can truly answer the question of “what is present?”, since a

spectral fingerprint will allow us to uniquely identify a substance.

In particular, α-lactose monohydrate with absorption peaks at 0.53 THz and 1.37

THz, as shown in Fig. 5.10, was used as the analyte because its absorption peaks lie

nicely within the operating frequency range of our SPS. The absorption spectrum

of α-lactose monohydrate was obtained via THz transmission measurements of the

lactose powder loosely packed in a 1 mm thick sample cell. The positions of the

absorption peaks matches exactly those reported in previous literature [22, 173].

Note that the y-axis is quoted in arbitrary units as the absolute magnitude of the

peaks depends strongly on factors such as how tightly the powder is packed and the

thickness of the sample cell.
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Figure 5.10: Absorption spectrum of α-lactose monohydrate.

A thin layer of α-lactose monohydrate powder is deposited on the SPS by uniformly

dispersing the powder via compressed air in a chamber and allowing it to settle on

the SPS over 5 mins. The surface mass density of the lactose powder was estimated

to be (300± 5%) ng/mm2 by weighing the sample before and after the deposition.

For this set of measurements, D was kept constant at 10 mm and care was taken to

make sure that any secondary reflections between the razor blades were not recorded

in the raw time-domain signal. The Fourier transform spectrum of the SPS time-

domain signal with the lactose powder was normalised to that without the lactose

powder to give the power transmission across the SPS over a distance of 10 mm,

T SPS. An extinction coefficient Γ, is then defined as

Γ = − ln(T SPS)/D, (5.11)

where Γ tells us how much energy from the spoof plasmons is lost due to the presence

of the lactose powder on the SPS.

The reason why a simple Fourier transform was used instead of the STFT is because
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STFT tends to smear out sharp changes in the amplitude due to the application

of the time window w(t). Moreover, while it is easy to pick out the peaks in the

spectrogram (see Section 5.4), it is not a simple task in picking out dips in ampli-

tude resulting from increased absorption of spoof plasmon energy due to analyte

absorption peaks. An examination of the unfiltered normalised spectrogram of lac-

tose powder deposited on the SPS, shown in Fig. 5.11 will show that most of the

energy around 1.37 THz (demarcated by the white-dashed line) is coupled into spoof

plasmons. Thus any spectral features observed in the Fourier transform can only be

attributed to the spoof plasmons.
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Figure 5.11: Normalised spectrogram of α-lactose monohydrate powder on the SPS. The
white-dashed line demarcates 1.37 THz where α-lactose monohydrate has an absorption
peak.

The blue-solid line in Fig. 5.12 shows the Γ spectrum of the case of α-lactose mono-

hydrate deposited on SPS. The black-dashed line shows the absorption peak of the

lactose powder at 1.37 THz. As can be seen, there is a sharp peak in Γ at 1.36 THz

which is attributed to an increase in the absorption of spoof plasmon due to the pres-

ence of the lactose powder, given the 16 GHz frequency resolution of the THz-TDS.

A higher spectral resolution would of course be preferable, however, we are limited
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by the length of the time pulse that could be recorded (recall from Section 2.6.3 that

the frequency resolution is given by 1/2NT ). A measurement method with higher

spectral resolution such as frequency-domain THz spectrometry [44, 45] could also

be used to improve upon this. The lower frequency absorption peak of the α-lactose

monohydrate powder was not observed due to the lack of field confinement at the

lower frequency regimes for the SPS used here.
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Figure 5.12: Γ spectra for α-lactose monohydrate deposited on SPS (blue-solid line) and
Au film (green-dashed line), and polyethylene powder deposited on SPS (red-solid line).

To further justify the claim that the observed peak in Γ is indeed due to an enhanced

interaction between the lactose powder and the tightly confined fields, two other

cases are explored. First, α-lactose monohydrate powder was deposited on a flat

gold film to see what happens when the fields are no longer tightly confined. Second,

polyethylene powder was deposited on the SPS to see the effect on Γ if the analyte

had no absorption peak. In both cases, similar surface mass densities of lactose and

polyethylene powders were deposited to ensure that comparisons were reliable.

The Γ spectrum for the α-lactose deposited on a flat gold film case is featureless

as shown by the red line in Fig. 5.12. This is because the fields on the gold film
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are very poorly confined as only Sommerfeld-Zenneck waves propagate on it (see

Section 2.4). Thus the fields interact only very weakly with the lactose. For the

case where polyethylene powder was deposited on the SPS (Fig. 5.12, green-dashed

line) it can also be seen that the Γ spectrum is featureless despite the confined fields

of the spoof plasmons as the analyte present now has no absorption peaks.

Another thing to note is that the baseline value for Γ is higher in both of the SPS

cases (Γ ∼ 0.5 − 1 cm−1) as compared to the flat gold film case (Γ ∼ 0.2 cm−1).

This is because the tightly confined fields on the SPS are more sensitive to surface

perturbations than those on the gold film. The powder particles can act as scatters

which out-couple spoof plasmons to free space radiation resulting in a larger baseline

extinction coefficient. Additionally, the Γ spectra is noisier for the SPS cases because

of a lower signal-to-noise ratio compared to the gold film.

Nonetheless, by comparing the three cases and taking into account the observation

of the Γ peak only in the case of lactose deposited on the SPS, it can be concluded

that the Γ peak is indeed due to an increased interaction between the lactose and

the spoof plasmon fields. More importantly, it shows that the spoof plasmon sensing

method proposed here is capable of detecting spectral signatures that lie within its

operating frequency range where there is strong field confinement, enabling us to

take a more spectroscopic approach to THz sensing.

5.7 spoof plasmon sensing: are we there yet?

In this chapter, spoof plasmon sensing is expanded from the narrowband operation

presented in Chapter 4 to broadband sensing. It is shown that the scattering edge

coupling method, together with STFT analysis, is capable of yielding broadband

information, allowing for the extraction of spoof plasmon dispersion from 0.4 THz

to 1.44 THz in a single measurement. Broadband refractive index sensing is then

shown via monitoring changes in the dispersion relations and attenuation coeffi-
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cients of the spoof plasmons. The attenuation coefficients can be obtained with a

minimum of two measurements and gives access to information about fluid losses.

This means that spoof plasmon sensors can potentially be used to fully characterise

substances. Most notably, the volume of the analytes needed is of the order of

microlitres, far less then traditionally required. Finally, it is shown that the SPS

is capable of detecting substances with spectral features such as absorption peaks,

thus opening spoof plasmon sensor up to applications in fingerprint identification of

unknown substances, much like how traditional transmission spectroscopy is used

in gas sensing [21].

The tightly confined fields of the spoof plasmons is shown to increase light matter

interactions thus helping to circumvent issues in THz sensing such as the lack of

source power and field confinement, as mentioned in Chapter 1. The potential of in-

tegrating spoof plasmon sensors with microfluidics and surface functionalisation also

means that such sensors can be placed in a lab-on-chip environment for multi-modal

sensing applications. Going back to the most charming aspect of metamaterials, the

ability to engineer the optical properties and the myriad of SPS geometries give

engineers enormous flexibility to design solutions to sensing problems over a wide

range of frequencies.

In this thesis, the potential for SPSs to conduct THz sensing was showcased by

subjecting an SPS of a generic design to a wide range of sensing parameters and

scenarios. However, there is no one-size fits all solution. Every sensor has to be

tailored to a specific application. Thus the performance results presented here are

by no means the pinnacle of SPS sensing. More work can be done to tailor each SPS

to a particular sensing purpose. The question that now remains is, “are we there

yet?”. What more can be done to push spoof plasmon sensing to actual real-world

applications? Unfortunately, this is not a question that will be answered in this

thesis. That being said, certain research directions that can be pursued to achieve

101



the practical spoof plasmon sensors will be outlined in the concluding chapter.
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chapter 6

CONCLUSIONS & FUTURE WORK

Right from the outset of this thesis, the aim of the work presented was to see how

far metamaterials, in particular spoof plasmons, can go in overcoming some of the

challenges in THz sensing research. It is hoped that by taking the first steps in

applying SPSs to actual sensing situations, the idea of spoof plasmon sensing could

begin to gain traction and help propel metamaterial-based sensors one step closer to

real-world applications where the benefits of THz characterisation can be brought

out fully.

The first project undertaken in this PhD used lattice resonances in diffractively

coupled metallic antennas as the sensing mechanism [151]. A sensing Figure-of-

Merit of 3.80, the highest for THz metamaterial sensing at the time of publication,

was achieved for the refractive index sensing of 50 µm thick fluid samples. More

importantly, the conclusions of this project highlighted certain key factors in THz

metamaterials sensing:

• Need for high field confinement.

• Simplicity of readout response.

• Potential for easy integration into lab-on-chip.

Recognising that SPSs can potentially address the above issues, ways in which spoof

plasmon sensing can be conducted were investigated in Chapters 4 and 5. Narrow-

band SPS sensing was first presented in Chapter 4 [167]. A Figure-of-Merit as high

as 49 was achieved using phase jumps as a readout response, meaning that small
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dielectric changes could be sensed using spoof plasmons. One can imagine how such

narrowband spoof plasmon sensing method can be used in industries such as oil and

gas where the fluids dealt with are generally low loss in the terahertz regime and

needs to be differentiated from other high loss materials such as water.

This is then followed up by broadband spoof plasmon sensing work in Chapter 5.

Broadband refractive index sensing, accessing information on both the real and

imaginary parts of the fluid refractive index, was demonstrated on microlitre volumes

of fluids. A proof-of-principle demonstration of THz surface-enhanced absorption

was also shown using α-lactose monohydrate powder deposited on the SPS. This

shows that SPSs can potentially be used in the fingerprinting of substances; thus

showing that spoof plasmons sensors are capable of addressing the main questions

posed in sensing problems of how much and what is present (see Section 4.6).

On the whole, the tightly confined fields on the SPS lead to sensitivity to dielectric

changes in its vicinity, allowing for sensing of small volumes of analytes while side-

stepping problems such as the lack of powerful sources. In particular, it is shown

that by using different coupling methods (Otto prism and scattering edge coupling),

the rich information contained in a spoof plasmon pulse can be exploited for a variety

of sensing applications.

Moreover, it is easy to see how SPSs can be coupled with microfluidics and surface

functionalization for multi-modal sensing in a lab-on-chip environment. The grooves

of the SPS could, for example, act as the microfluidic channels for sample delivery.

The gold surface could be functionalized for efficient capture of specific analytes to

increase the interactions between the spoof plasmon and the analyte. Lastly, it is

noted that the performance metric values reported in this thesis are by no means

the pinnacle of SPS performance. There is no one-size fits all solution to sensing;

every sensor needs to be tailored to specific sensing applications. By fine-tuning

the SPS parameters, coupling mechanism and operation frequency, much better
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sensing performance could be achieved. What is demonstrated in this thesis is the

possibility of using metamaterials creatively to address real-world sensing problems,

which is in no way remote considering the results presented here. Moving on from

this thesis, there are four areas of further development that would be interesting for

spoof plasmon sensing.

Firstly, work can be done to compare spoof plasmon sensing with traditional char-

acterisation methods such as THz absorption spectroscopy. Thus far, THz sens-

ing/spectroscopy experiments have been targeted at particular substances such as

lactose or water using conventional methods such as transmission spectroscopy.

Comparatively, work done on THz metamaterial sensing have been focussed on

detecting refractive index changes caused by using different materials to come into

contact with the metamaterial sensor. This is because THz metamaterial sensing

is only in the initial phases of development and experiments are conducted in a

very controlled manner where the figure-of-merit is determined in terms of refrac-

tive index change. If THz metamaterial sensing were to progress further towards

real-world applications, it would need to prove its worth against established meth-

ods under practical scenarios. A systematic study of the sensing performance of

THz metamaterial approaches needs to be conducted by using substances already

characterised by traditional THz spectroscopy to see which performs better. This

would be a first step towards establishing THz metamaterial sensing. For example,

in the field of gas sensing, one could perhaps ask what is the concentration of a par-

ticular gas, say dichloromethane, that metamaterial sensors can detect compared

to traditional gas sensors? The key here is to close the gap in knowledge on the

detection limits and sensitivity of metamaterial sensors in terms real-world units,

such as parts per million or percentage volume, instead of simple refractive index

change.

Another area in which additional research can be carried out is the efficient excita-
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tion of spoof plasmons. This is motivated by the work in Chapter 5 which revealed

that the scattering edge coupling method, while flexible, is quite inefficient and

results in much of the THz radiation being thrown away at the razor blades. Fig-

ure 6.1 presents two possible methods via which the spoof plasmon efficiency can

be improved. The concept shown in Fig. 6.1(a) is inspired by approaches taken in

microwave engineering [135]. It is essentially a tapered waveguide which provides

impedance matching from the source in free space to the SPS. A second method of

efficiently coupling to spoof plasmons would be to integrate a dipole source, such as

a photoconductive antenna, in the near field of the SPS, as shown in Fig. 6.1(b). In

this way, all the radiation from the source would be available to interact with the

SPS while at the same time the THz radiation would have the momentum character-

istics to couple into spoof plasmons since the photoconductive antenna is essentially

a point source.

THz
Source

Impedance Matching
Region

Top View of SPS
(a)

Figure 6.1: Alternative spoof plasmon excitation methods. (a) A tapered waveguide could
be use to provide better impedance matching between a THz source and the SPS. (b) A
THz dipole source, such as photoconductive antennas, could be incorporated into the THz
SPS sensor to better excite the spoof plasmons.

The third research direction would be to incorporate microfluidic channels onto the

SPS sensor as shown in Fig. 6.2. The grooves of the SPS could act as the microfluidic

channels for analyte delivery with reservoirs on either side of the SPS. Analytes such

as cancer cells or gases can then be flowed through the channels and detected using
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the tightly confined spoof plasmon fields. This would be a necessary development

when it comes to integrating SPS sensors on to lab-on-chip devices.
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Figure 6.2: Concept drawing of SPS sensor incorporated with microfluidic channels.

Lastly, novel methods of extracting data from spoof plasmons can be explored. One

particularly interesting idea is the spoof plasmon interferometer proposed by Xu and

Mazumder [174]. Figure 6.3 shows a schematic diagram of such an interferometer.

Spoof plasmons entering the interferometer will be split into two arms. One is the

reference arm (see Fig. 6.3, blue box), the other is the sample arm (see Fig. 6.3, red

box). The reference and sample analytes can be delivered via microfluidic channels

to the respective arms. Spoof plasmons, after propagating through both SPS arms

will interfere at the output end and detected. Such a measurement method will allow

for more flexibility in taking data as well as allow for different sample analytes to be

simultaneously compared to each other. One could even measure temporal changes

since the spoof plasmons will take different amounts of time to travel through the

reference and sample arms. Of course, this is only a suggestion of a new method

of measuring spoof plasmon sensing data, there is no doubt that many more ways

could be found via the creative use of metamaterials and spoof plasmon surfaces.

The above proposed directions of research will explore applications of spoof plasmon
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Figure 6.3: Schematic of SPS interferometer. The top arm indicated by the blue box is
the reference arm while the bottom arm indicated by the red box is the sample arm.

sensors in actual biochemical-analysis scenarios, establish whether spoof plasmons

can outperform established methodologies and find new ways of making even better

use of the information held by spoof plasmons.
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appendix a

THZ TIME-DOMAIN SPECTROSCOPY: A SHORT OVERVIEW

a.1 introduction

THz-TDS is the main method used for the optical characterisation of the metama-

terials described in this thesis. Quick acquisition of broadband data without the

need for cryogenic cooling and the ready availability of phase data as an additional

source of information as compared to frequency domain methods are but a few of its

advantages [3, 36, 40, 48]. THz-TDS allows for the calculation of material dielectric

constants without the need for Kramers-Kronig relations [16, 30, 155, 171, 175], the

probing of charge and solvation dynamics [36, 176] as well as the ability to con-

duct more advanced data post-processing such as short-time Fourier transforms (see

Chapter 5). Given the centrality of this measurement technique to this thesis, a

brief description of the working principles of THz-TDS will be given here in order to

facilitate the exposition of the work presented in this thesis. On top of that, details

of the quasi-optical and the commercial THz-TDS used for the work conducted in

this thesis will also be listed.

a.2 basic operating principles

THz-TDS works on a pump-probe principle where the electric field strength of a

picosecond (ps) light pulse is probed at various time points such that the electric

field magnitude and direction is recorded over the duration of the pulse to give a

complete time domain signal. Frequency domain spectra are then readily available

via discrete Fourier transforms. A schematic diagram of a typical THz TDS is

shown in Fig. A.1. The spectrometer is pumped by femtosecond (fs) laser pulse.
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Figure A.1: A schematic diagram of the THz Time-Domain Spectrometer (THz-TDS).

Upon entering the spectrometer, the input beam is split into two: one goes to the

emitter (M1 → M2 → Delay Line → M3 → M4 → Emitter) and the other goes to

the detector (M1 → M2 → P1 → M5 → M6 → M7 → Detector) (see Fig. A.1).

This beam splitting can be achieved via the use of two half wave plates (HWP1 and

HWP2 ) and a beam-splitting polarizer (P1 ).

Photoconductive antennas fabricated on low-temperature grown gallium arsenide

(LT-GaAs) are responsible for the emission and detection of THz light pulses in our

THz TDS. These antennae are simply metallic electrodes pointed towards each other

with a gap of a few tens of micrometers between them as shown in Fig. A.2. The

process of THz light pulse emission is shown in the left panel of Fig. A.3. Light from

the fs laser is focused to a point between the electrodes and creates charge carriers

in the LT-GaAs which are accelerated towards the metal electrodes via a voltage

bias. The accelerating charges emits THz radiation in the form of a picosecond
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(a) (b)

Figure A.2: (a) A close up 3D render of photoconductive antenna. (b) Photo of photo-
conductive antenna. Reprinted from [179].

pulse. The process of of THz radiation detection is the reversal of the emission

process (see right panel of Fig. A.3). Charge carriers, generated by the fs laser

pulse, are pushed towards the electrodes by incoming THz radiation resulting in a

current. The magnitude and direction of the current corresponds to the magnitude

and direction of the incident electric field. Since the excitation of charge carriers is

very abrupt and the carrier lifetimes are short, only the electric field at a particular

time point is probed with each fs laser pulse. By varying the relative path lengths of

the fs laser beam in the emitter and detector arm using an optical delay line (shown

in Fig. A.1), electric field data can be collected over the entire time duration of the

THz pulse giving a complete picture of the THz time domain signal. Hemispherical

high-resistivity silicon lenses are used to focus and direct the light from the emitter

to the detector. The other main method of THz pulse emission and detection is

through the use of non-linear optical processes in crystals such as lithium niobate

(LiNbO3) and zinc telluride (ZnTe) [177,178].

The LT-GaAs substrate for the photoconductive antennas is made using molecular

beam epitaxy with an excess of As flux at temperatures ranging from 180◦C to

300◦C followed by annealing [40]. This is because GaAs has a carrier lifetime of

the order of nanoseconds and would not support a picosecond electromagnetic pulse
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on its own. The annealing process results in As clusters in the GaAs substrate

acting as charge sinks that take away the excited charge carriers very quickly upon

application of a voltage bias. The carrier lifetime of the LT-GaAs is reduced to

picoseconds timescales allowing for the generation and detection of a picosecond

pulse.

LT-GaAs

To current 
detector

To current
detector

E-field due to THz Light Pulse

Detection

-
+

-
+ -

+-+
--

- -
-
+

++
+

E-field due to voltage bias

Emission

LT-GaAs

+40V 0V

Figure A.3: A diagram explaining the processes of THz light emission and detection using
photoconductive antennas on low-temperature grown gallium arsenide (LT-GaAs). (Left)
Process of emission: 800nm fs laser pulse generates electron-hole pairs in the LT-GaAs
which are then accelerated towards the photoconductive antennae via a voltage bias. The
accelerating charges results in the emission of a ps pulse. (Right) Process of detection:
Similar to the emission process, charge carriers are generated in the LT-GaAs by the fs
laser pulse. The charges are then pushed towards the photoconductive antennae by the
incoming ps pulse resulting in a current which is proportional to the incident electric field.
By measuring the current at various time points over the whole duration of the pulse, a
time domain signal can be obtained.

A lock-in amplifier is used to significantly reduce background noise in the THz-

TDS. This is important because THz photon energies are comparable to kBT and

without the lock-in amplifier, the actual THz pulse would be indiscernible in the

environmental thermal noise and noise generated by the laser probe. The THz

emitter is modulated at a particular frequency, say 30 kHz, and the received signal
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is de-modulated and integrated over a length of time by the lock-in amplifier. This

integration process will pick out the signal at the modulation frequency while signal

at other frequencies due to noise will be averaged to zero. Typical integration times

are between 30 ms to 100 ms. It is precisely this coherent detection scheme that

allows the system to be used at room temperature without the use of specialized

detectors such as liquid helium cooled bolometers [40].

a.3 quasi-optical terahertz time-domain spectrometer

A quasi-optical setup was used to conduct the work done in A*STAR (Singapore), as

shown in Fig. A.4. The quasi-optical THz-TDS is pumped with a 800 nm Ti:Sapphire

laser (Spectra-Physics, Tsunami) with a pulse width of 55 fs at 80 mW and a 40 V

bias is applied across the emitter photoconductive antennas. A typical time pulse

and frequency spectrum is shown in Fig. A.5 (a) and (b), respectively. As can be

seen, the time pulse is approximately 2 ps and a bandwidth of approximately 4 THz

with a dynamic range of roughly 60 dB. The sharp dips in the frequency spectrum is

due to absorption by water vapour and can be removed by making the measurements

in a nitrogen purged chamber.

Figure A.4: Photograph of the quasi-optical THz-TDS
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Figure A.5: Time-domain signal (a) and frequency spectrum (b) of the quasi-optical THz-
TDS.

a.4 teraview spectra 3000

For the work conducted at Imperial College London, a commercial THz-TDS (Ter-

aview Spectra 3000) was used (see Fig. A.6(a)). The THz signal is similar to that

shown in Fig. A.5. Most notably, the Teraview Spectra 3000 has a rapid scan de-

lay line and fibre-coupled remote THz emitter and detector. The rapid scan delay

line is capable of acquiring time-domain data over a 40 ps time window at a rate

of 30 Hz to 100 Hz, allowing us to average our readings over many measurements

very quickly and observe almost live changes in signal. The fibre-coupled remote

emitter and detector (see Fig. A.6(b)) enables the flexible placement and direction

of the THz radiation such as the scattering edge coupling setup seen in Chapter 5.

The fs laser pulse is guided via optical fibres encased in flexible metallic tubes to
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miniaturised THz source and detector operating on the photoconductive antenna

principle described in Appendix A.2. The THz light is then focused via polymer

lenses with a focal length of approximately 5 cm.

Figure A.6: (a) Photograph of Teraview Spectra 3000 THz-TDS. (b) Photograph of re-
mote THz emitter and detector heads used in the scattering edge coupling scheme for the
broadband SPS experiments.
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appendix b

SIMULATION METHODS

b.1 introduction

A number of simulation methodologies were used during the course of this PhD to

model the experiments and to see if theoretical predictions match up to experimen-

tal results. These methodologies include the Finite-Difference Time-Domain method

(FDTD), Finite-Element Analysis method (FEA) and analytical approach. On cer-

tain occasions, one method was used over another due to the availability of software.

Most of the time, however, it is the relative strength of the particular method over

the others that results in its employment. Here, the strengths and weaknesses of the

above modelling approaches will be described from a user’s perspective. It would be

impossible to make a comprehensive exposition of all the above methods when each

of them has been the subject of such intensive study.

b.2 finite-difference time-domain

FDTD as its name suggests solves the Maxwell’s equations in time. An example

of a software package utilising FDTD is Lumerical FDTD Solutions. Basically,

when using this simulation method, the simulation unit cell is divided into a regular

rectangular grid (a.k.a. staircase mesh), as shown by the left panel in Fig. B.1. Light

is then injected into the system at a particular time, say t0, as an electromagnetic

pulse. The electromagnetic fields at each mesh point in the simulation unit cell are

then solved, according to the Maxwell’s equations, for each time point (e.g. t1, t2,

t3...) as the electromagnetic pulse passes through the system. Thus, each mesh

point records the electromagnetic fields at that point over time.
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The first advantage of the FDTD method is its broadband nature. This is because

light is injected as an electromagnetic pulse which contains frequency content over

a broad range for frequencies (see Section 2.6). The time-domain data recorded by

each mesh point can be Fourier transformed to give broadband frequency informa-

tion. The second advantage relevant to the work in this thesis is that the transient

nature of the FDTD is akin to THz-TDS. Thus the results obtain in experiments

can be very closely modelled using FDTD. For example, FDTD was use to replicate

the experiments in Chapter 5 to obtain the ᾱCalc
F values.

Figure B.1: (Left) An example of a staircase mesh. The simulation geometry is divided
into a rectangular mesh. (Right) A closer look at the staircase mesh. As can be seen,
curvature is not well described by the mesh unless when using very fine mesh.

However, the FDTD method is not without its drawbacks. First of all, the staircase

mesh is unable to fully replicate geometries with curvature or slanted edges. This

is demonstrated in the right panel of Fig. B.1 which takes a closer look at the

edges of the red circle. As can be seen, not all the mesh points lie on the edge of

the circle thus leading to the “staircase” effect where curvature is described like a

staircase in the simulation since the simulation is insensitive to changes in material

properties between mesh points. This problem is somewhat alleviated by innovative
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meshing methods such as the conformal mesh used in Lumerical FDTD Solutions

[180]. Secondly, FDTD requires the temporal response of materials to the light pulse.

Hence while it is common to think of material properties in the frequency domain,

for example D(ω) = ϵoϵ(ω)E(ω), in FDTD, this would result in a convolution of

ϵ and E in time (i.e. D = ϵ0
∫ t

−∞ ϵ(t − t′)E(t′)dt′). The numerical calculation

of this convolution is non-trivial and care as to be taken to make sure that the

sampled material properties (often given in frequency) are well described in the

FDTD software.

b.3 finite-element analysis

The FEA method divides the simulation geometry using triangular (2D) or tetrahe-

dral (3D) mesh cells as can be seen in Fig. B.2. The electromagnetic fields are solved

for in the frequency domain (i.e. f0, f1, f2...). In many ways, it is natural to think

of FEA as the complementary of FDTD since they work in the Fourier domains of

each other. While FDTD gives broadband data, FEA calculates the fields at each

frequency individually, making it slower than FDTD if many frequency points are

required. Also, the transient response of the system is not readily available from

FEA.

However, the use of a non-rectangular mesh in FEA allows it to fully describe cur-

vature as can be seen in Fig. B.2 where the mesh points are always able to lie on the

edges of the curved geometry. Also, solving the Maxwell’s equations in the frequency

domain makes the use of sampled material property data easy since, as mentioned

before, material properties such as the relative permittivity can be simply multiplied

to the fields in the frequency domain. This circumvents the need for the convolution

operation in FDTD and ensures that the simulated material properties are exactly

the same as the experimental sampled data. FEA also allows for the use of boundary

conditions such as the Surface Impedance Boundary Condition (SIBC), precisely for

this reason since at each frequency point the material properties are well defined.
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Figure B.2: Example of triangular mesh

For example, the SIBC was used to simulate the grooves when calculating the re-

flectivity spectrum in Chapter 4. Lastly, FEA can take into account other physical

phenomena such as heat transfer and fluid motion, making it a more flexible tool

if one were to consider problems such as radiation heating. An example of an FEA

software package is COMSOL Multiphysics.

b.4 analytical approach

Little needs to be said about the benefits of taking an analytical approach. The

physical insights that can be gained from deriving the equations that describe even

a simplified system can be worth more than many rounds of simulation. For example,

the Coupled Mode Method (CMM) outlined in Section 2.5 was used to understand

the general behaviour of the SPS used in Chapters 4 and 5. It gives a definite

relation between all the geometrical parameters of the SPS and the SPS optical

properties and allows us to come up with a rough idea of how the SPS will look like

and behave without the need to go through numerous rounds of simulation.
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That being said, the implementation of the analytical approach to describe the mod-

elled system fully can be extremely tedious when compared to commercial software

packages such as COMSOL Multiphysics and Lumerical FDTD Solutions. Taking

CMM as an example again, in order to fully describe the SPS properties, one has

to consider multiple diffraction orders and waveguide modes and their coupling to

each other, as mentioned in Chapter 5. This makes the numerical calculations very

involved. The problem is aggravated when the geometry in question is not regular

and the electromagnetic modes in the geometry cannot be easily described such as

the slanted-walled grooves of our SPS (see Fig. 4.4). Lastly, the visualisation of the

electromagnetic fields might be easier using commercial software which already has

built-in visualisation tools.
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