Chapter 21
Terahertz Plasmonic Structures

Adam J. Baragwanath, Andrew J. Gallant and J. Martyn Chamberlain

Abstract Here, we review the background physics of surface plasmons and plas-
monic devices. In doing so, we describe how terahertz radiation can be used to excite
plasmonic effects. These effects are shown to be beneficial for applications such as
terahertz waveguiding, sensing, imaging and wavefront engineering.

21.1 Introduction

This chapter deals with terahertz (THz) frequency electromagnetic excitations at
the interface between two materials: one is an electrical conductor and the other is a
dielectric. The interfaces may be smooth or patterned with pits, corrugations or holes.
Key questions, helping us to understand the nature of the excitation or excitations (and
their potential application) will include: is a wave or a (quasi) particle perspective
preferable; does the excitation propagate, or is it confined to the surface; and how may
such a confinement (if it is present) be engineered through the choice of materials or
through geometry choice?

This topic has generated considerable interest in the last decade. Applications
at THz frequencies are now emerging in the development of: sensors (including
biological sensors); techniques for guiding, concentrating and manipulating THz
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radiation; and new methods for THz imaging and microscopy. Devices can be con-
structed using the standard techniques of semiconductor processing technology, as
the characteristic length scales are commensurate with the THz wavelength (i.e. a
fraction of a millimetre); and so this task can be easily accomplished. The field is
often described as plasmonics, by analogy with electronics, to describe the study of
the underlying physics and the applications of surface electromagnetic excitations at
interfaces. Here, the quasi-particle nature of the excitation is emphasised although it
should not be thought that all phenomena are most easily discussed in this way.

A plasmon may be very broadly defined as “a quantum quasi-particle representing
the elementary excitations, or modes, of the charge density oscillations in a plasma”
[1]. Historically, the topic became of interest to THz specialists in the late 1950s, with
observations of the THz frequency emission from ionic plasma in attempted nuclear
fusion experiments [2]. Developments in semiconductor material quality and in THz
instrumentation led to the first exploration of the properties of the volume (or: bulk,
3D) solid-state plasmon, of which there is an extensive literature [3, 4]. Although this
chapter focuses on effects that occur, by definition, at the interface of two materials,
it is helpful first to remind the reader of the Drude model of a 3D metal, as it predicts
important properties of the material permittivity (or dielectric function), e(w). This
model considers a gas of electrons uniformly distributed through a periodic structure
of fixed ions and leads to the expression for e(w) at an angular frequency, w:

1 w%’ 21.1
(W) = €xo —m . (21.1)

In this expression, I" represents a collision rate for electrons and is set at zero for
the perfect electronic conductor, or PEC. The (3D) plasma frequency takes on the
form: w, = Vne?/mesc, where the (3D) density of electrons is n and all other
symbols have their usual meanings. This is the frequency at which the (3D) electron
gas oscillates: it lies in the ultraviolet region for metals and in the THz region for
semiconductors. The 3D plasmon is the virtual particle of this excitation. From [1],
€(w) is complex and so:

<)

This means that, for a metal, i [e(w)] < Oatw < w,. When w exceeds wp, N [e(w)]
becomes positive and the material then exhibits dielectric behaviour. In simple physi-
cal terms, the electron gas cannot keep pace with the rapidly changing applied electric
field. This variation of € with w should be borne in mind when considering the effects
at the interface of a metal and a dielectric.

The plasmonic phenomena discussed here may be described by an electromag-
netic wave formalism [1]; or, alternatively, a quasi-particle approach can be adopted
using the analogy that “the plasmon is to the plasma charge density what the
photon is to the electromagnetic field” [5]. In the first approach, all that is needed
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is knowledge of how e varies with frequency and geometry. However, no specific
knowledge is required of the actual microscopic processes responsible for the varia-
tion of e for systems such as metal/dielectric interfaces or metal sheets periodically
punctured with holes. The quasi-particle view requires an understanding of such
processes, including charge movements, scattering and tunnelling, leading to such
graphic phrases as “the plasmon rolling like a ball over the landscape” [6]. The
reader is warned that a plethora of terms exists in the literature, including: sur-
face plasmon, surface plasmon polariton (SPP), surface electromagnetic excitation
(or wave), Zenneck wave, Zenneck—Sommerfeld wave, localised surface plasmons,
Brewster modes, local modes, shape modes. . . etc. Furthermore (and to complicate
even further), some of these terms may be preceded by adjectives such as: resonant,
non-resonant, radiative or non-radiative!

It will be seen in Sect.21.2 that a very important tool for clarifying and categoris-
ing plasmonic phenomena is the dispersion relation, which is a graphical method of
relating the wave vector of the entity under discussion to the frequency; or, alterna-
tively, it is the link between its spatial and temporal characteristics. There are many
excellent reviews of the general field (including THz applications); and the reader is
referred to the classic texts by [1, 7, 8] for a closer discussion. Most of the literature
adopts an optical, rather than an electrical engineering, approach to surface plas-
mons: the concepts of equivalent circuits, characteristic impedances etc. are rarely
deployed, although one author [9] has argued that the circuit paradigm provides a
clearer basis for discussion.

Plasmonics has advanced significantly (in terms of theory and potential appli-
cation) due to the discovery of two main phenomena. These are: (a) the so-called
Spoof Plasmon effect [6], occurring at THz frequencies at the interface between
suitably structured metallic surfaces and a dielectric; and (b) extraordinary optical
transmission (EOT) [10], first noted at THz frequencies by Gémez Rivas [11]. The
concept of the Spoof Plasmon is discussed later (Sect.21.2.1), where it is shown that
the plasma frequency of a metal can be lowered through the use of surface “deco-
ration.” EOT involves a greater-than-expected transmission through an aperture in
a metallic substrate. The mechanism of EOT is subject to considerable debate; the
reader is referred to reviews by Garcia-Vidal [12] and de Abajo [13] that deal more
specifically with the question of radiation passing through periodic arrays of small
holes.

The theory of optical transmission through subwavelength holes [14] is consid-
ered elsewhere in this Volume. For a subwavelength aperture in an infinitely thin,
perfectly conducting substrate, Bethe showed that the transmission efficiency was
proportional to (r/\)*, where r is the radius of the aperture and A the incident
wavelength. A more comprehensive analysis for real materials, and for substrates
of finite thickness, involves tunnelling effects through the aperture and coupling to
surface plasmons. This area of investigation has encompassed: single apertures; the
1D case of subwavelength slits; 2D arrays of subwavelength holes of various shapes;
together with single apertures flanked by periodic corrugations (bullseye structures).
The transmission properties of such systems are governed, inter alia, by: hole dimen-
sions, hole shape, array periodicity, ratio of basis-to-lattice, material of array, material
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of supporting substrate, angle of incident radiation, frequency of incident radiation
and array thickness. Unsurprisingly, there is a vast literature on the topic, including
THz observations, theory and applications.

In this context, the observations of R. W. Wood (“Woods anomalies™) relating to
the dark bands in the reflection spectrum of a metallic grating are of interest. In 1973,
the first connection between the presence of Wood’s anomalies and the excitation of
surface plasmons was introduced. Hutley and Bird [15] drew upon the similarities
between experiments conducted by Teng and Stern [16], who used 10keV electron
beams to excite surface plasmons on metal gratings, and Wood’s experiments.

This chapter is organised as follows: Sect.21.2 deals with the background physics
of a number of basic plasmonic phenomena; and Sect.21.3 describes a number of
applications of these basic ideas. Finally, there is a short Conclusion. It should be
noted that this chapter relates closely to Chap. 15 (Near-field terahertz imaging) and
Chap. 22 (Metamaterials). With regard to metamaterials, we adopt the definition that
they may be described by a set of effective homogeneous parameters; and that these
parameters are determined by the collective response of small conducting resonators
[17]. As such, the resonator scale is firmly set in the subwavelength limit. At the
microscopic level, however, many of the important aspects of metamaterial perfor-
mance can be ascribed to plasmonic effects. For further discussion on this matter,
the interested reader is referred to articles by: Hibbins [18, 19]; Acuna [20]; and
Navarro-Cia [21].

21.2 The Physics of THz Plasmonic Phenomena

21.2.1 Introductory Theory and Classification
of Plasmonic Phenomena

We first present background theory that is relevant to an understanding of plasmonic
phenomena at THz frequencies. We review the case of a 2D arrangement, where two
semi-infinite half-spaces of different materials (a dielectric and a metal) are juxta-
posed. This will enable us to classify plasmonic phenomena and will form the basis of
the subsequent analysis of more complicated geometries. It is shown in Sect.21.2.2
that—by suitable choice of materials—THz frequency surface excitations may prop-
agate at such a simple interface along distances of up to several metres; similarly,
the associated electric fields in the dielectric may extend to several millimetres. In
Sect. 21.2.3, we consider how this situation is altered if the surface is “decorated”
with simple corrugations. This theme is continued in Sect.21.2.4: we shall see how
significant confinement effects can be engineered through choice of surface geom-
etry. The remainder of the section deals with THz frequency properties of arrays of
holes and gratings formed on metallic surfaces.

Acrigorous analysis of the electromagnetic modes supported in a materials arrange-
ment, depicted in Fig.21.1, is given from a systems perspective in [1]. As noted pre-


http://dx.doi.org/10.1007/978-3-642-29564-5_15
http://dx.doi.org/10.1007/978-3-642-29564-5_22

21 Terahertz Plasmonic Structures 543

(a) koo Ko (b)
A

~—":.—\‘::-'- kx

ZA
Dielectric (e,>1)
L
.HY =
+++\._/ -- \../+++\_/ .- \./+++\./ Ouy |E|
Metal (¢,,)

Fig. 21.1 a Representation of an SPP at the boundary between a metal and a dielectric. Sub-
scripts (M, D) represent metal and dielectric, respectively; the superscript (*) indicates a reflected
wavevector. b The relative decay of the electric field into the dielectric and the metal (fop and bottom
respectively)

viously, in this approach all that is necessary is to know the geometry and the value
of e(w). More physical insight may be gained from simple treatments [7, 8, 22]
which consider a wave incident on the interface through the dielectric at some angle
0; to the normal; and with electric vector in the plane of the paper. The case of most
interest is when 6, = sin™! [M / ﬁ] Above this critical angle, radiation does
not propagate in the metal: the oscillating electric field is then totally reflected, but
interface bound charges will oscillate, giving rise to strongly decaying (evanescent)
fields at the interface between the two materials. A more detailed analysis [1] leads
to the conclusion that, when w < w, the surface wave is trapped with exponential
decays of the amplitude of the electric field amplitude into both media provided
that ep (w) is positive and €y (w) is negative. Further discussion of the extent of this
trapping, or confinement, is given later.

By solving Maxwell’s equations with the appropriate boundary conditions, the
excitation dispersion relation can be determined for the propagation direction (x)
and for the direction normal to the boundary (z), into the dielectric and metal,

respectively [7]:
k=L | oM (21.3)
c\Vep+ey

2
kzp = “—),/ —b_ (21.42)
c\ ep+ey
2
ko =2 M (21.4b)
c\Vep+ey

and
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Table21.1 The types of EM modes existing at a planar dielectric/metal interface, assumingep > 1.
After [1]

Mode N(em) J(ep) Nature of &y Nature of &’ p Nature of k;y
N I N I
Brewster modes >0 =0 Real >0 =0 >0 =0
>0 >0  Complex >0 <0 >0 >0
Localised SPPs 0 > N(ey) > —ep =0  Pure imaginary <0 =0 >0 =0
0> N(eyy) > —ep >0  Complex >0 <0 <0or>0 >0
Propagating SPPs ep > N(epy) =0 Real =0 <0 =0 >0
ep > N(ey) >0  Complex >0 <0 <Qor>0 >0

Note that, the excitation is generally described as a SPP, using the quasi-particle
nomenclature, and recognising the implicit coupling between photon and plasmon.
In the above equations, the subscripts refer to the SPP k-vector components (see
Fig.21.1a for clarifty) these are allowed to be complex for real w. For an excitation
propagating along the interface, the wave vector k, remains real. To ensure that the
surface excitation remains bound, the normal components of the wave vector k, must
be imaginary so that the field decays evanescently away from the interface. Whether
or not these conditions will be met depends critically on the values of the real and
imaginary parts of ep and €)y, which leads to a helpful way to categorize the modes
that can be sustained at the interface.

Table21.1 summarises all the modes; an analogous diagrammatic treatment is
given by [1]. The region in Table 1 corresponding to the Brewster modes, exists
when N(ep) > 0. For a real metal, i.e. when J(ep) > 0, these modes can be
regarded as true surface modes. These surface polaritons comprise a mixture of sur-
face charge waves and propagating photons. Strictly speaking, these entities are not
conventionally described as surface plasmon polaritons; this classification is reserved
for the case when J(ep;) > 0. In practice, Brewster modes are not encountered at
THz frequencies for metal/dielectric or semiconductor/dielectric interfaces.

The modes corresponding to those labelled localised SPPs possess a non-
propagating surface wave, highlighted by the pure imaginary value of k,. For a
perfectly electrically conducting (PEC) material, i.e. when J(eps) = 0, these modes
can be considered radiative as the evanescent energy of the surface wave is dissipated
away from the surface via the real, propagating k, modes. Such modes become non-
radiative for the case of a real metal as the k; modes become evanescent i.e. they can
no longer radiate the evanescent surface wave. The role of localised SPPs at THz
frequencies will be discussed later, in the context of a patterned conducting surface.

Finally, we consider propagating SPPs, for which ep > 9 (eps). The pure imag-
inary nature of both k,p and k), display the evanescent decay of the field perpen-
dicular to the surface, whilst the real value of &, highlights the propagating nature
of the established surface wave. These non-radiative modes are known formally as
propagating SPPs; they are fully trapped at the conductor—dielectric boundary. For
a real metal, the imaginary nature of k, results in these modes becoming pseudo-
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Fig. 21.2 a Dispersion relation for a lossless Drude metal. Free-space photons lie in the shaded
light grey region, to the left of the light line. The broadening of the localised SPPs (indicated by the
shaded dark grey region) arises due to the strong evanescent nature of these modes. b Dispersion
relation when losses are included. After [1]

propagating i.e. there is only a certain distance the SPPs can travel before damping-
induced losses imposed by the metal become overwhelming.

Figure21.2 shows two versions the dispersion relation (w, k). Other reviews
[1, 7, 8] discuss: the derivation of this relation; the importance of the regions of the
dispersion relation diagram; and effects of absorption and loss in the metal. We now
consider a few salient points, however, for future reference. The first is that the light
line, which separates allowable free-space photons from the compound excitations.
Second, between the Brewster modes and the propagating SPPs reside the localised
SPP modes. In this region, a significant broadening of the mode is often observed
due to the metallic losses. The propagating SPP branch can be seen to approach the
limiting frequency wspp as k, increases.

For a perfect Drude metal, this frequency can be shown to be [7]:

“p
WSPp = —————.
(1 +¢€p)

Sometimes this is referred to as a pure surface plasmon (dropping “polariton”) to
emphasise the surface-wave-like nature of the excitation. At lower frequencies the
propagating SPP mode approaches the light line, where these modes take on a more
“photon-like” appearance [1], behaving more as a photon travelling at grazing inci-
dence. Alternatively, the wave-like nature of the entity is highlighted by describing
it as a Zenneck Wave [23, 24].

(21.5)
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Fig. 21.3 Variation of N (e)
(solid lines) and 3 (¢) (dashed
lines) with frequency for a
gold and b InSb. After [26],
©2009 IEEE
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21.2.2 THz Frequency Plasmons at the Planar
Metal/Dielectric Interface

The extent of localization of the SPP, as measured by the propagation distance along
the interface and by the electric field attenuation perpendicular to the interface,
are of great importance. The main results are: (a) the SPP wavelength is given by
Aspp = 27/N(ky); and (b) the imaginary component of the SPP wave vector com-
ponent in the x direction provides a measure of the propagation length along the
surface Lspp = 1/23(ky). The decay length of the mode from the interface into
either the metal or the dielectric is L;; = 1/20(k; ), where: k;; is the complex
perpendicular wave vector component; / is an index (1 = dielectric, 2 = metal) and

ko= k2 —aw [2]

It is instructive to determine these values at a frequency of 1 THz for interfaces
between gold and air and between the high mobility semiconductor indium anti-
monide (InSb) and air. Using the materials data [25] for these two materials, Fig.21.3
[26] shows the variation of M (e) and J(e) for these two materials. Note that, the
frequency scales differ markedly. Using this information, together with the previ-
ous equations, values for Aspp, L;; and Lspp may be calculated [26]. Table21.2
shows these values at 1 THz. Clearly, for gold, the much higher electron density
(5.9 x 10%® m—3) gives rise to a larger value for wp than for InSb (electron density
2 x 10%2 m™?), leading to larger values of the permittivity, ¢, and hence greater
impedance mismatch at the air interface and greater penetration into the air. Fur-
thermore, the excitation propagates several metres along the gold surface as a direct
result of the weak wave/surface interaction. Also apparent are: the stronger confine-
ment for InSb; and that, as the frequency approaches w), a less than one-wavelength
confinement is possible, breaking the Rayleigh limit.
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Fig.21.4 Aperture excitation geometry. Reprinted figure with permission from [34]. ©2004 by the
American Physical Society

From Fig.21.2, in order to satisfy quasi-momentum conservation, it is necessary
to provide an additional wave vector component to the SPP. At visible and near-
infrared frequencies prism coupling is normally used [27]. This approach has been
described for THz SPP studies using Teflon [28] and silicon [29] prisms to mea-
sure, respectively: the THz frequency permittivity of the semiconductor InAs and of
distilled water; and the propagation of SPPs along thin plastic films. However, the
most-favoured approach at THz frequencies is to use a broadband aperture excita-
tion technique [30] originally developed for second harmonic generation, as shown
in Fig.21.4. The method has been used to investigate the propagation of SPPs along
silicon [31] and InSb surfaces [32], in both cases demonstrating that confinement
of SPPs takes place on semiconductors at THz frequencies in a similar fashion to
metals at shorter wavelengths. Whilst the propagation of SPPs along simple interfaces
between air and a metal (or semiconductor) is of some interest, there are important
applications of the measurement method in sensing the properties of thin films of bio-
logical or plastic materials placed on such interfaces. The problem was first discussed
by Kaminow [33] who argued that greater confinement is obtained with shorter wave-
lengths. Maier [8] analysed a three component system e.g. a metal/plastic film/air
layering. Saxler [34], using the aperture excitation technique, investigated SPP phe-
nomena in cyclotene films laid on gold. Saxler probed the spatial and spectroscopic
field distribution of the SPPs and concluded that stronger confinement to the surface
occurs in the presence of the dielectric film. Related experiments are described by
Isaac [35] who claims that the properties of deposited films that are as thin as 50nm
may be probed using this method.

Jeon [36] gives a thorough overview of the THz Zenneck wave, discussing in
some detail if this is truly a Zenneck wave (i.e. propagating significant distances in
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a loss—less fashion). A waveguide arrangement is deployed to launch the wave over
the metal surface and Jeon concludes that deficiencies in the launching system will
prevent true Zenneck wave behaviour. This is a very pertinent point, often disregarded
by other authors, that all elements in the “circuit” need to be designed together. Gong
[37] considers the large evanescent field associated with the very weak guiding of
the Zenneck wave over the smooth metal. Gong shows, experimentally, that a very
thin dielectric layer will reduce the extent of the field 100-fold, demonstrating the
potential of the arrangement for sensing applications.

21.2.3 Corrugated Structures with Characteristic Dimensions
Commensurate with the THz Wavelength

As a preliminary to the discussion of a spoof plasmon in Sect.21.2.4, we consider a
metal surface decorated with corrugations of dimensions that are commensurate with
the THz wavelength. In these arrangements, a hole is frequently used to sample the
THz radiation; this section therefore also serves as an introduction to Sect.21.2.5,
where the phenomenon of EOT is considered in more detail. The geometry in which
a hole is flanked by annular corrugations is termed a bullseye. However, to begin this
discussion we consider first the experiments of Zhu [38] who measures the vector
components [39] of the THz electric field at the centre of a bullseye which is not
pierced with a central hole (see Fig.21.5). The bullseye consists of 25 concentric
annular grooves each of rectangular cross-section, with a width of 500 wm and a
depth of 100 pwm; the centre-to-centre spacing is 1 mm. The bullseye is illuminated
vertically by a broadband THz beam from a standard time-domain spectroscopy
(TDS) system with frequency range approximately 100 GHz to 1.5 THz. The electric
field at the centre of the bullseye is measured with an electro-optic detector; and the
use of a TDS system enables the temporal build-up of the signal to be monitored.
Note that coupling of the THz beam with the structure takes place with normal inci-
dence geometry, in contrast to coupling discussed previously. Caglayan [40] argues
that the coupling is effective because the periodic grating structure of the bullseye
provides additional pseudo-momentum; however, coupling can also be obtained for
normal incidence even when there is only one annular ring present [41]. A prag-
matic explanation is to simply state that scattering and diffraction will occur as the
THz beam hits the metallic corrugation, coupling to surface plasmons; these will
then propagate as SPPs to the next corrugation, where the same process takes place
again. The resonant corrugation structure thus encourages the build-up of a signal
at a wavelength corresponding to the grating period. This may be easily seen in the
time-domain trace (Fig.21.5) as the detector receives signals carried by successive
pulses of SPPs.

Propagation also occurs in the direction from the centre towards the edge of the
array; but these SPPs are not captured by the detector. The vector field of the THz
wave can be measured and this shows an expected exponential fall-off away from
the metal surface. Note that, the SPPs involved here (where the surface features are
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E_ component of the THz surface plasmon measured at the centre of the bullseye structure. The
waveforms, offset vertically for clarity, were measured under different experimental configurations.

Reprinted with permission from [38]

not obviously subwavelength) are the same as those discussed previously; and that
the major role of the corrugations is to assist the coupling process, and not to provide
confinement per se.

Before proceeding to discuss bullseyes with a central hole, it is first helpful to
comment on the process of transmission of light through a very small hole that has no
intentional surface decoration. This is discussed in detail elsewhere in this Volume
for THz frequency radiation: the process involves an evanescent coupling between
the plasmons on the input surface, through the orifice, to the output surface where
re-radiation occurs. Following transmission measurements through subwavelength
(300 nm diameter) holes at optical frequencies (A &~ 600 nm), it was found that: unex-
pected enhancements occurred in the transmission of the hole and the directionality
of the emerging beam; and that the hole shape was important in controlling these.
Using electron-beam-induced plasmon emission, it was deduced that: localised sur-
face plasmons are excited on the incident face; and that these subsequently tunnel
through the hole, before re-radiation at the exit surface. This basic approach is used
to account for the THz transmission studies of Agrawal [41, 42] who investigated
the transmission properties of bullseye structures with central holes using TDS mea-
surements. The geometry of these structures is very similar to that used by Zhu [38];
bullseyes with one, two, four and six grooves are considered with separation of the
order of the incident wavelength. As may be seen [38], the TDS method enables the
contributions of the coupling of the incident THz wave to each successive annular
groove to be followed directly. Studies of the effect of groove depth and width are
reported [41] leading to the possibility of control of the transmitted pulse shape. It is
noted, empirically, that a depth of roughly one-tenth of the wavelength provides best
coupling. The effects of changing the phase of the annular grooves with respect to the

central aperture have also been studied [43]; the transmitted intensity can be manip-
ulated, from enhancement to suppression, as the phase is changed. The inclusion of
a defect onto the surface pattern structure (i.e. the absence of a groove) also shows
up on the TDS trace as a suppressed oscillation at a specific temporal location [42].
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The explanation of all of these phenomena is in terms of coupling of the THz radia-
tion to surface plasmons to form SPPs with a resonant frequency, caused by the array
periodicity, followed by tunnelling through the aperture and subsequent re-radiation.
There may, in addition, be a non-resonant direct transmission through the aperture.

Finally, note that patterning the exit face of the metal with a similar annular groove
pattern [44] adds an additional component to the overall process: the initial coupling
of radiation to the input face is followed by the propagation of resonant SPPs towards
the aperture and subsequent tunnelling through it. The exit process itself has two com-
ponents: the first is direct radiation into the far-field of the aperture; the second is from
SPPs that propagate along the exit face but, because of the corrugations on that face,
will radiate into the forward (exit) direction. If the exit face were plane, then the SPPs
would be bound to the interface and subsequently attenuated, so that the integrated
intensity of the transmitted radiation would be less i.e. the presence of any exit face
corrugations can be said to enhance the output power.

The plasmons considered above are “genuine” plasmons, with properties such
as confinement and propagation length primarily determined by the nature of the
interface conductor. The corrugations, separated by a distance of the order of
the wavelength, mainly act as centres for plasmon/photon scattering and coupling.
We now consider the case of distinctly subwavelength features, where the geometry
dictates confinement to a much greater extent.

21.2.4 The Spoof SPP

Techniques to improve surface wave confinement have been researched for several
decades. For transmission lines, Goubau [45] reported that surface wave confinement
could be enhanced by structuring the metal surface of a wire. A series of corrugations
at the air/metal interface act to increase the electric field penetration into the inter-
face and therefore reduce the impedance mismatch. In 2004, Pendry [6] addressed
specifically the case for confining SPPs at the surface of PECs. This is particularly
pertinent to the THz region where, on first inspection, metals appear not to be well
suited for SPP confinement. The Drude model shows that the permittivity of a metal
tends to that of a perfect electrical conductor (i.e. minus infinity) at frequencies much
lower than w),. In the THz region, for metals, both the real and imaginary parts of the
permittivity are many orders of magnitude greater than those at visible frequencies.
This leads to a high impedance mismatch at the metal/dielectric interface, and hence
poor confinement of the SPP to the surface.

As discussed in the previous section, for metals at THz frequencies, an SPP is
really travelling as a weakly confined, lossy, wave. In order to move from this regime
to that of a bound SPP, the metal/dielectric interface must be modified to reduce the
impedance mismatch. Pendry considered the problem from an “effective medium”
perspective where both the permittivity and permeability of the metal are tailored by
machining arrays of sub wavelength indentations or holes. Unlike our discussions in
previous sections, the surface decorations for the Pendry case must be subwavelength
both with regards to their feature size and their spacing. Hence, the features are not
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“seen” individually by the incident radiation; instead, they collectively create an
artificial material which has an effective permittivity and permeability.

Importantly, Pendry showed that a structured metal can have an effective plasma
frequency which is lower that of a bulk metal. In simple terms, the holes dilute the
plasma frequency of a metal. For the square hole array case, where the hole is filled
with a material of permittivity ¢, and permeability p,, the effective plasma frequency,
o.);, = mco/a/enpu [6, 13]. This corresponds to the cut-off frequency of the hole for
TEo; when the hole is considered as a waveguide. Hence, the plasma frequency of
metal can be lowered through surface decoration into the THz region. This enables a
structured metal/dielectric interface excited with THz (and microwave) frequencies to
show surface wave confinement comparable to that found at semiconductor/dielectric
interfaces (e.g. InSb/air). The conditions are thus met for bound SPPs. Pendry referred
to the SPPs generated through the use of structured surfaces as “spoof” SPPs, i.e.
imitations of “genuine” plasmons. From a device implementation perspective, the
bound spoof SPP concept is very significant. Confined SPP effects can be achieved, in
the THz region, at metal/air rather than just semiconductor/air interfaces. A plethora
of surface micromachining techniques, usually adapted from the integrated circuit
industry, are available for the fabrication of these spoof metal surfaces.

Williams [46] experimentally confirmed the existence of spoof SPPs on a metal in
the THz region. They used THz TDS to measure SPP propagation along
copper surfaces patterned with arrays of micromachined square pits and showed
wavelength scale confinement over an octave of THz frequency. Williams used dif-
fraction at a knife edge to launch the spoof SPPs. It should be appreciated that the
quasi-momentum conservation arguments outlined previously as requirements for
the coupling of incident radiation to “genuine” SPPs also hold for spoof surfaces.
For example, Hibbins [47], reported the use of a wax prism to launch a spoof SPP
on a metal at microwave frequencies.

So far, we have considered planar surfaces for the propagation of SPPs. However,
similar effects can be observed with cylindrical conductors (i.e. wires). This geome-
try was first considered by Sommerfeld in 1899 [48]. However, more recently it has
proved attractive for the guided propagation of THz pulses. Bare metal wires pro-
vide low signal attenuation and dispersion compared to conventional parallel plate
waveguides, coax or fibres [49]. Furthermore, several groups have shown that by
tapering the end of a wire [50-52], the electric field can be confined into a sub-
wavelength spot. However, along the length of the wire, the radial electric field
confinement of the SPPs typically spans several wavelengths. This poor confinement
can be exploited as a mechanism to couple between wires (e.g. for a beam splitter)
[49]. However, a key disadvantage is that a poorly confined SPP suffers from bending
losses [53]. This fundamentally limits the ability to use this type of guided propaga-
tion in compact, integrated, THz systems.

As with planar surfaces, spoof SPPs also provide a mechanism for well-confined
transmission of terahertz radiation along wires [54]. Figure 21.6 shows a tapered wire
configuration decorated with sub wavelength periodic grooves. Simulations with this
geometry suggest subwavelength confinement of the electric field along the length of
the wire and deep subwavelength confinement at the tip. As will be discussed further



21 Terahertz Plasmonic Structures 553

Fig. 21.6 Superfocusing on
a corrugated cone of length
2mm with constant groove
depth of 5 pm and a lattice
constant 50 wm. The radius,
R, is reduced from 100 to
10 pm, demonstrating how
the E field can be focussed
and concentrated at the tip
of conical structures. The
plot shows the magnitude of
the E field on a logarithmic
scale spanning 2 orders of
magnitude. Reprinted figure
with permission from [54].
©2006 by the American
Physical Society

in Sect. 21.3, this has applications in the sensing and imaging of small quantities of
material.

Finally, an alternative approach, employed by Chau [55] to lower the plasma fre-
quency of a metal, is to use ensembles of subwavelength sized metallic particles.
As with the micromachined devices presented previously, the subwavelength parti-
cles collectively have an effective permittivity (and permeability) which differs from
that of their bulk. Chau observed THz pulse transmission through metallic particles
which were randomly distributed in a sample cell. This transmission was through
collective thicknesses (*1.2 mm), much greater than the skin depth of the metal, and
demonstrated a positive permittivity. In this configuration, the SPPs are formed at
the surface of the metallic particles; coupling (and, hence, SPP propagation) occurs
between the closely spaced particles [55].

21.2.5 Gratings and Arrays of Apertures

21.2.5.1 Introduction

There is as yet no unequivocal explanation for the phenomenon of EOT through 2D
subwavelength hole arrays [10]. Although it is generally acknowledged that SPPs
play a vital role in this observed “anomaly,” the precise nature of transmission through
the array is hotly debated [56-65]; with some authors [66, 67] even claiming no role
for SPPs. We present, first, an outline of how the presence of a 2D array affects
the dispersion relation of SPPs. An overview will then (Sect.21.2.5.2) be given of
the mechanisms thought to be involved in transmission; and how these are affected
by the hole shape and size, the lattice arrangements, material geometry, material
properties and thickness.
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When light is incident upon a 2D metal hole array with subwavelength holes and
periodicity, each hole edge serves as a diffraction point at which p-polarised light can
couple to SPPs. The 2D lattice provides in-plane momentum with integer multiples
of 27r/L in both the x and y directions, where L is the period of the array. This
increased in-plane momentum allows the freely propagating light to couple to SPP
modes, which are subsequently initiated along the metal-dielectric boundary. The
wave vector of the SPP can thus be expressed as:

2
kspp = ; $inf £ mG, +nG, (21.6)

Here, A is the wavelength of the incident radiation, # is the angle of incidence
of light on the array, m and n are integers whilst G, and G, are the reciprocal lat-
tice vectors in the x and y directions, respectively. For the case of a square array,
G, = G, = 2m/L. After propagating along the metal, the established SPPs are sub-
sequently re-emitted into free-space light upon arrival at another diffraction point.
The spatial periodicity of the array results in a periodicity existing for the wave vector
of the SPP modes, which allows for Bloch wave and Brillouin zone analogies to be
drawn. The folding of the Bloch wave vector at the Brillouin zone boundary results
in resonant frequencies at the I" point that are a function of the lattice constant. Ulti-
mately, for normal incidence, the transmission peak resonances are approximated by
the following relationship, confirming the strong dependence on the lattice constant

[60]:
L

Apeak = ——=——=4+/€D.
peal ,7(’,”2 +n2)

Dispersion curves for SPPs on a 2D hole array display transmitted resonant fre-
quencies as a function of incident angle. The (m, n) nomenclature corresponds to
integer steps taken along the reciprocal lattice, and serve as a label for the resonances.
Taking such steps in reciprocal space ultimately maps out diffraction spots, allowing
an equivalence to be drawn for the observed resonances: the wavelengths responsible
for a particular transmission resonance correspond to missing diffraction spots, due
to the wave being “trapped” along the surface [68]. The 2D nature of the periodicity
results in momentum gained from the y component being projected onto the x dia-
gram. A typical dispersion curve for a 2D metal hole array for the I' — x orientation
can be seen in Fig.21.7.

The black curves in Fig.21.7 are similar to those for a periodic array of sub-
wavelength slits and display p-polarised characteristics only. The light grey curves
correspond to the momentum gained from y periodicity, which is projected onto
the orientation. These curves display a mixture of p and s polarisation character-
istics, highlighted by their flatter appearance and lack of splitting with increasing
angle. At 0° incidence angle, multiple resonance peaks are observed highlighting
how transmission can be enhanced over a wide frequency range, even for perpen-
dicular illumination. All the higher order modes lie to the left of the light line; such

21.7)
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Fig. 21.7 Typical dispersion
curve for a 2D metal hole
array for orientation. Black
curves correspond to momen-
tum contributions from x
periodicity, whilst light grey
curves display y projected
momentum. The dark grey
dotted line corresponds to
the standard surface plasmon
dispersion curve. After [69]

k=2mvsing

modes can be excited without the need for prism coupling, i.e. they can be excited
using free-space light.

Two-dimensional gratings are an extremely elegant tool for both the study and
exploitation of SPPs; not only does the physical structure of the array generate SPPs
without need for a further coupling mechanism, but the “dilution” of the metal with
dielectric filled holes acts to increase the confinement of the SPPs to the metal
surface. The following section will review experiments undertaken on 2D hole arrays
at THz frequencies, summarising the current proposed theories for EOT and the other
associated anomalies.

21.2.5.2 Phenomenology and Theory

The first demonstration of enhanced THz transmission through a 2D subwavelength
hole array was undertaken by Gémez Rivas [11]. Using a doped silicon substrate
(doped so that the plasma frequency was in the THz region), hole arrays were created
using perpendicular cuts of a wafer saw on both sides of the silicon wafer. Strong
resonant peaks were observed not only at the cut-off frequency for the holes, but
more unexpectedly, also at much lower frequencies. The position of the resonant
peaks was correlated to the period of the array, whilst thinner substrates were shown
to improve dramatically overall transmission.

The work of Qu et al. was the first to display THz EOT through a metallic sub-
wavelength hole array at THz frequencies [70], a regime in which metals should
classically be unable to support SPP modes due to their PEC properties. Litho-
graphically patterned aluminium hole arrays on high resistivity silicon substrates
displayed SPP resonances for both the metal—silicon and metal—air interfaces, with
rectangular holes showing increased transmission and phase shift over circular coun-
terparts. Much sharper resonances were observed for the case of free-standing metal
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foil hole arrays [71], owing to the increased coupling between SPPs on the front and
back of the array, as previously observed in the optical regime [61]. Resonances con-
tinued to 100 ps (in the time domain), displaying a long SPP lifetime and ultimately a
long propagation distance. This work was also the first to test different metals for the
same array and hole dimensions by sputtering optically thick silver on the original
aluminium foil. Resonances were found to appear at the same frequencies for each
metal; but a change in the magnitude of the transmitted resonance was observed.
This has been confirmed in further work, where even poor conductors such as lead
were found to support SPPs, with the transmitted intensity dominated by the ratio of
the real to imaginary parts of the metal dielectric constant [72]. Interestingly, SPP
resonances have also been found to exist on metals whose thickness is less than the
skin depth, with the strength of the resonance increasing with increasing thickness
[73]. THz transmission through superconducting plasmonic hole arrays has also been
reported [74].

Much work has been undertaken to optimise conditions for SPPs in 2D hole arrays
at THz frequencies. Janke et al. were the first to analyse the effect of varying hole
shape, where square holes of varying sizes were made in a doped silicon array [75].
Increased transmission was observed for holes of increasing size; however the res-
onances became broader, indicating a decreased surface lifetime for the SPPs with
increasing hole width. The resonances observed in this experiment differed from the
predictions calculated using Eq.21.7 due to the presence of channelled grooves on
the substrate (as a consequence of the fabrication process). The presence of these
grooves will dramatically alter the coupling and decoupling of SPPs and subsequent
transmission through the holes. The importance of hole orientation has also been
demonstrated [76] using elliptical hole arrays in ultra-thin, doped silicon wafers.
When the long axis of the ellipses were aligned perpendicular to the polarisation of
the E-field, vast transmission was observed for frequencies well below that of the
cut-off. Rotating the sample through 90° shifted the position of the resonance to
higher frequencies, and drastically reducing the transmission. The strong transmis-
sion for the initial orientation was attributed to the greater preservation of beam
polarisation over the second direction, as confirmed in [70].

Further detailed studies investigating how the hole shape affects the transmission
have been carried out using free-standing metal foils [71]. Greater transmission
was found to occur for non-symmetric holes compared with the symmetric case.
This work also displayed that as the aspect ratio of a rectangular hole (aligned with
the long axis perpendicular to the polarisation of the E-field) was increased, the
relative transmission decreased. Furthermore, results found in the optical regime,
where a decreasing aperture width redshifts the resonant frequency [77, 78], were
not replicated here; the frequency remaining almost constant. Importantly, this work
was the first to recognise the onset of the SPP resonance occurring after that of
the direct (non-resonant) transmission. Such an analysis is only possible using TDS
techniques, where a single bipolar pulse irradiates the sample. The time-domain
analysis of this resonance also serves as a measure of the lifetime (and ultimately
propagation distance) of the SPPs on the surface of the metal via either an exponential
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fit to the decaying oscillation in the time domain, or the width of the resonance in
the frequency domain.

Further work has analysed the effect of hole diameter on the lifetime of the SPP
[79, 80]. Miyamaru [81] was the first to provide fits to the lifetimes of SPPs showing
a decrease in lifetime as the diameter of the hole was increased. Neglecting ohmic
losses, this decrease in lifetime was attributed to the increased scattering cross-section
with increasing hole diameter, i.e. SPPs were scattered more frequently, as there was
less distance between the holes. It is interesting to point out that similar effects
observed in the optical regime (where the time domain cannot be directly accessed)
are explained in terms of localised surface plasmons or shape effects [58, 78, 82].

A further complication regarding the variation of hole size is the magnitude of
the coupling which is believed to exist between the SPPs and the non-resonant trans-
mission. A detailed study by Han [83] measured the transmittance of rectangular
apertures with varying hole widths. This study confirmed the results of previous
work [71] in that the normalised peak transmission decreases with increasing hole
width; however the results were found also to differ in that a redshift in peak fre-
quency was observed with decreasing hole width, in line with results observed in the
optical regime [43, 77, 78]. Further analysis revealed that the peak transmission ini-
tially increases, and then subsequently decreases, with increasing hole width. This
suggests the existence of an optimal width; these results were interpreted using a
Fano analysis. Typically, a Fano analysis provides a method to describe the coupling
between a resonant and a non-resonant process, as is perceived to be the case for 2D
hole arrays. Han argues that with increasing hole width, the degree of coupling to
SPPs increases, whilst both the cut-off frequency and metal-filling fraction decreases;
the latter two cases enabling a greater degree of non-resonant (direct) transmission.
Furthermore, Han calculates that the coupling constant between the two regimes is
found to increase with increasing hole width. Han concludes the analysis by stating
that, as the hole width is increased, the combination of the increased direct transmis-
sion, the increased excitation of SPPs and the increased coupling between these two
states leads to damping of the SPPs, broadening their resonance and shifting their
peak to higher frequencies. This onset of the negative impact of the direct transmis-
sion through increasingly broader holes offers an explanation to the “optimum’ hole
width.

There exists only one experiment in which the length of the hole is varied, whilst
the hole width and 2D period remain constant [84]. With the long axis of the hole
aligned perpendicularly to the polarisation of the E-field, as the length of the hole is
increased a redshift of the resonant frequency is observed. The authors attribute this
shift to changing resonance regimes; for short hole lengths standard SPP modes are
thought to dominate, whilst localised SPPs govern the transmission for longer hole
lengths. This classification was supported by analysing the same arrays with two
differing beam diameters. The arrays with the longest holes, where localised SPPs
are thought to dominate, displayed very little change in transmission between the
two beam diameters. A much greater dependence was observed for the shorter holes,
where a vast difference in transmission was observed due to the effective collecting
area of the array being reduced with the smaller beam diameter.



558 A. J. Baragwanath et al.

Further confirmation of this theory was presented by observing the change in peak
transmission frequency when paper was placed next to the array. The theoretical work
of Bravo-Abad [85] suggests holes of larger dimensions have a greater proportion of
the E-field within the holes, whilst smaller holes have a greater proportion residing on
the metal surface. This suggests larger holes should be less sensitive to a change in the
neighbouring dielectric for two reasons: first, any established SPP is less dependent
on the surface of the metal as a smaller proportion resides there; whilst, second, if
the observed resonance is truly a localised SPP and only depends on the specific
geometry of a single hole, it should be almost independent of the metal surface.
This was observed to be the case as the paper was introduced: the smaller holes
demonstrated a clear redshift in frequency, whilst the larger holes exhibited no shift.

Miyamaru [86] investigated the finite size effect for the transmission of hole arrays
finding that, with more than 20 holes, a good quality band pass filter is achieved; and
that ten holes were enough to observe EOT. The work of Matsui [87] investigated the
transmission properties of random and aperiodic arrays. Random arrays found only
to produce broad resonances which redshifted to lower frequencies when hole diam-
eters were increased, suggesting waveguide cut-off was the dominant transmission
factor. This ruled out the existence of so called “shape resonances” thought to exist
for individual apertures. Aperiodic arrays (with 5, 12, and 18° rotational symmetry)
were found to produce strong, sharp resonant features with a characteristic “Fano”
asymmetrical appearance. Finally, note Qu [88] who observed so-called “fractal” sur-
face plasmons. An abundance of resonances in the frequency domain was attributed
to the interference between SPPs propagating in all directions of the metal hole array.
This work not only highlights the long propagation distances involved with SPPs at
THz frequencies, but also the unrestricted propagation directions of these excitations.

In conclusion: even with the considerable research activity, summarised above,
into the THz transmission properties of metal hole arrays, no single theory has been
found allowing resonances to be either explained or predicted. THz-TDS provides an
elegant method to study the lifetime and properties of SPPs, including how they are
strongly affected by hole and lattice geometries. The Fano interaction goes someway
to matching the asymmetry of the resonances yet offers no real explanation as to
the mechanisms involved or of the nature of the coupling interaction. Any theory
seeking to explain the EOT anomaly must be able to explain, amongst other factors:
the observed blueshift and broadening of a resonance with increasing hole width
parallel to the polarisation; the redshift and broadening observed as hole length
perpendicular to the polarisation is increased; the change in frequency associated
with a change in period; and the reason that random arrays of holes produce no
resonance.
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21.3 Applications

21.3.1 Guiding THz Waves with Plasmons

TDS systems, detailed elsewhere in this Volume, have been the “workhorse” for THz
spectroscopy and imaging instrumentation for over a decade. Fibre-fed emitters and
receivers have enabled the TDS systems to become more compact and flexible [89].
However, there still exists a requirement to eliminate the need for bulky parabolic
mirror arrangements which are used to focus free space THz radiation onto a sample.
Waveguides for SPPs provide a potential route to eliminate free-space THz optics in
these systems. They enable THz radiation to be used to interrogate subwavelength
samples for microscopy applications. In Sect.21.2.4, we introduced the single wire
waveguide; this has attracted much attention because of its design simplicity [90]. In
its favour, the wire offers broadband guidance with low dispersion over long prop-
agation distances [49]. However, it should be noted that, in practice, THz radiation
is usually generated from dipole-based photoconductive emitters which produce a
linearly polarised beam. The Sommerfeld wave on a wire is radially polarised; hence
coupling from typical THz sources is inefficient [91]. Radially symmetric photocon-
ductive antennas [51] have been developed which can overcome this problem. Alter-
natively, a diffraction/scattering type launch has been demonstrated on a patterned
wire [92]. Grooves (500 pm wide, 100 pm deep with 1 mm period) circumferentially
milled into a 1 mm stainless steel wire were shown to launch SPPs from an incident
THz pulse. This approach enhances coupling from free-space THz radiation to the
wire-guided SPPs; but leads to narrowing of the broadband pulse due to the inherent
periodicity of the grooves.

Structuring of the wire itself is not essential, however, to achieve this result.
Agrawal [93] showed that a bullseye arrangement could be used to couple SPPs onto
a bare wire. Here, the wire was inserted into the centre of the aperture, so as to form
a coaxial waveguide. The authors suggest that a TEM mode can be excited in this
configuration, even with a linearly polarised source.

It should be noted that single wire-guided propagation has proved far less attractive
in the microwave region, where a 10 mm diameter wire carries 75 % of its transmitted
power at 10 GHz in a circular area of 400 mm radius around the wire [94]. However,
at 1 THz, with a 100 wm wire, this radius is less that 1 mm [95]. Dielectric coatings
can be used to confine the field but lead to dispersion [96]. As discussed previously,
spoof SPPs provide an alternative route to further confine this radius [54]. To date,
this has not been experimentally demonstrated at THz frequencies.

The deep subwavelength electric field confinement achievable by tapering the end
of a wire has been exploited by Awad [97] for near-field imaging. Awad achieved a
feature size resolution of A\/50 at a 0.3 THz centre frequency when imaging metal
tracks on a GaAs substrate. Walther [98] developed a THz-TDS system without
far-infrared parabolic optics. In this work, a 110 mm long, 254 pm diameter plat-
inum/iridium wire with a sharp tip was placed in contact with a photoconductive
emitter. Lactose powder, dispersed along 55 mm of the wire, showed characteristic
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absorption at 0.53 THz. Interestingly, the wire-guided approach was found to be
less susceptible to water vapour in the atmosphere than is the case for free-space
THz TDS, thus avoiding the need for nitrogen purging during scanning. This is an
important practical step towards field-deployable systems, where nitrogen purging
is undesirable.

An alternative to wire-guiding is to use planar plasmonic devices. It is interest-
ing in this regard to note that Ulrich and Tacke [99] first suggested that periodic
metal structures, based on simple wire meshes, may be valuable as THz waveguides.
Devices commonly available at microwave frequencies such as straight waveguides,
Y -splitters and 3dB-couplers have been fabricated for THz applications from arrays
of periodically perforated metal films [100]. These operate in the spoof SPP regime
and show tight confinement and low propagation loss.

21.3.2 Manipulation: Modulators and Switches

THz modulators and switches are essential components of THz circuits, for use in
such diverse areas as on-chip sensing, broad-band communication [101] and imaging.
For example, if fast THz modulators could be further developed, they could replace
mechanical scanners and speed up imaging, as has been demonstrated recently [102]
with a single-pixel THz imaging system that includes a spatial modulator as a crucial
component. Another significant application will be the development of phased-array
radar that incorporate phase modulators that can be used to direct THz beams. Plas-
monic technologies have great promise in delivering modulators and switches that
are fast, have good depth of modulation, require low power levels for implementation
and can be satisfactorily operated at room temperature. Furthermore, plasmon-based
modulators, which are realised using micromachining technology, can be produced
on the same semiconductor chip as plasmon-interconnect (see previous section),
which offers considerable design flexibility.

Manipulation devices of this type rely on external perturbations to change their
THz optical transmission or reflection. Such perturbations might include: magnetic
and electric fields, optical probes or temperature changes. In practice, electrically
addressable modulators are likely to be of most practical use in the future development
of THz systems. Recently, metamaterial devices, that incorporate repeated numbers
of elements such as split-ring resonators on a subwavelength scale, have been reported
[103-106]. Since metamaterial devices are beyond the scope of this chapter, their
performance will not be reviewed here, although it should be noted that SPP effects
are essential to their operation.

Pan [107] demonstrated the use of a magnetically controlled nematic liquid crystal
(NMCO) to vary the transmission properties of a 2D metallic hole array. The NMC
occupies the holes in the array and, as the refractive index is changed, so does the
effective permeability of the device leading, in turn, to a shift in the SPP absorption
frequency and transmission. Although this is far too slow to be utilised practically,
it is noteworthy that the idea of changing the refractive index of a material placed in
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the orifices of the array has been deployed to create an optically addressable device
operating on the ps timescale [108]. As an alternative to modifying the refractive
index of the liquid “filler” through its photophysical properties, Gomez Rivas [109]
reported the use of an optical perturbation of the SPP characteristics through changes
in the carrier density of a semiconductor (indium antimonide) slab interfaced to air.
The authors claim modulation of the in-plane THz transmission is possible with ultra-
low optical (532nm) fluences and with a picosecond response time. In a more direct
arrangement, Hendry [110] describes how the THz frequency transmission properties
of a single slit through a silicon slab, decorated with surface corrugations on both
faces, may be controlled optically so as to produce an enhancement of transmission
with a very short response time.

Thermal perturbations of the electrical properties of a semiconductor, along the
surface of which THz frequency SPPs are propagating, are likely to be far too slow
to be of practical relevance. Nevertheless, it may be noted that an experimental
investigation of this effect, for indium antimonide surfaces, is reported by Gémez
Rivas [111] and a theoretical analysis is provided by Sanchez-Gil [112].

Nishimura [113] argued that metamaterials-based modulator devices may not
have the necessary required performance characteristics as a result of conduction and
radiation losses in conventional materials. These authors have proposed to harness
2D plasmon effects associated with the channel of a high electron mobility transistor
(HEMT). This follows the work of Dyakonov and Shur [114], who noted that 2D
plasmons could travel at a greater rate along the HEMT channel than is permitted for
individual carriers. Nishimura et al. have modelled a gated HEMT structure operating
as a THz transmission modulator and found that a 60 % extinction ratio and very fast
operation at frequencies of up to 10 THz is possible.

21.3.3 Engineering the THz Wavefront with Plasmonic Devices

Lezec [115] first pointed out the possibility that the directionality of light emerging
from a small aperture might be controlled through the use of a bullseye structure
surrounding the aperture. These authors argued that: as the light falling upon a small
aperture surrounded by corrugations was coupled to SPPs at specific angles for a
given wavelength; so the reverse process might occur for corrugations on the exit
surface. Agrawal [42] demonstrated this effect for the first time at THz frequen-
cies. Chen [116] designed tunable plasmonic lenses, based on indium antimonide
microslits, but has not reported experimental validation. The emergence of the THz
Quantum Cascade Laser (QCL) as a practical, compact THz frequency source, that
might potentially operate at room temperature [117], has led to further significant
activity in the development of plasmonic devices formed on the output facet of a QCL.
Yu [118] argued that suitably designed plasmonic structures on QCL facets could
achieve enhanced performance or new functionality in the near- and far-fields, an area
that was termed “wavefront engineering.” Examples include lasers with: high colli-
mation, polarisation control, super-focussing in the near- and far-fields, beam steering
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from a single device and the formation of beams with specific angular momentum.
Akalin [119] reviewed these claims for plasmonic beam shapers, comparing them
with the performance of external silicon lenses and horn antennas which reduce the
impedance mismatch at the laser facet. Recently, Yu [120] reported the first real
implementation of the concept of wavefront engineering. With a simple 1D grating
design, the beam divergence reduced from approximately 180° to 10° which resulted
in significant increases in power collection efficiency in comparison with unpatterned
devices. The structure was incorporated onto the substrate below the laser aperture,
without compromising the high temperature performance of the device. In the case
of this particular structure, Yu argues that THz radiation from the aperture is coupled
into spoof SPPs, instead of being directly radiated into the far-field.

21.3.4 Sensing

Almost all of the THz plasmonic sensing applications reported to date harness the
dependence of the SPP resonant frequency on the properties of the interfacing dielec-
tric. Two-dimensional hole arrays provide an easy method to exploit such properties,
where SPPs are readily excited and confined to distances within the order of a wave-
length. The first example of this in the THz regime was reported in 2005 by Tanaka
[121]. Here, thin polypropylene films of varying thickness were attached to a 2D
aluminium hole array. As the thickness of the dielectric film was increased, the reso-
nant frequency of the SPPs was found to redshift, whilst the power transmittance was
found to rapidly decrease. If a dielectric film were placed on both sides of the array,
power transmittance was found to decrease less severely due to efficient coupling of
SPPs on either side of the array. Such effects were even observed for film thicknesses
much thinner than the wavelength of radiation used.

The sensitivity of SPPs to very thin (extreme subwavelength) layers of dielectric
was demonstrated by Miyamaru [80], where a clear shift in resonant frequency was
observed between printed paper and clear paper. This work also reported the effects
of increasing the amount of glycerine absorbed on a nylon membrane attached to
the hole array. Redshifts could be observed for quantities as small as 800 pL, with
an accuracy of =0.2THz quoted for the peak frequency. Miyamaru argues that the
long “lifetime” of the SPPs enhances the absorption process of the THz radiation in
the sample under investigation. Yoshida [122] was the first to demonstrate biological
sensing, detecting femtomol quantities of horseradish peroxidase on a 2D hole array.
This work highlights that the observed shift in resonance frequency is of paramount
importance in detecting small amounts of proteins; it also demonstrates the increased
sensitivity of the plasmonic method over conventional THz-TDS techniques.

Further work has been undertaken to investigate the effects of a dielectric layer
of an asymmetric metal—dielectric interface. In this study, increasing thicknesses of
photoresist were spin-coated onto a lithographically defined aluminium hole array on
silicon [123]. Miyamaru [124] investigated the reflection properties of hole arrays
when changing the neighbouring dielectric. Dramatic redshifts and transmission
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enhancements were observed and ascribed to the increased field confinement around
the apertures as a result of the presence of the dielectric layer. Yoshida [125] using
free-standing arrays exploited the existence of a sharp dip observed in the standard
resonance peak of the array. This feature made it easier to detect slight shifts in fre-
quency, thus improving the sensitivity of the sensor. Finally, Tian [126] embedded
2D stainless steel hole arrays into a quartz sample cell. Different isotopes of liquid
methanol were then introduced into the cell, where shifts in the SPP resonant fre-
quency were observed as the sample was changed. The shifts in frequency allowed
the isotopes to be distinguished more accurately than by standard THz-TDS. This
work also highlighted how liquids can be used as the neighbouring dielectric, instead
of the solid films used previously. Further theoretical work proposes SPP-like fibre
based sensors for the detection of gaseous samples [127], where sensor resolutions
of the order of 10~* Refractive Index Units (RIU) are predicted.

The use of SPPs in the infrared region of the spectrum has been exploited for
decades to monitor binding interactions. THz radiation is extremely sensitive to
low frequency intermolecular environments; so it might be argued that THz-SPPs
could offer an even more sensitive technique for the analysis of biological binding
interactions than currently possible using infrared methods.

21.3.5 Imaging

THz imaging often suffers from poor resolution owing to the long wavelengths of the
radiation involved. It has been suggested that extreme confinement of radiation on
corrugated wires using SPPs may improve spatial resolution in THz images [54, 90].
There are, however, many practical problems (e.g. coupling efficiencies) that may
preclude realisation of this concept. Nevertheless, there are considerable opportuni-
ties to exploit plasmonic phenomena in near-field imaging using apertures, which
is a well-established method for THz near-field microscopy [128]. The applicabil-
ity of the technique is limited by the low transmission through a subwavelength
aperture. However, by surrounding an aperture with periodic corrugations whose
period matches the frequency of operation of THz source, a dramatic enhancement
of the signal through the aperture can be achieved leading to greater transmission
and improved spatial resolution. This has been demonstrated by Ishihara et al., where
100 pm apertures were surrounded by periodic corrugations, and illuminated with
a THz-wave parametric oscillator [129]. Large transmission enhancements were
observed at wavelengths commensurate with the period of the corrugations. Reso-
lution tests of the apertures showed that 50 wm (i.e. A/4) resolution was achieved.
Transmission artefacts were observed when periodic corrugations were situated at
either side of the apertures and attributed to the decoupling of SPPs on the far side
of the hole. Planarized arrays were found to yield no such artefacts; however, they
did display a field enhancement when the resolution test-piece was brought close to
the aperture. Further work by Ishihara et al. used the same periodic structures but
replaced the circular aperture with a bow-tie shape [130]. The greater field confine-
ment associated with this shape led to an increased resolution of \/17. Besides these
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two examples, plasmonic apertures have not yet been exploited for near-field THz
imaging elsewhere. The ability to greatly enhance transmission and control output
beam shape [120] whilst still beating the diffraction limit, may provide a strong
impetus to THz near-field imaging.

A further demonstration of plasmon-assisted THz imaging has been reported using
2D hole arrays [131]. By fabricating hole arrays of different periodicities, imaging
could be achieved at a range of frequencies by placing the arrays, in-turn, in contact
with the desired object. Raster scanning of a focussed THz beam over the array
allowed a plasmon-assisted image to be acquired. It was found the presence of the
hole array allowed for the detection of a soluble ink pattern on paper, which could
not be detected without the array. Such increased sensitivity was further displayed
by imaging a fingerprint on a polypropylene film. The final example of plasmon-
assisted THz imaging takes a completely different approach and requires no actual
device to be fabricated. Maraghechi [132] shows that, by embedding a dielectric
object inside a random array of subwavelength metallic particles, the successful
coupling, re-radiation and near-field propagation of plasmons allow the object to
be spatially resolved. The subwavelength size of the metallic particles results in
the “metal” possessing a positive real permittivity, effectively becoming a dielectric
at THz frequencies. The embedded object thus behaves as one dielectric embedded
within an outer dielectric. This means that the whole experiment resembles traditional
non-destructive THz imaging of dielectric objects. Reconstruction algorithms allow
the raw data to be enhanced, providing a ninefold increase in spatial resolution. This
approach could be valuable for biological imaging and sensing at THz frequencies:
if subwavelength gold particles could be dispersed on, or in, a biological sample
(thereby providing an SPP resonance of a known frequency) superior sensitivity
would be achieved.

The few examples which do exist in the literature of plasmon assisted imaging
at THz frequencies demonstrate the distinct advantages over standard imaging tech-
niques. These include: increased field confinement at the tip of a wire; enhanced
transmission through very small aperture sizes; and superior volume sensitivity via
the use of a 2D hole array.

21.4 Conclusion

In this chapter, we have reviewed the essential physics and some of the early applica-
tions of surface plasmons and plasmonic devices. Almost certainly other applications
will soon emerge in such new fields as quantum entanglement [133] and slow light
[134] in addition to further developments in all of the areas considered above. The
realisation of such essential active components as cheaper broadband THz systems
[135] and THz QCLs that operate at, or close to, room temperature will encourage
the design and development of plasmonic structures with new functionality, leading
to significant advances in THz communications, microscopy, communications, sens-
ing and imaging. The fact that plasmonic devices can easily be made using standard
clean room techniques will provide an additional impetus to this field.
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