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Nanostructures in the Terahertz Range

John W. Bowen

Abstract With advances in technology, terahertz imaging and spectroscopy are
beginning to move out of the laboratory and find applications in areas as diverse as
security screening, medicine, art conservation and field archaeology. Nevertheless,
there is still a need to improve upon the performance of existing terahertz systems
to achieve greater compactness and robustness, enhanced spatial resolution, more
rapid data acquisition times and operation at greater standoff distances. This chapter
will review recent technological developments in this direction that make use of
nanostructures in the generation, detection and manipulation of terahertz radiation.
The chapter will also explain how terahertz spectroscopy can be used as a tool to
characterize the ultrafast carrier dynamics of nanomaterials.

Keywords Terahertz • Nanostructures • Nanoscale sensing • Nanomaterial
characterisation

17.1 Introduction

Compared to other regions of the electromagnetic spectrum, the terahertz range has
only relatively recently become accessible for imaging and spectroscopy. This is
due to the considerable technological challenges that have had to be overcome in
order to generate, manipulate and detect terahertz radiation. A few years ago, this
state of affairs gave rise to the notion of the “terahertz gap” in the spectrum between
the infrared and microwave regions, generally considered to cover frequencies from
100 GHz to 10 THz, corresponding to wavelengths from 3 mm down to 30 �m.
However, while the field of terahertz science and technology is still in its infancy, the
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technology has advanced to such an extent that terahertz imaging and spectroscopy
are now no longer confined to the laboratory, and are beginning to find real-
world applications in a diverse range of areas. Many of these applications are a
consequence of terahertz radiation being able to penetrate through materials which
are otherwise opaque in other regions of the electromagnetic spectrum, combined
with the ability to achieve three-dimensional and depth-resolved imaging, ultra-fast
time resolution, identification of materials via molecular resonances, and improved
safety over X-ray imaging due to the non-ionising nature of the radiation. As an
example, the development of relatively portable terahertz imaging systems has
enabled the first use of terahertz imaging in situ at an archaeological site [1]. This
work was carried out in the remote, hot and dusty environment of the Turkish desert,
to image Neolithic wall paintings obscured by covering layers of plaster. Other
examples of in situ terahertz imaging of historic wall paintings and of applications in
cultural heritage in general are given in [2] and [3]. There is also much interest in the
use of terahertz imaging and spectroscopy for the detection of weapons, explosives
or contraband concealed about the body or hidden in luggage [4], the detection
of trace elements of substances [5], in medical imaging and diagnosis [6], and in
a variety of industrial non-destructive testing applications [7]. However, despite
this pioneering work, the portable systems available to date are still rather large
and cumbersome, are relatively fragile and easily upset by extremes of temperature
and moisture, and, depending on the spatial and spectral resolution required, can
have rather slow data acquisition rates. Therefore, with these applications in mind,
there is a need for terahertz systems with greater compactness and robustness,
enhanced spatial resolution, more rapid data acquisition times and the ability to
operate at greater standoff distances. This in turn requires the development of higher
power terahertz sources, more responsive detectors and imaging arrays, all of which
can be operated without the need for cryogenic cooling. This chapter will explore
recent developments in this direction made possible by the use of nanostructures in
the generation, manipulation and detection of terahertz radiation. Topics covered
include the nanostructure enhancement of sources and detectors, terahertz near-
field microscopy, terahertz sensing of molecules and nanoparticles, and terahertz
molecular imaging. In addition, it will be explained how terahertz radiation can
be used as an important tool to characterize the ultrafast carrier dynamics of
nanomaterials. As a precursor to the discussion of these new developments, the next
section of this chapter gives an overview of the principles of operation of some of
the terahertz imaging and spectroscopy systems in current use.

17.2 Terahertz Systems

There are several techniques available to carry out terahertz imaging and spec-
troscopy. As this chapter will discuss the application of nanostructures to extend
and improve the performance of some of these techniques, as well as discussing the
use of terahertz spectroscopy to characterize nanomaterials, this section will give a
brief overview of the principles behind their operation.
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17.2.1 Terahertz Time Domain Spectroscopy and Imaging

Terahertz time domain spectroscopy (TDS) is currently the most widely used
laboratory based terahertz spectroscopy technique, and is also employed in the
portable imaging system used for the work on wall paintings reported in [1]
and mentioned above. TDS is based upon generating short, typically several
hundred femtosecond long, pulses of broadband terahertz radiation and recording
the resulting reflected or transmitted pulses from a sample or object of interest.
The short pulse length makes it possible to resolve reflections due to interfaces
between different layers within a stratified object, as these will appear as individual
pulse reflection signatures occurring after different time delays within the recorded
time domain signal, corresponding to the time of flight to each layer. This depth
resolution can be further improved by using a deconvolution technique to achieve
sub-pulse length and sub-wavelength depth resolution [8]. Moreover, the incident
terahertz pulses are so short that they contain a wide range of frequencies, spanning
at least 100 GHz to 3 THz (wavelengths of 3 mm down to 100 �m) in typical
systems. Therefore, broadband spectroscopy is possible by carrying out a fast
Fourier transform of the time domain signals. As the technique is coherent, the
resulting spectra contain both amplitude and phase information, enabling direct
recovery of both the refractive index and absorption coefficient of a sample, without
recourse to the Kramers-Kronig relations.

The TDS technique can be extended to enable imaging by focusing the terahertz
beam to a small spot through which the sample can be raster scanned, or, if more
convenient, in fibre coupled systems the beam can be raster scanned across the
sample. The scanning is usually accomplished by mounting either the sample or
the generator and detector heads on translation stages.

As there is a complete time domain signal behind each pixel in the resulting
image, there are multiple parameters that can be used to construct an image, each
of which can provide complementary information about the object being imaged.
Typical imaging parameters include the peak amplitude in the time domain, the time
delay, the integrated amplitude over a given range of frequencies, and the impulse
response function [8].

The terahertz pulses are generated using a near-infrared femtosecond pulsed laser.
Although the output pulses from the laser are short enough to have a bandwidth
of several terahertz, their centre frequency is in the infrared range, and so a
terahertz emitter has to be used to convert the output into the terahertz range.
There are two main approaches to achieving this conversion. In photoconductive
generation, the beam from the femtosecond laser generates photocarriers in a piece
of semiconductor spanning the feed gap of a terahertz planar antenna. As a bias
voltage is applied to the two halves of the antenna, a photocurrent is generated
through the antenna for the duration of the incident infrared pulse and persists for
the carrier lifetime, resulting in a short pulse of terahertz radiation being emitted
from the antenna. In the second approach, known as optoelectronic generation,
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the terahertz pulses are generated by difference frequency mixing of the frequency
components in the infrared pulse in a non-linear crystal with a non-zero second
order susceptibility.

Detection of the terahertz pulses is achieved using a gated detection system.
Again there are two main approaches. In photoconductive detection, the terahertz
pulse is incident on an antenna structure similar to that used for photoconductive
generation. This time, however, the antenna is not connected to a bias supply but
is connected to equipment to record the current induced by the incident terahertz
pulse. As current only flows when photocarriers are produced in the semiconductor
due to an infrared pulse from the femtosecond laser being incident during the time of
arrival of the terahertz pulse, the detector is gated by the femtosecond laser. In order
to achieve this, a beam splitter is used to separate the output from the laser into
pump and probe pulses to excite the generator and gate the detector respectively.
Because the carrier lifetime results in the terahertz pulse being significantly longer
than the infrared pulse, the time delay between the terahertz pulse and the infrared
pulse can be scanned using an optical delay line so that the time domain waveform
of the terahertz pulse can be mapped out over a series of successive output pulses
from the femtosecond laser.

In the second approach, electro-optic detection, the terahertz pulse and the
infrared gating probe pulse are incident on a crystal that displays the linear Pockel’s
effect. If no terahertz field were present, the incident linearly polarized infrared
beam would have its polarization converted by the crystal, so that it would become
circularly polarized. However, due to the Pockel’s effect, the incident terahertz field
results in an elliptically polarized output infrared beam. A Wollaston prism and
pair of photodetectors are used to analyse the polarization of the infrared beam
into linearly polarized components, the difference in intensity of which is directly
proportional to the terahertz field amplitude. Again, both the terahertz pulse and
infrared pulse need to be incident simultaneously for an output signal to be recorded,
and so the terahertz signal can be recorded in the time domain by scanning the delay
of the infrared probe pulse.

In portable systems, both the pump and probe pulses can be delivered to the
emitter and detector using fibre optical umbilicals, allowing a high degree of
flexibility for scanning different objects in situ.

17.2.2 Photomixer Systems

An alternative technique that is beginning to be employed in commercially available
terahertz spectroscopy systems is based around mixing together the output from two
visible or infrared lasers to generate terahertz radiation at the difference frequency.
The mixing is achieved within a semiconductor, usually GaAs, in which the intensity
modulation of the laser beams due to their interference results in carrier generation
with a terahertz periodicity. Often these laser beams are focused to a small spot in
the semiconductor, and the resulting carrier currents feed a terahertz planar antenna
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integrated on its surface. Typically, photomixers are pumped by distributed feedback
diode lasers operating at a wavelength around 1,550 nm, which can be amplified
by erbium doped fibre amplifiers. This approach has resulted in continuous wave
terahertz outputs of between 20 mW at 100 GHz and 25 �W at 0.914 THz. The
output frequency can be swept over a wide range by sweeping the wavelength of the
diode lasers, so that spectroscopy can be accomplished and depth information can be
retrieved using frequency modulated continuous wave (FMCW) techniques. Again,
imaging is possible by raster scanning. The resulting systems are very compact and
portable. An in-depth review of terahertz photomixing is given in [9].

17.2.3 Quasi-optics

In order to keep terahertz systems as compact as possible, and bearing in mind
that the wavelengths involved are a few millimeters to fractions of a millimetre, the
terahertz beams produced by these systems are typically only a few wavelengths or
tens of wavelengths across. As a consequence, just as with nano-optics at visible
wavelengths, diffraction becomes a significant aspect of the propagation and similar
techniques to those used to analyse nano-optics can be applied to terahertz optics,
albeit scaled up in wavelength. Moreover, again for reasons of compactness, any
lenses or mirrors used to control the spread of terahertz radiation tend to be used in
the near to far-field transition region of the beam and have to be designed to take
this into account. As a more general treatment than geometrical optics is needed to
describe the behavior of such optical systems, they are generally referred to as being
quasi-optical.

One convenient way to describe an arbitrary diffractively spreading paraxial
beam is as a superposition of a set of beam-modes, each of which maintains
a characteristic form as it propagates, albeit with a scaling width and changing
phase-front curvature. These are usually Hermite-Gaussian or Laguerre-Gaussian
beam-modes, each having a Gaussian transverse amplitude distribution modulated
by either Hermite or Laguerre polynomials of different order. These beam-modes
provide an analytical basis for modelling the propagation of a beam away from its
narrowest point, termed the beam-waist, and enable the design of lens and mirror
profiles to refocus the beam to a new beam-waist at a set distance. A full discussion
of quasi-optics is given in [10].

The diffractive spreading imposes a number of size constraints on terahertz
optical systems. Firstly there is a maximum distance from a lens at which a beam-
waist may be formed, which depends purely on the width of the beam as it emerges
from the lens and is independent of the lens focal length. Secondly, any apertures
in a quasi-optical system have to have a diameter which is at least three times the
1=e amplitude half-width for a fundamental Gaussian beam-mode in order to avoid
significant truncation. Truncation is undesirable, both because it would result in
a loss of power and in the generation of higher order beam-modes, giving rise to
dispersion. Finally, diffraction limits the smallest spot size to which a beam may be
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focused to around one half of the wavelength, at which point the beam would be
extremely non-paraxial. Although such extremely converging beams are not used in
practice, the spot size in most imaging systems is typically a little larger than the
wavelength and decreases in size with the wavelength across the system bandwidth.
However, as will be discussed in Sect. 17.4, there are ways in which the radiation
can be concentrated to much smaller dimensions, allowing nanoscale imaging and
spectroscopy.

17.3 Nanostructure Enhancement of Sources and Detectors

Recent work has shown that the incorporation of nanostructures in terahertz sources
and detectors can offer considerable benefits in improving their efficiency. These
advances will be discussed in this section.

17.3.1 Plasmonic Enhancement of Photoconductive
Emitters and Detectors

One of the problems with both conventional photoconductive emitters and detectors
and with photomixers is that it is difficult to obtain ultrafast and high quantum
efficiency operation simultaneously. In a conventional emitter, the gap between the
antenna electrodes cannot be smaller than the diffraction limited spot size of the
pump laser, typically of the order of 2 �m. Given the carrier drift velocity, only
a small number of the photocarriers can reach the antenna electrodes on a sub-
picosecond timescale and so contribute to the terahertz radiation. The remaining
carriers just result in a dc current, which lowers the bias field, in turn reducing
the carrier acceleration between the electrodes. In order to suppress this unwanted
dc current, most conventional emitters use short carrier lifetime semiconductors to
ensure that carriers which are slow to reach the electrodes recombine before they get
there. However, this means that only a small proportion of the photoexcited carriers
contribute to the terahertz emission, limiting the efficiency.

Berry and Jarrahi [11] have shown how it is possible to overcome this problem by
incorporating nanoscale plasmonic gratings into the emitter electrodes, eliminating
the need for a short carrier lifetime semiconductor. Even though the gaps within
the plasmonic gratings are very much smaller than the diffraction limited laser
spot, the intensely localized surface plasmon fields generate carriers in the close
vicinity of the gratings, enabling the carriers to quickly contribute to the current
within the metal grating/antenna electrode structure. A very thin photoabsorbing
semiconductor layer is used to ensure that carriers are not generated deeper within
the semiconductor, as they would not reach the grating electrodes on a sufficiently
short timescale. While electrons generated immediately under the positively biased
grating will be drawn towards that grating and holes immediately under the
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negatively biased grating are drawn towards that grating to contribute to the terahertz
emission, the carriers of opposite sign need to be collected by a grounded central
contact between the two electrodes. Using this scheme, carriers that would take a
relatively long time to reach the opposite electrode, and so contribute to an unwanted
dc current, are removed, while around half of the electrons and holes that are
generated contribute to the terahertz emission, which is a significant improvement
on conventional emitters.

In addition, as the pump laser radiation can be absorbed over the entire plasmonic
grating area rather than just the gap between the electrodes, the active area
can be increased without significantly increasing the capacitance of the antenna.
This, combined with the fact that normal semiconductors have a higher thermal
conductivity than those with a short carrier lifetime, means that higher pump power
levels can be used.

As they have similar structures and are based on similar operating principles, the
incorporation of plasmonic gratings within photoconductive detectors and antenna
coupled photomixers can lead to similar improvements in quantum efficiency.

17.3.2 Terahertz Generation from Plasmonic
Nanoparticle Arrays

An alternative to conventional terahertz generators may be provided by the illumi-
nation of nanostructured metal surfaces by femtosecond lasers. Different research
teams have presented evidence for different mechanisms behind this phenomenon.

Kajikawa et al. [12] have demonstrated terahertz emission from surface-
immobilized gold nanospheres. The emission was seen to have a quadratic
amplitude dependence on the excitation field, suggesting it is a second-order
nonlinear optical process giving rise to optical rectification.

On the other hand, Polyushkin et al. [13] have demonstrated a non-quadratic
dependence in terahertz emission from metal nanostructures, including semicon-
tinuous metal films and ordered arrays of nanoparticles. In this case, based on a
model by Welsh et al. [14], they suggest that the mechanism is plasmon mediated
multiphoton ionization and ponderomotive acceleration of electrons in the uneven
surface plasmon evanescent field, giving rise to terahertz emission.

Greater understanding of these processes may eventually lead to the development
of more efficient terahertz emitters and may even lead to the interesting possibility
of using a single metal nanoparticle as a local terahertz emitter [13].

17.4 Terahertz Near-Field Microscopy

As discussed in Sect. 17.2.3, diffraction limits the smallest spot size to which a
terahertz beam can be focused to around half a wavelength. However, a variety
of techniques based around sub-wavelength apertures, probes, plasmonic parallel
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plate waveguides, aperture-less near-field scattering microscopy and nanojunctions
can dramatically increase the spatial resolution possible in terahertz imaging and
spectroscopy systems, to the extent that nanometre-scale resolution is possible. This
section gives an overview of these techniques.

17.4.1 Imaging with Sub-wavelength Apertures and Probes

Imaging with sub-wavelength apertures and probes can be used to detect the
evanescent terahertz fields in the vicinity of an object. The apertures or probes can
be integrated with the terahertz detector to yield resolutions of a few micrometres
[15, 16] and there is even a commercially available terahertz integrated microprobe
range with a 3 �m spatial resolution [17], which can easily be added to existing
terahertz TDS systems. Images can be constructed by scanning the probe or aperture
across the surface of the object.

Rather than using a physical aperture, it is also possible to tightly focus the probe
pulse onto an electro-optic crystal to form a so-called dynamic aperture, as terahertz
detection will only take place in the crystal within the confines of the probe pulse
spot [18, 19].

17.4.2 Plasmonic Focusing

An alternative terahertz microscopy approach is to concentrate terahertz radiation
to sub-wavelength dimensions in tapered plasmonic parallel plate waveguides.
Focusing down to 10 �m by 18 �m has been demonstrated at 0.155 THz [20],
although, theoretically, losses limit the smallest spot size to only 100–250 nm [21].

17.4.3 Aperture-Less Near-Field Scattering Techniques

Rather than integrating a detector with a scanning probe, it is possible to insert a
sharply pointed probe tip into a terahertz beam and measure the scattered evanescent
field as the tip is scanned across an object. With this technique, it is necessary to
have some means to distinguish the scattered field from the incident field. In one
approach, the tip is scanned near to the surface of an electro-optic detection crystal
with the correct crystallographic orientation to detect just the scattered fields from
the tip which are polarized normal to the crystal surface, while being insensitive
to the incident terahertz radiation which is polarized parallel to the crystal surface
[22,23]. Alternatively, a vibrating probe tip can be used with lock-in detection [24].
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Huber et al. [25] have achieved very impressive results by using metalised atomic
force microscopy tips as the scattering probe. Because of non-linearity in the field
near the tip, they have been able to achieve background suppression of the incident
radiation by detecting the higher harmonics of the scattered field using a Michelson
interferometer. Using this technique with radiation from a 2.54 THz laser they
have managed to produce terahertz images of single nano-transistors, differentiating
regions of different carrier density, with a spatial resolution of 40 nm, which is
1/3,000 of the wavelength.

17.4.4 Oxide Nanojunctions

Ma et al. [26] have demonstrated terahertz generation and detection at 10 nm oxide
nanojunctions, opening up the possibility of terahertz spectroscopy and control of
individual nanoparticles and molecules. The nanojunctions are formed by writing
nanowires at the interface between layers of LaAlO3 and SrTiO3 using an atomic
force microscope tip. This writing can be accomplished reversibly, so the junctions
can be formed or reformed at will, potentially enabling the object to be firstly located
with the atomic force microscope and then a nanojunction formed around it for
terahertz nano-spectroscopy . The terahertz fields are generated and detected by �.3/

processes under illumination from a femtosecond laser, and the same junction can
potentially be used for both generation and detection at the nanoscale, four orders
of magnitude smaller than the diffraction limit.

17.5 Terahertz Sensing of Molecules and Nanoparticles

Because molecules and nanoparticles are considerably smaller than the wavelength,
their absorption cross-sections are quite small at terahertz frequencies, making it
difficult to detect them unless they are present in large quantities. However, it has
recently been demonstrated that their absorption cross sections can be enhanced by
over three orders of magnitude by placing them across or inside nanoslot resonators.
This yields a dramatically increased absorption coefficient, allowing much smaller
quantities to be detected.

Using a slot with a length of 90 �m and width of 50 nm, formed in a 50 nm gold
layer on a quartz substrate, Park et al. [27] have used TDS to demonstrate detection
of as little as 40 ng of the explosive RDX drop-cast over an area of 10 mm2. This
corresponds to only 22 fg of RDX within the slot. Without the nanoslot resonator, it
is necessary to use of the order of 1 mg to see a noticeable difference in transmission
through the RDX on the bare quartz substrate.
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As the radiation is funneled through the nanoslot, the electric field becomes
enhanced within the slot by orders of magnitude compared to the magnetic field.
Because the absorption cross-section of the molecules is directly proportional to
the wave impedance, which is the ratio of the electric to the magnetic field, the
absorption cross-section increases accordingly. In the case of the RDX experiment
mentioned above, the molecular absorption cross-section was enhanced by a factor
of 2,800 times over that with the bare substrate.

The absorption enhancement can be tuned by changing the length of the slot
so that it resonates at different frequencies, which can correspond to specified
absorption bands in the target molecules. Park et al. [27] have demonstrated
this by carrying out a second experiment with a 150 �m long slot, resonant at
0.5 THz, which shows a similar absorption cross-section enhancement, but for
lactose molecules rather than RDX.

The same group have also shown that similar nanoslot resonators are sensitive
to even single nanorods placed across them, the nanorod changing the resonant
conditions of the slot, depending its size and placement [28, 29].

17.6 Terahertz Molecular Imaging

A number of studies have indicated that conventional terahertz imaging may be a
useful medical diagnostic tool, particularly for skin cancer [30] or tumours near
the surface of organs [31]. However, terahertz molecular imaging (TMI) [32],
which uses nanoparticle probes as contrast agents, offers enhanced performance
by increasing contrast and enabling micrometre spatial resolution. Additionally, it
offers the scope to track nanoparticle drug delivery.

The mechanism by which TMI operates is as follows. After injection into
the biological tissue to be imaged, the nanoparticle probes target cancer cells
by antibody phase conjugation, whereupon they become absorbed inside the cell
by a process known as endocytosis. The tissue is illuminated with a chopped
near-infrared laser beam which gives rise to surface plasmon polaritons on the
nanoparticles, inducing a water temperature increase in the cells. As the refractive
index of water in the terahertz range is temperature dependent, this results in a
terahertz reflection change which can be detected using terahertz time domain
imaging. Modulating the near-infrared laser enables differential detection, which
is necessary to achieve the required sensitivity.

The TMI technique has been compared with magnetic resonance imaging (MRI)
by transfecting superparamegnetic iron oxide (SPIO) nanoparticles into ovarian
cancer cells in a mouse. Good correlation was seen between the TMI and MRI
images, implying that TMI may be a useful technique in the operating theatre to
complement pre- and post-operative MRI [32].
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17.7 Terahertz Characterisation of Nanomaterials

Terahertz spectroscopy is an important probe of the ultrafast carrier dynamics
of nanomaterials because it provides information about charge transport on sub-
picosecond to nanosecond timescales and nanometre length scales which cannot be
provided by other techniques. Terahertz frequencies closely match typical carrier
scattering rates of 1012–1014 s, making terahertz spectroscopy ideal for studying
conductivity.

To give ultrafast time resolution, a modification of the TDS technique, known
as time-resolved terahertz spectroscopy (TRTS) or optical pump/terahertz probe
(OPTP) spectroscopy is used [33]. In this implementation, as well as providing
the pulses to drive the terahertz generator and detector, the femtosecond laser
provides another near-infrared pump beam to induce transient photoconductivity in
the sample. A further optical delay line is included so that the terahertz behavior of
the sample can be monitored at different times after photoexcitation of the sample.

The relaxation dynamics of the sample’s transient photoconductivity can be
probed by carrying out a “pump scan”, wherein the delay in the pump beam is
scanned while holding the terahertz detector gating delay at the peak of the terahertz
time-domain waveform. The photoconductive lifetime can be determined from this
type of measurement. Example measurements of the photoconductivity decay of
GaAs, InAs and InP nanowires are given in Joyce et al. [34].

Conductivity can be determined by carrying out a “pump scan”, wherein the
pump beam delay is held constant while the terahertz gating delay is scanned to
record the full terahertz waveform at a fixed time after photoexcitation. After fast
Fourier transformation to the frequency domain and normalizing to a reference
spectrum without the sample, the frequency dependent absorption coefficient and
refractive index n of the sample can be found from the transmission amplitude and
phase. In order to determine these quantities for nanostructures rather than bulk
media, it may be necessary to make use of an effective medium approximation
[35]. The frequency dependent complex conductivity can then be found from ˛

and n, although in doing so, it is usually necessary to include a component of the
permittivity representing the contribution from bound modes, i.e. lattice vibrations
and core electrons [36]. Once the conductivity has been determined experimentally,
it can be fitted with an appropriate conductivity model (of which there are a number)
to determine parameters such as the mobility, carrier scattering time and plasma
frequency. A detailed overview of the whole procedure is given in [36]. Examples of
terahertz characterization of a variety of nanostructures can be found in [35,37–39].

17.8 Conclusions

This chapter has shown how, despite the relatively large size of the wavelengths
involved, nanostructures are beginning to make a significant impact in improving
the performance of terahertz systems and devices applicable to a wide range of
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situations. In the case of terahertz sources and detectors excited by femtosecond
lasers operating in the near-infrared, the terahertz performance improvements are
the result of nanostructure enhancements of the interaction of the near-infrared laser
radiation with the device. Recent developments in terahertz near-field microscopy
mean that it is now possible to achieve nanoscale spatial resolution at terahertz
frequencies. The use of nanoslot resonators can dramatically increase the terahertz
absorption cross-section of molecules to allow the detection of small quantities of
target substances, as well as providing a means to sense individual nanoparticles.
Terahertz molecular imaging makes use of nanoparticle contrast agents to enhance
the contrast and improve the spatial resolution of terahertz medical imaging for can-
cer diagnosis and nanoparticle drug delivery. Furthermore, terahertz spectroscopy
provides unique information to characterize the ultrafast behavior of nanomaterials.

In addition to the new developments that have been covered in this chapter, work
is underway on terahertz detection and generation via plasma waves in nanometre
field effect transistors [40], on nano-hot electron bolometers [41], plasmonic
and graphene based terahertz modulators [42, 43], terahertz polarisers based on
carbon nanotudes and nanowire arrays [44, 45], terahertz vacuum nanoelectronics
[46], graphene lasers [47], terahertz-driven molecular surface rotors for molecular
machines [48], and wireless nanosensor networks for nanorobots, nanodiagnostic
techniques and co-operative drug delivery systems [49]. It is clear that nanostruc-
tures are likely to play an increasing role in the future development of terahertz
systems for many real-world applications.
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