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ABSTRACT

Terahertz wavelengths can pass through dry, non-polar, non-metallic materials that are opaque at visible wave-
lengths. Moreover they can be manipulated using millimeter wave and quasi-optical techniques to form an image.
Sensing in this band potentially provides advantages in a number of areas of interest for security and defense,
such as screening of personnel for hidden objects, and the detection of chemical and biological agents. This paper
reviews recent research into THz applications by groups across Europe, the US, Australasia, and the UK. Several
private companies are developing smaller and cheaper reliable devices allowing for commercialisation of these
applications. While there are a number of challenges to be overcome there is little doubt that THz technologies
will play a major role in the near future for advancement of security, public health and defense.
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1. INTRODUCTION

The ‘terahertz gap’ that lies between the infrared and millimeter regions of the electromagnetic spectrum (Fig. 1)
has only recently become experimentally available. Terahertz (THz) waves, or T-rays, bridge the gap between
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Figure 1: A representation of the electromagnetic spectrum, showing the T-ray band between the well-developed
fields of millimeter waves (mm-waves) and the infrared. The T-ray band lies between 0.1 and 10 terahertz (THz).

electronics and photonics, have novel properties and interact uniquely with many materials. The interest in
THz was spawned both by researchers utilising the microwave end of the spectrum and wanting to work with
shorter wavelengths, and researchers at the infrared end who saw the need for working with longer wavelengths.
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Originally, T-rays were generated and detected by employing conventional techniques borrowed from microwave
and millimeter technologies. Since the advent of solid-state Continuous Wave (CW) and ultrafast pulsed lasers,
used with biased semiconductors and nonlinear crystals, there have been significant advances in THz technologies.
The rapid development of such technologies has allowed researchers to shift their focus to the applications, which
are numerous and as yet under-exploited.

THz sensing was first, and still is, applied in the areas of astronomy and atmospheric science.! In fact, imaging
techniques that have grown out of non-space applications are often transferred to areas such as planetary and
cometary sensing, as well as earth-based studies including the monitoring of ozone depletion. As there is an
increasing military dependence on space-related systems it is likely that THz radiation will play a major role in
the development of future space capabilities such as satellite to satellite communications.

Various rotational, vibrational and translational modes of molecules are within the THz range (0.1-10 THz).
Since these modes are unique to a particular molecule it is possible to obtain a “THz fingerprint” allowing for
the identification of chemical substances. Astronomers and chemists have already utilised THz to characterise
and identify many small organic molecules. The same techniques can be diversely applied, for example, in the
detection of anthrax providing novel approaches for counter-terrorism. THz spectroscopy allows not only for
exploration of molecular structures but of molecular dynamics.? Since the structure of biomolecules is closely
related to their functionality there are broad ranging applications in biomedicine, for example in DNA sensing.?
The wavelength of T-rays makes them a potentially useful carrier medium in secure and short-range line-of-sight
communications. The wavelength being short enough to provide significantly higher bandwidth than microwaves,
and yet long enough to provide greatly reduced Rayleigh scattering over infrared. The reduced Rayleigh scattering
suggests applications in short-range battlefield communications, where smoke and aerosols would block infrared
transmission. THz has low photon energies compared with X-rays, thus it is not considered intrinsically harmful
to living tissue.* In addition, it has the ability to penetrate a few millimetres of skin. Hence diagnostics of
subcutaneous tissue, such as the detection of skin cancer in vivo, is possible.’

T-rays are also able to penetrate dielectric materials, something that cannot be done effectively outside this
band. This allows for the detection of chemical and biological agents, and the remote imaging of personnel to
detect hidden plastic and metal objects. Sensing in this band potentially provides advantages in a number of
areas of interest to security and defense such as short-range radar sensing, as THz can better penetrate through
fog than optical light. The lower scattering of THz means significantly better imaging than with IR. In medical
transillumination applications, for instance, much higher contrast can be achieved than with light or X-rays. As
they are transparent to THz, tomographical images of materials, such as ceramics, can be made.® 7 This is carried
out using time-delay detection of reflected THz pulses from the surface of the structure under investigation.® ?
These techniques have applications in industry for quality control, as surface defects, contaminants and can be
detected cost-efficiently.

To date, technology has tended to dictate the applications to explore. More recently, though, the applications
themselves have impacted upon technology development. For many of the THz applications to become an
everyday reality, low-cost compact THz sources and detectors will be required. This means further advances will
need to be made in the areas of electronics and nanotechnology.

Across Europe, the US, Australia and Japan, a number of research groups at universities and in industry are
working on THz and ultrafast science and technologies. Funding for T-ray technology mainly comes from the
National Science Foundation, the National Institute of Health and the US Departments of Energy and Defense
and also, the European Union. Indeed, in the last few years the U.S. Army and the Department of Defense have
focused on the advancements of THz-frequency electronic technology and on novel applications of THz-frequency
sensing. A number of private companies are developing smaller, reliable and cheaper devices.

This paper gives an overview of THz applications and provides details on some representative work currently
being undertaken in the areas of biomedicine, security, communication and quality control. It also describes
challenges that relate to the commercialisation of some of this T-ray research. While this paper does not cover
T-ray generation and detection technology in detail, it provides a brief summary of the current developments in
novel materials and nanotechnologies and considers how these contribute to the advancement of next-generation
miniaturised and cost-effective THz applications.
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2. FAST, NON-INVASIVE AND LOW-COST BIOMEDICAL SENSING

Biomedical sensing is perhaps the most rapidly developing of all THz applications,'” pervading almost every area
of biomedicine and driving technology development toward more cost-effective and readily useable, transportable
devices for THz generation and detection. Currently huge efforts are being made to produce all-solid-state THz
sources and opportunities for commercialisation abound.

Spectroscopy was among the first applications of THz technology, for instance, in the development of basic
THz fingerprints of simple molecules, such as water, carbon monoxide and ozone.? However, it soon was realised
that T-rays can probe a range of energy transitions that correspond to the excitation of rotational, vibrational and
translational modes in complex organic molecules, including bio-molecules.'’ In THz absorption spectroscopy
the structure, and potentially the dynamics, of complex molecules such as proteins, DNA,'? RNA, and larger
bio-structures, such as cell clusters and bacterial spores can be studied and analysed. This application of T-rays
opens possibilities for fast DNA analysis — in both areas of disease detection and forensics. THz imaging of
pathogens such as anthrax is also possible. Bio-surveillance and chemo-surveillance will become increasingly
important to protect against biological and chemical attacks.

Since THz radiation is non-ionising, it has many potential medical applications. Apart from spectroscopic
characterisation, T-rays can also provide X-ray-like density images, without depositing harmful amounts of energy
in human soft tissue. In fact, T-rays could replace X-rays in dental cavity detection, because they can identify
tooth decay in early, remedial stages.'® X-rays, on the other hand, detect erosion only once a cavity has formed.
Owing to their capacity to penetrate the uppermost layers of skin, T-rays show promise in the early detection
of skin cancers, monitoring the progress of wound healing underneath protective opaque dressing, or examining
the skin of animals underneath their furs.

Breathing modes of DNA — caused by the stretching of hydrogen bonds between the two DNA strands
— vibrations, twisting and global stretching modes are excited by radiation in the 0.1 — 10 THz band. Thus
THz spectroscopy provides information about DNA structure and dynamics. In DNA analysis, THz absorption
spectroscopy can be used, for instance, to discriminate A and B configurations. Additionally, THz spectra differ
for DNA from different organisms,'#:1% for various single mutations,!! for intermediate products during chemical
reactions,'® and for hybridised versus denatured DNA.3 17

DNA-to-DNA hybridisation is a technique used to determine the genetic similarity of DNA sequences and
can help to identify genetic disease. Hybridisation is typically detected through the use or fluorescent dye-
labelling. Unfortunately this is both costly and time consuming and may even cause modifications to the strand
conformation. Another drawback is that fluorescent labels glow non-uniformly, giving rise to detection errors.
A number of researchers have thus started to use T-rays to detect hybridisation.? 218  For label-free detection
Brucherseifer et al® have exploited the dependence of the binding state of DNA on its dielectric properties at
THz frequencies. Their technique involves the preparation of thin homogeneous films of DNA deposited on
sapphire substrates. Significantly higher refractive indexes are obtained for the hybridised DNA compared with
the denatured DNA. Thin films prevent the DNA from reorganising itself into macroscopic structures, which
could potentially lead to intrinsic material responses. Homogeneity is also important in order to avoid resonant
scattering effects. A drawback of the technique is that very large amounts of DNA are required since the sample
needs to be of a thickness that allows significant interaction with the THz radiation. Bolivar et al'” overcome
these problems with a unique wave-guided approach. Thin-film microstrip-lines guide THz signals in plane along
the thin films of DNA deposited on the sensing circuits. A passive resonator significantly amplifies the DNA-
THz interaction. This approach results in improved sensitivity and a drop of three orders in magnitude in the
requirement for DNA material. More recently Nagel et al'® have developed a THz biochip capable of conducting
several hybridisation experiments on a single chip. Their development further reduces the wasting of material
and paves the way for high-throughput THz-biochips.

There are a number of difficulties to be overcome with DNA sensing. The spectra of proteins and DNA can
look different at different temperatures'!>2% 2! and depend on the thickness of the DNA sample and the orientation
of the strands. To date most work has been done on dry solid film, i.e. under unnatural conditions. This makes
practical applications difficult. Thus it would be preferable to perform DNA sensing in vitro. However, there are

at least two major obstacles to overcome. Firstly, it is extremely hard to orientate the strands under aqueous
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conditions. Secondly, water is strongly dielectric, whereas large biological molecules are only weakly so. Thus
highly sensitive differential methods are required to make DNA sensing in wvitro possible. These two obstacles
are some of the likely reasons why the progression of biological reactions has not as yet been studied in terahertz
spectroscopy.

The most successful optical biosensor in the market place is based on Surface Plasmon Resonance (SPR).22:23

A SPR system monitors the binding of molecules to a sensor by probing refractive index changes of the target
layer relying on the principle of bioaffinity, that is the affinity between two biomolecules. Bioaffinity can be used
in a biosensor by attaching a layer of sensor molecules, or analytes, to a sensor slide, as shown in Fig. 2. The
biosensor slide is used by exposing it to a mixture of unknown molecules, to test if any target molecules, or
ligands, are present. SPR detects this new layer by probing the refractive index change with an optical laser
beam — a change in refractive index results in a change in the intensity of light reflected off the film at some
angle, given by the experiment. SPR relies on the refractive index change at optical wavelengths, as determined
by the laser. Certain biomolecules, however, do not show contrast at optical wavelengths. Due to the absorption
resonances, such molecules could be sensed using T-rays. A new detection method based on T-rays operating on
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Figure 2: This sketch shows a slide with chemically attached sensor molecules, for example Avidin. The sensor
molecules have a strong binding affinity for a target molecule, for example Biotin, which creates a second layer
of material when it binds to the sensors. Other molecules that do not bind to the sensor will be washed away
and not form an extra layer. The ligand is chosen to have a high binding affinity and high specificity (that is, it
will not bind to non-target molecules) for the analyte.

the same principle as SPR has been proposed, and used successfully to detect minute amounts of label-free DNA
molecules.?* This approach uses integrated T-ray waveguides, incorporating resonant T-ray structures, and has
achieved femtomole (fm) sensitivity to label-free DNA hybridisation using T-rays.2%2¢ This approach opens up
new avenues for label-free detection. However, the integrated waveguides require application-dependent hardware
modifications, delicate sample handling procedures, and the interconnection of a large number of resonators for
simultaneous detection.

Mickan et al?” have carried out preliminary testing of the sensitivity of the T-ray DTDS spectrometer to thin
layers of bound biomolecules. T-ray signals were observed for Biotin molecules bound to an Avidin sensor, Avidin
molecules bound to a Biotin sensor, bead-enhanced Avidin bound to Biotin, and the explosive trinitrotoluene
(TNT) bound to TNT antibodies.

Avidin and Biotin together constitute a pair of biomolecules commonly used in demonstrations of bioaffinity,
due to their high binding affinity. Bead-enhanced Avidin target molecules create a much thicker molecular layer
than Avidin target molecules alone. Avidin is enhanced by binding to large, pm-sized Agarose beads. Agarose is
an inert substance, extracted from Agar, that is easy to derivitise, or attach to other biomolecules. The Agarose
beads attached to the Avidin amplify the target layer thickness, potentially increasing the biosensor’s signal.

The protein Avidin was chosen to test the T-ray biosensor due to its high binding affinity to the lipid
Biotin and its usefulness in other applications. Avidin comprises four identical subunits, each of which binds
one Biotin molecule — see Fig. 3. The binding affinity between Avidin and Biotin is so high (K, = 10%
mol~1) that the formation of this complex can be regarded as nearly irreversible, on a scale comparable to
a covalent bonding.2® The high binding affinity of this system has found many applications, for example in
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affinity chromatography, in attaching antibodies to solid surfaces, precipitating liposomes, or targeting cells
with liposomes.?? 3%  Importantly, it has been shown that Biotin can be adsorbed to a hydrophobic surface
without losing its specificity towards Avidin, leading to the possibility of studying ligand-analyte interactions on

supported lipid membranes.

Figure 3: This sketch shows sketches of the molecules Biotin (marked ‘B’) and Avidin (marked ‘A’). The essential
characteristics of Biotin are the polar head and long non-polar tail. Avidin, a protein, has four binding sites for

Biotin. The molecules are not drawn to scale.
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Figure 4: Sample slide for preliminary experiments, showing approximate dimensions in cm. The large double-
headed arrows approximately indicate the scan range of the T-ray beam across the sample, which was about
10 mm peak-to-peak. The two cases indicated are Awvidin for a test of the signal that occurs due to surface
inhomogeneities, and Biotin for a test of bioaffinity sensing. These cases correspond to the waveforms in Fig. 5.
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