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Abstract. The diverse applications of terahertz radiation and its importance to
fundamental science makes finding ways to generate, manipulate, and detect terahertz
radiation one of the key areas of modern applied physics. One approach is to utilize
carbon nanomaterials, in particular, single-wall carbon nanotubes and graphene. Their
novel optical and electronic properties offer much promise to the field of terahertz
science and technology. This article describes the past, current, and future of the
terahertz science and technology of carbon nanotubes and graphene. We will review
fundamental studies such as terahertz dynamic conductivity, terahertz nonlinearities,
and ultrafast carrier dynamics as well as terahertz applications such as terahertz
sources, detectors, modulators, antennas, and polarizers.
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1. Introduction

The last three decades have witnessed explosive progress in the research and technology
of carbon-based nanostructures highlighted by the discovery of fullerenes [1], rediscovery
in the 1980s of the detonation technique of producing nanodiamonds [2] which resulted
in a dramatic increase in the studies of their properties and applications [3], syntheses of
carbon nanotubes [4] and the unprecedented success of a simple scotch tape exfoliation
technique [5] leading to the spectacular rise of graphene [6]. The same period has seen
wide-range efforts in bridging the so-called terahertz (THz) gap.

THz radiation lies between its better studied counterparts: microwave and infrared
radiation in the electromagnetic spectrum. In this frequency range, electronic transport
and optical phenomena merge with one another, and classical waves (in the microwave
region) make the transition to quantum mechanical photons (in the optical regime).
Therefore, understanding THz phenomena requires a multi-perspective approach. In
condensed matter, many elementary and collective low energy excitations occur in
the THz range such as plasmons, magnons, and superconducting energy gaps, and
the majority of dynamical phenomena in solids such as scattering, tunneling, and
recombination occur on characteristic times scales of picoseconds, i.e., in the THz
frequency range.

Filling the THz gap is a challenging area in modern device physics [7], for this
region of the electromagnetic spectrum presents difficulties in both generating coherent
sources and creating sensitive detectors. However, the rewards of exploiting this gap are
great, owing to the diverse applications of THz radiation. For example, the vibrational
breathing modes of many large molecules occur in the THz domain making THz
spectroscopy a potentially powerful tool for the identification and characterization of
biomolecules [8-12]. Furthermore, the non-ionizing nature of THz radiation means
that it is seen by many as the future of imaging technology, and it also has promising
applications in biomedicine and biosensing. As well as utilizing THz technology for
pharmaceutical research [13] and biomedical diagnostic devices, other potential uses
range from security applications such as the sensing and detection of biological hazards
and explosives [7], through to communication technology and astrophysics.

In the last decade, there has been significant progress made in the development
of ultrafast laser based THz sources [14], quantum cascade [15] and free electron lasers
[16], which operate in the THz range, as well as synchrotron-based THz sources [17].
However, current THz sources and detectors often suffer from low output power, are
often considerable in size, and operate at liquid helium temperatures. For this reason,
the search for ultra bright, coherent, and compact THz sources and detectors is one
of the key areas of modern applied physics [18]. The unique position of the THz
range, in the gap between the parts of electromagnetic spectrum that are accessible by
either electronic or optical devices, leads to an unprecedented diversity in approaches
to bridging this gap [7,19-27]. One approach is to utilize carbon nanomaterials, in
particular, graphene and its one dimensional counterpart, the carbon nanotube [23],
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Figure 1. Graphene (top) is formed by carbon atoms arranged in a two-dimensional
honeycomb crystal lattice. Graphene can be rolled into a cylinder to form carbon
nanotubes (bottom left) or cut into graphene nanoribbons (bottom right).

whose optical and electronic properties are as interesting and diverse as their potential
applications.

1.1. What are carbon nanomaterials?

Carbon’s ability to exist in many different forms is due to the fact that carbon’s four
valence electrons may hybridize in many ways. This hybridization may be sp, sp? or
sp?, allowing carbon to form linear chains, planar sheets and tetrahedral structures.
sp2-bonded carbon can form a honeycomb crystal lattice, one atom thick, known as
graphene. This one atom thick sheet of carbon is the building block of many carbon
nanomaterials (see figure 1). Graphene can be rolled into a seamless cylinder to form
carbon nanotubes, cut into graphene nanoribbons or fashioned into buckyballs. These
low dimensional forms of nanocarbon could serve as the building blocks of carbon-based
optoelectronic devices of the future.

1.1.1. Graphene Graphene’s carbon atom’s 2s, 2p, and 2p, orbitals form o bonds to
their nearest neighbors, and these bonds determine the crystal’s structural properties.
The remaining 2p, orbitals hybridize to form weaker, more delocalized m bonds, and
these dictate the optical and transport properties of the material. In general, the
electronic structure of carbon nanomaterials can be described using a simple-tight
binding model [28] of graphene’s m-electrons. Unlike conventional systems, whose charge
carriers are described by the Schrodinger equation with an effective mass, graphene’s
charge carriers are described by the same equation used to describe two-dimensional
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Figure 2. An unrolled carbon nanotube. The cylinder is formed by rolling the
graphene sheet along the chiral vector, Cy,, such that its start and end points coincide.
a; and ag are the graphene primitive lattice vectors.

massless Dirac fermions, the Dirac-Weyl equation [29-31]. The consequence of this
unusual spectrum is that many effects that were once the in realms of high-energy
particle physics are now measurable in a solid state system [32,33]. Graphene exhibits
unusual mechanical, thermal and, most of all, electronic properties [31], which allows
the observation of interesting effects such as the suppression of backscattering [34],
an unconventional quantum Hall effect [30,35], and a range of effects based on the
Klein paradox [32]. The existence of massless Dirac fermions has been confirmed by
magnetotransport measurements such as the integer quantum Hall effect [30,35], and
the linear spectrum results in an optical conductance defined by the fine structure
constant [36-38]. The relativistic nature of graphene’s charge carriers makes confinement
difficult owing to the fact that particles do not experience back scattering in a smooth
electrostatic potential [32,34]. However, lateral confinement can be achieved by cutting
graphene into nanoribbons, therefore allowing graphene to be used as a switching device.
The geometrical confinement effects in graphene nanoribbons are similar to carbon
nanotubes, but the boundary conditions imposed on the wavefunction due to edge type
can lead to drastically different electronic properties [39-41] such as the existence of
edge states.

1.1.2.  Carbon Nanotubes A single-walled carbon nanotube (SWCNT) is formed
by rolling a graphene sheet into a seamless cylinder [28,42-44]. The way in
which the nanotube is rolled is described by the chiral vector Cy, which connects
crystallographically equivalent sites of the unrolled graphene lattice (see figure 2).
The chiral vector, is defined via the graphene primitive lattice vectors, a; and as, as
Cyn (n,m) = na; + mag = (n,m), where n and m are integers. If n = m the nanotubes
are called armchair nanotubes, and when m = 0 the nanotubes are referred to as zigzag
nanotubes; all other cases are classified as chiral nanotubes. For the case of n —m = 3p,
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where p is a non-zero integer, the tubes are known as quasi-metallic tubes [45].

The manner in which the tube is rolled strongly dictates its electronic properties:
the SWCNT can either be metallic, a narrow-gap semiconductor, or semiconducting.
Within the frame of a simple zone-folding model of the m-electron graphene spectrum,
armchair and quasi-metallic carbon nanotubes can be considered as one-dimensional
analogs of graphene, since in this model the electron low-energy spectrum is linearly
dependent on the electron wavevector. The electron energy spectrum, ¢ (k), of the
aforementioned SWCNTs is given by ¢ (k) = thvy |k|, where k is measured from where
the conduction and valence bands coincide and vp &~ 9.8 x 10° m/s is the Fermi velocity of
graphene. However, due to curvature effects quasi-metallic SWCNTs are in fact narrow-
gap semiconductors [45], their bandgap given by e, = hvpac.c cos30/(8R?) [46,47],
where ac.c = 1.42 A is the nearest-neighbor distance between two carbon atoms, R is
the nanotube radius, and § = arctan[v/3m/(2n 4+ m)] is the chiral angle [28]. Their
bandgap can be in the range of THz photon energies.

1.2. Why are they good for THz science and technology?

While initial investigations on these materials concentrated on DC characteristics,
recent theoretical studies have instigated a flurry of new experimental activities to
uncover unusual AC properties. Both nanotubes and graphene are expected to show
exotic THz dynamics that can lead to innovative optoelectronic applications [48-52].
These properties are inherently related to their unique, low-dimensional band structure,
combined with many-body interactions of quantum-confined carriers. In the presence
of external magnetic fields and electric fields, certain types of nanotube develop strong
THz optical transitions, giving rise to the possibility of utilizing them as highly tunable,
optically-active materials in THz devices [49,53-58], and their desirable electronic
properties and highly anisotropic optical properties make them ideally suited for THz
antenna and polarizer applications [59-65]. Nanotubes also hold the promise of ballistic
THz transistors [66] that could supersede traditional silicon technology.

As a gapless semiconductor with ultra high carrier mobility, graphene is a natural
material for THz applications, and the ability to modify graphene’s charge carrier density
through electronic gating makes graphene ideally suited for optoelectronic applications.
Its charge carriers can be further manipulated by externally applied magnetic fields,
allowing tunable broadband detectors to be realized [67]. Graphene is also predicted to
be a gain medium for THz lasers [68] which can operate at room temperature, an exciting
prospect considering the dearth of THz sources. Equally exciting is graphene’s ability
to support surface plasmon modes in the THz regime [69-71], which can be tuned by
electronic gating, therefore paving the way for novel graphene-based plasmonic devices
that operate in the THz regime.
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2. THz Science and Technology of Carbon Nanotubes

2.1. Dynamic Conductivity

For one-dimensional (1-D) electron systems, including SWCNTs, there have been
theoretical calculations of o(w), taking into account interactions and disorder to varying
degrees (see, e.g., [72-77] and pp. 219-237 of [78]). Specifically for a metallic SWCNT,
Ando [74] calculated o(w) within a self-consistent Born approximation, which indicated
that there can exist non-Drude-like conductivity, depending on the range of scattering
potentials.

In a 1-D conductor, electron-electron interactions lead to a breakdown of the Fermi
liquid model. In this instance, the charge carriers are described as a Tomonaga-Luttinger
liquid [79,80]. Tomonaga-Luttinger liquids were studied both theoretically [81,82]
and experimentally in single [83-86] and multi-wall nanotubes [87,88]. Burke showed
theoretically that these 1-D plasmon modes can be excited at gigahertz frequencies
[75]. However, it is currently unclear whether or not the single-particle or collective
excitations dominate the high frequency response of carbon nanotubes [89,90].

A number of experimental THz/far-infrared spectroscopic studies have been
performed over the last decade on SWCNTSs of various forms [59-62,64,65,91-98],
producing an array of conflicting results with contradicting interpretations. This is
partly due to the widely differing types of samples used in these studies — grown by
different methods (HiPco, CoMoCAT, CVD, Arc Discharge, and Laser Ablation) and
put in a variety of polymer films that are transparent in the THz range. Nanotubes
in most of these samples were bundled and typically consisted of a mixture of
semiconducting and metallic nanotubes with a wide distribution of diameters. One
common spectral feature that many groups have detected is a broad absorption peak
around 4 THz (or 135 cm™! or ~17 meV). This feature, first observed by Ugawa et
al. [92], has been interpreted as interband absorption in quasi-metallic nanotubes with
curvature-induced gaps [92,95-97] or absorption due to plasmon oscillations along the
tube axis [59,61,65,77,98-100], but a consensus has not been achieved [98].

2.2. THz Ematters and Detectors

There are several promising proposals of using carbon nanotubes for THz applications:
a nanoklystron utilizing extremely efficient high-field electron emission from nanotubes
[23,48,101], devices based on negative differential conductivity in large-diameter
semiconducting nanotubes [102,103], high-frequency resonant-tunneling diodes [104]
and Schottky diodes [105-108], as well as frequency multipliers [109,110], THz
amplifiers [111], switches [112] and antennas [113]. THz detectors based upon antennas
coupled to bundles [114-117] and individual [117, 118] metallic SWCNTs have also been
demonstrated.

1 Reprinted from Superlattices and Microstructures, 43, Portnoi M E, Kibis O V and Rosenau da
Costa M, Terahertz applications of carbon nanotubes, 399-407, Copyright (2008), with permission
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Figure 3. (a) The scheme of THz photon generation by hot carriers in quasi-metallic
SWCNTs. (b) The calculated spectral density of spontaneous emission, I, as a
function of frequency, v, for two values of applied voltage: solid line for V' = 0.1 V;
dashed line for V=0.15V. I

A variety of proposals exist for using carbon nanotubes for THz emitters and
detectors [48, 49, 53-56, 58, 119]. Kibis et al. [119] demonstrated theoretically that quasi-
metallic carbon nanotubes emit THz radiation when a potential difference is applied
across their ends. The electric-field induced heating of the electron gas results in a
population inversion of optically active states with an energy difference within the
THz range (see figure 3). In the ballistic regime, the spontaneous emission spectra
of all quasi-metallic have a universal dependence on the photon frequency [120], with
the maximum of the spectral density of emission being controlled by the size of the
applied voltage, which raises the possibility of utilizing this effect for high-frequency
nanoelectronic devices. In figure 3 the spectral density is shown for two values of applied
voltage.

It has been predicted that chiral carbon nanotubes can be used as the basis
of tunable frequency multipliers [49,53,54]. An electric field applied normal to the
nanotube axis gives rise to regions of the energy spectrum with negative effective-
mass [49,53,54], which are accessible in moderate electric fields. The effect of the
negative effective mass also leads to an efficient frequency multiplication in the THz
range, which can be controlled by the applied electric field.

Armchair SWCNTs are truly gapless, but by applying a magnetic field along the
nanotube a bandgap can be opened [43,121-123]. For a (10,10) SWCNT in a field of
10 T the bandgap corresponds to approximately 1.6 THz. It transpires that the same
magnetic field which opens the bandgap also allows dipole optical transitions between
the top valence subband and the lowest conduction subband [49, 55, 56] which would
otherwise be forbidden in the absence of a magnetic field [124,125]. In the presence of
the field, the van Hove singularity in the reduced density of states leads to a very sharp
absorption maximum near the band edge, which results in a very high sensitivity in the
photocurrent to the photon frequency, whose peak frequency is tunable by the size of

from Elsevier.
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Figure 4. A scheme for creating a population inversion between the lowest conduction
subband and the top valence subband of an armchair SWCNT in a magnetic field. The
left plot shows the calculated matrix elements of the relevant dipole optical transitions
polarized normally to the axis of a (10,10) SWCNT. The right plot shows several
energy subbands closest to the Fermi level and illustrates the creation of photoexcited
carriers and their non-radiative thermalization. §

the applied magnetic field. This scheme can also be used as a tunable emitter with a
very narrow emission line. A population inversion can be achieved by optical pumping
with the light polarized normally to the nanotube axis, as shown in figure 4.

In the absence of curvature, at kK = 0, optical transitions between the top valence
subband and the bottom conduction subband in quasi-metallic SWCNTs are strictly
forbidden by symmetry within the simple zone-folding model of the m-electron graphene
spectrum. However, for zigzag quasi-metallic SWCNTs, dipole optical transitions are
indeed allowed due to the gap opened in their energy spectrum by intrinsic curvature,
which is of the order of THz [120, 126]. These transitions are several orders of magnitude
larger than those previously considered in a model which neglects curvature[119]. As
with the armchair nanotube, a magnetic field applied along the nanotube can be used to
modify the optical selection rules. However in quasi metallic tubes, the magnetic field
creates two different size bandgaps, and therefore two peaks in the absorption spectra.
Arrays of armchair and quasi-metallic SWCNTSs could be used as the building blocks
of THz radiation detectors, which would have a high sensitivity in the photocurrent to
photon frequency. Furthermore, since the bandgap of such SWCNTs can be controlled
by the size of the applied magnetic field, such devices can be tunable.

Many-body (excitonic) effects, which dominate the optical properties of
semiconducting SWCNTs [127-130], are also important in narrow-gap SWCNTSs [131,
132]. However, due to the quasi-relativistic character of the free-particle dispersion
near the band edge of the narrow-gap SWCNTSs, there is a spectacular decrease in the
exciton binding energy[131]. The binding energy scales with the bandgap and therefore,
excitonic effects should not dominate in narrow-gap nanotubes. Hence, the proposed

§ Reprinted from Superlattices and Microstructures, 43, Portnoi M E, Kibis O V and Rosenau da
Costa M, Terahertz applications of carbon nanotubes, 399-407, Copyright (2008), with permission
from Elsevier.
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THz applications of quasi-metallic nanotubes should be feasible.

Nemilentsau et al. [58] theoretically studied thermal radiation from an isolated
finite-length carbon nanotube both in near- and far-fields. The formation of the discrete
spectrum in metallic nanotubes in the THz range is demonstrated due to the reflection
of strongly slowed-down surface-plasmon modes from nanotube ends.

It should be noted that there are some technological challenges that must be met
before the aforementioned schemes can be experimentally realized. Proposals based on
the superlattice properties of chiral nanotubes in a transverse electric field [49, 53, 54]
require using SWCNTSs of a particular chirality, the growing of which remains a major
technological challenge. However, post-growth techniques have recently progressed
considerably. For instance, the ability to prepare macroscopic ensembles of SWCNTs
enriched in a specific chirality [133-140] has already had significant impact in chirality-
dependent spectroscopy studies [100, 126, 141-145]. With the rate of current progress,
it is hoped that macroscopic devices of single-chirality-aligned nanotubes may be
achievable within the next five years.

Detectors and emitters based upon magnetically controlled bandgaps are especially
difficult to realize due to the high magnetic field strengths required. Furthermore, a key
requirement for a detector is to have low contact resistance between the electrodes and
the carbon nanotube as well as the ability to capture the measured THz radiation within
a high-magnetic-field setup. For the case of a magnetically controlled THz emitter,
suitable setups must be devised for the optical excitation of the carbon nanotubes as
well the extraction of THz radiation from a suitably designed cavity in conjunction
with a powerful magnet. Nevertheless transport experiments studying the influence of
the magnetic field on the bandgap of quasi-metallic tubes have already been conducted
[146]. Therefore, some progress in THz experiments can be envisaged for schemes based
upon THz transitions across the magnetic-field-induced (or magnetic-field-controlled)
gap in metallic (or quasi-metallic) carbon nanotubes.

2.3. THz Antennae and Polarizers

Nanotubes’ desirable electronic properties and highly anisotropic optical properties
make them ideally suited for antenna and polarizer applications in the THz range.
Both single [113, 147-155] and multi-wall [156-158] carbon nanotube antennae operating
in the THz regime have been studied extensively, and bundles/arrays of nanotubes
[65,159-163] have been shown to outperform tubes in isolation, demonstrating a far
superior antenna efficiency [65]. The concept of a thermal nanoantenna was proposed
by Nemilentsau et al. [58].

Polarization anisotropy in the THz range was first noted by Jeon and co-workers
by using partially aligned nanotube films [59,60]. Akima et al. [61] also demonstrated
anisotropy. More recently, using extremely well aligned ultralong carbon nanotubes, Ren
and co-workers demonstrated that carbon nanotubes can be perfect THz polarizers [62].
Kyoung and co-workers used aligned multi-wall carbon nanotubes to demonstrate
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Figure 5. Scheme showing the use of multiple SWCNTs films to produce high
performance polarizers. The extinction ratio of the THz polarizers with different
thicknesses is shown as a function of frequency in the ~ 0.4 —2.2 THz range. Reprinted
(adapted) with permission from [64]. Copyright (2012) American Chemical Society.

similarly strong anisotropy [63].

More recently, Ren et al. showed that adding additional layers of films (as shown in
figure 5) will enhance device performance considerably, achieving ideal broadband THz
properties in a triple-stacked film: 99.9% degree of polarization and extinction ratios
of 1073 (or 30dB) from ~0.4 to 2.2 THz [64], which is two orders of magnitude higher
than that of a single layer. Not only do these multi-layer devices outperform wire-grid
polarizers in the THz range, but since they are based on the intrinsic properties of the
tubes (rather than geometric effects like wire-grid polarizers), such devices can operate
beyond the THz range. Despite the macroscopic thickness of the layers, for polarizations
normal to the nanotube axis there is almost zero absorption. However, in contrast to the
Drude model, they show that when the polarization is parallel to the nanotube axis the
transmittance decreases with increasing frequency. This is attributed to the existence
of a peak in THz conductivity, which was discussed in section 2.1.

2.4. THz Transistors

The demonstration of ballistic transport [166] and linearity [167] in carbon nanotube
field-effect transistors indicates that nanotubes are possible candidates to replace
traditional silicon technology. By analyzing the influence of quantum capacitance,
kinetic inductance, and ballistic transport on the high-frequency properties of nanotube
transistors, Burke predicted a cutoff frequency of 80 GHz/L, where L is the gate length
in microns, opening up the possibility of a ballistic THz nanotube transistor [66].
Figure 6 shows how Burke’s prediction compares against other technologies. Several
other theoretical studies have also shown that nanotube field effect transistors can
potentially operate in the THz frequency regime [90, 168-172].

Experimentally, several field-effect transistors based upon individual nanotubes,

|| Reprinted from Solid-State Electronics, 48, Burke P J, AC performance of nanoelectronics: towards
a ballistic THz nanotube transistor, 1981, Copyright (2004), with permission from Elsevier.
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operating in the low GHz range have been achieved [173-181]. However intrinsic
cutoff frequencies in the THz regime have yet to be realized. The performance of
such devices have been limited by parasitic effects and impedance mismatches. One
approach to increase the extrinsic cutoff frequency is to utilize networks or arrays of
aligned nanotubes [176,182-191]. Most recently, Che et al. [192] demonstrated that
such an array of carbon nanotube transistors can achieve an extrinsic current-gain cutoff
frequency of 25 GHz.

3. THz Science and Technology of Graphene

3.1. Dynamic Conductivity

The AC dynamics of Dirac fermions in graphene have attracted much theoretical
attention — the influence of linear dispersions, two-dimensionality, and disorder has been
extensively discussed by many theorists [38,193-212]. However, the influence of electron-
electron interactions on the optical conductivity of graphene is somewhat controversial.
Theoretical studies using different methods have led to different conclusions as to the
magnitude of many-body corrections to the Drude-like intraband optical conductivity
(see, e.g., [201, 205, 206, 208] and references cited therein).

Experimentally, while a number of studies have confirmed the so-called universal
optical conductivity o(w) = e€2/4h for interband transitions in a wide spectra range [36,
37,213], successful experimental studies of the intraband conductivity have been reported
only recently [214-221]. Also, two groups have used microscopy techniques to map out
dynamic conductivity non-uniformity in the GHz [222] and THz [223] range and many
successful dynamic conductivity measurements in magnetic fields (cyclotron resonance)
exist [224-235].
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Figure 7. The left plot shows a scheme for creating a population inversion in graphene.
Electrons and holes generated by optical pumping non-radiatively thermalize and
aggregate towards the dirac points where they can recombine to emit THz radiation.
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different intensities of optical radiation, I, with the photon energies hQ. Iq is
the threshold intensity of optical radiation. Reproduced with permission from [68].
Copyright [2007], ATP Publishing LLC.

3.2. THz Gain and Lasing in Optically Excited Graphene

An outstanding theoretical prediction is THz amplification in optically pumped
graphene, proposed by Ryzhii and co-workers [68,236-239]. They demonstrated that
sufficiently strong optical pumping will result in population inversion, making the real
part of the net AC conductivity negative, i.e., amplification (see figure 7). Due to
the gapless energy spectrum, this negative AC conductivity takes place in the range of
THz frequencies. They calculated the dynamic conductivity of a non-equilibrium 2D
electron-hole system in graphene under interband optical excitation. Both interband
and intraband transitions were taken into account in their model. It has been shown
that under population inversion it is possible to achieve plasmon amplification through
stimulated emission [240,241]. The predicted net plasmon gain for different electron-
hole densities at 300 K is shown in figure 8. Several plasmonic amplifiers and oscillations
in graphene devices have been proposed for generating THz waves [241-245].

It has been predicted that THz lasing can be realized at room temperature
in optically pumped lasers utilizing Fabry-Pérot resonators [237,246] and dielectric
waveguides [247]. Tt has also been shown that population inversion can be achieved by
current injection in graphene layer and multilayer graphene heterostuctures [248-251],
and a novel voltage-tunable coherent THz emitters based upon multilayer graphene-
boron-nitride heterostructures has been proposed by Mikhailov [252]. Freitag et
al. observed thermal infrared emission from biased graphene [253], and Ramakrishnan
et al. observed coherent THz emission from optically excited graphite [254].

A number of groups have performed ultrafast pump-probe spectroscopy to study
carrier dynamics [215,255-279], including optical-pump THz-probe experiments [215,
267-273,278,279], ultrafast THz photocurrent measurements [274], and THz-pump
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Figure 8. The left plot shows plasmon amplification through stimulated emission in
population inverted graphene. The right plot shows the net plasmon gain (interband
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and scattering time are 10% cm/s and 0.5 ps respectively. (© [2008] IEEE. Reprinted,
with permission, from [241].

and optical probe experiment [275]. Also, negative conductivity in the near-infrared
region has been reported [276,280]. When describing carrier relaxation dynamics in
graphene, both Coulomb-mediated carrier-carrier and electron-phonon scattering must
be taken into account [239,281-291]. Electron-electron interactions such as Auger
recombination and impact ionization, which are usually suppressed in conventional
semiconductors, play an important role in the relaxation of photo-excited carriers in
graphene. Theoretically, Auger recombination is prohibited in clean graphene [292] but
is expected to become efficient in disordered graphene, which would lead to ultrafast
recombination and prevent population inversion. On the other hand, impact ionization
is predicted to lead to carrier multiplication [285], therefore enhancing the efficacy
of graphene-based photodetectors. One critical question is whether optically created
electrons and holes would thermalize before recombination and develop separate quasi-
Fermi energies. Sun et al. [255,265] and Tan et al. [275] argue that electron-electron
interactions are so fast that the system attains a common Fermi energy very quickly.
Breusing et al [258,264] and Li et al. [276] claim the opposite.

3.3. THz Nonlinearities

Mikhailov and Ziegler, using a semiclassical approximation, have shown that the
dynamics of graphene in an AC electric field are intrinsically nonlinear, and efficient
frequency multiplications for THz generation can be expected for microwave-driven
graphene [22,293,294]. However, the current theories describing THz harmonic
generation [22,293-296] do not take into account manybody Coulomb interactions and
carrier-carrier scattering which are important when describing THz carrier dynamics
in realistic graphene systems. Only very recently, Tani and co-workers performed THz-
pump optical-probe experiments to demonstrate ultrafast carrier-carrier scattering [275].
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Figure 9. Scheme of the considered setup, where a laser field with A = 140 meV
(Q is the laser frequency) and polarization ¢ is applied perpendicular to a graphene
monolayer. DOS for (a) linear, (b) ¢ = 0.1257, (¢) ¢ = 0.3757, and (d) circular
polarizations. The black solid line is for I = 3.2 x 10 W /cm? while the red dashed line
corresponds to I = 1.3x 10" W/cm?. For linear polarization these results are compared
with those of a tight-binding calculation for a system with 5x 10% channels (blue dashed
and purple dash-dotted lines). For reference the zero-field DOS is shown in solid gray.
Reproduced with permission from [299]. Copyright [2011], AIP Publishing LLC.

The presence of such scattering is believed to explain the heavy suppression of nonlinear
harmonic generation observed in recent experiments [297]. It has also recently been
demonstrated that nonlinear optical effects in graphene can be greatly enhanced by its
placement on a substrate possessing a negative dielectric constant [298].

Recent theoretical studies also suggest that graphene is an excellent material system
for studying solid-state strong-field physics with various promising device possibilities.
One of the predictions is that, when graphene is non-resonantly irradiated by a
circularly-polarized laser field, an energy gap should appear at the Dirac point, whose
magnitude is proportional to the laser intensity and inversely proportional to the
frequency of the laser field [299-306]. This has tremendous device implications, since



Terahertz Science and Technology of Carbon Nanomaterials 15

many optoelectronic applications require graphene to have a finite band gap, and this
prediction provides a coherent and ultrafast means for tuning the bandgap. For example,
Calvo and co-workers predicted that a long-wavelength (mid-infrared and THz) laser
field can produce significant band gaps in graphene [299] which can be modulated by
the polarization of the field. Figure 9 shows how the dc density of states (DOS) varies
with polarization. For a circularly-polarized mid-infrared laser field at a wavelength of
9 um, the predicted size of the laser-induced gap is 23 meV for an intensity of 3.2 x 10°
W /cm? (which is easily achievable) and increases linearly with the intensity and the
inverse of the laser frequency. Thus, the gaps are easily observable with reasonable
intensities, and longer wavelengths (such as THz) are preferable. It has also been
shown that for circular polarizations, the same laser that opens the bandgap may also
induce conducting chiral edge states in graphene [307]. It should also be noted that an
additional degree of control can be achieved by lateral confinement. For a nanoribbon
illuminated by linearly polarized light, it has been shown that a laser may or may not
induce bandgaps. The opening of the gap is dictated by sample geometry, edge type
and laser polarization angle relative to the sample edge [308].

Nonlinearities are also expected to appear in the dynamics of Dirac fermions in
a magnetic field both in the semiclassical regime [309] and quantum regime [310].
Mikhailov predicts that due to the linear energy dispersion, the particle responds not
only at the resonance frequency but generates a broad frequency spectrum around
it. The linewidth of the cyclotron resonance is predicted to be very broad even in a
perfectly pure material. A recent theoretical study by Yao and Belyanin [310] predicts
that graphene possesses highest third-order nonlinear optical susceptibility x®. These
authors showed that Landau-quantized graphene (i.e., graphene in a perpendicular
magnetic field) possesses an extremely high value of x®, of the order of 1072 esu in
the mid/far-infrared range in a magnetic field of several tesla. This value is larger than
reported x® values for any known materials by several orders of magnitude, and is
a consequence of graphene’s unique electronic properties and selection rules near the
Dirac point.

3.4. THz Plasmonics

Graphene with its excellent electronic and optical properties makes it a promising
candidate for the basis of future optoelectronic devices. Graphene based p-n junctions
can be used to separate photo-excited charge carriers. However, the generation of photo-
excited carriers is limited to the narrow region of the p-n junction and freestanding
graphene only absorbs up to 2.3 % of incident light [36,37,311] these factors are
hurdles to creating graphene-based devices with high efficiencies. However, absorbtion
can be enhanced considerably using plasmonic nanostructures (up to 100% [312,313])
to radiatively couple to surface plasmon modes, therefore improving the efficiency
of graphene-based photodetectors. Furthermore, plasmonic nanostructures can be
engineered to be resonant at particular wavelengths therefore opening the door to a
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new class of wavelength and polarization sensitive graphene-based devices.

Developing technologies to manipulate THz waves is an important goal in THz
research. Several groups have already demonstrated that gated graphene acts as a
modulator for THz waves [216,219-221,314]. Also, electro-optical modulations in
graphene have been considered theoretically by Vasko et al. [212,315,316]. For both
technological and scientific reasons, plasmons in graphene are attracting much attention.
Their unique properties have been intensively studied both theoretically [317-335] and
experimentally [70,336-340]. Many groups have started using gated graphene as well as
graphene combined with metallic structures to manipulate THz waves [336, 341-344].

A surface plasmon is a coherent fluctuation of charge density in a conducting
medium that is restricted to the interface formed between two materials, whose real
part of their permittivities differ in sign. Optical excitation of this mode requires
that one must provide both the correct energy and in-plane momentum. However, in
general, the in-plane momentum of the surface plasmon exceeds that of the photon, and
therefore, plane-wave radiation cannot couple to a flat surface. However, momentum
matching can be achieved by several schemes, such as prism-coupling using attenuated
total internal reflection [334,345] and by grating coupling [332, 334, 346-349], where
the periodicity of the grating provides the additional in-plane momentum needed to
excite the surface plasmon. An alternative approach is to spatially modulate graphene’s
conductivity. Graphene’s charge carrier density and hence optical conductivity can
be modified by external electric fields and strain, i.e., corrugation. Modulating the
optical conductivity in a periodic manner allows the optical coupling to surface plasmons
[328,330-332, 334]. The periodicity of patterned graphene structures such as arrays of
nanoribbons [334, 336, 350] and graphene disks [312,342] can also be used.

Rather unusually, graphene can support both transverse magnetic and transverse
electric [322] plasmon modes in the THz regime, the latter is absent in conventional
2D systems with parabolic electron dispersion. Graphene nanoribbons support both
edge and waveguide THz surface plasmon modes, the number of which is a function of
ribbon width and frequency [325]. Graphene plasmons can be tuned by electronic gating
(322,336,351, 352] as well as by changing the surrounding dielectric environment. The
plasmon lifetimes can be extended by increasing the doping level [324], and plasmons
can be guided by p-n junctions [351]. These properties have lead to several novel
device proposals [69, 71,326, 336, 346, 353-355], ranging from waveguides [356], switches
(343,345, 357, 358], and other control devices [221, 344, 359, 360] through to sensors [358],
tunable filters [361-363] and generators of THz radiation [241-245].

The first proposals using graphene for antenna applications use graphene as a
control element [364]. It was shown that by modulating graphene’s conductivity
via electronic gating allows the radiation pattern of the deposited metallic dipole
antennas to be controlled. A beam reconfigurable antenna was also designed [365],
using switchable high impedance surfaces. Several tunable graphene-based antenna
schemes using plasmon modes have been developed [327,366-369]. Such plasmonic
devices offer the possibility of tunable antenna which can be miniaturized down to the
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Figure 10. Schematic views of multi-layer graphene p-i-n photodiodes with (a)
chemically doped p- and n-regions and (b) electrically induced p- and n-regions
(electrical doping), as well as of graphene nanoribbons p-i-n photodiodes with (c)
chemically doped p- and n-regions and (d) electrically induced p-and n-regions,
respectively. From [371] with kind permission from Springer Science+Business Media
B.V.

nanometer scale, and the recent development of Leaky-Wave Antenna has shown that
fixed-frequency beamscanning is also realizable [370].

3.5. Detectors

Several schemes using graphene-based heterostructures as THz detectors have been
proposed, ranging from devices utilizing randomly stacked multi-layer graphene [371-
374], bilayer graphene [375], as well as devices based upon arrays of graphene
nanoribbons [371,376-378] and graphene-based heterostructures which make use of
plasmonic effects [378,379]. Some of the proposed devices are shown in figure 10.

Experimentally, several graphene single- and few-layer photodetectors have been
developed, which can operate at room temperature [380-383]. In such devices, the
generation of photocurrent is attributed to charge separation due to internal fields, which
arise at the graphene-metal interfaces [384-386] and the photo-thermoelectric effect.
Recently, broadband (0.76 to 33 THz) graphene transistor detectors have been achieved
[67], which can be tuned by the strength of the applied magnetic field. Plasmonic
nanostructures have also been shown to enhance the efficacy of photodetectors and
allow such devices to be wavelength and polarization sensitive [346].

Hot electrons have also been utilized in bolometric THz devices operating at
cryogenic temperatures made from graphene [387-389] and bi-layer graphene [390, 391].
Bi-layer graphene is a gapless semiconductor with parabolic dispersion [392], but a
band gap can be opened between the conduction and valence bands by applying
a potential across the two layers. The band gap and the temperature-dependence
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of the resistivity is tunable by the strength of the applied field. These properties
have been exploited to create bolometric devices that operate at THz frequencies
(390, 391]. Other bolometric devices use Johnson-noise thermometry [387-389], which
have sufficient energy resolutions to detect individual THz photons. Room temperature
bolometers based on graphene-graphene nanoribbon hybrid heterostructures have also
been theoretically proposed [393].

The optically induced breakdown of quantum Hall effect has been utilized to create
detectors which operate at liquid nitrogen temperatures [394], and reduced graphene
oxide and graphene nanoribbons infrared photodetectors have also been demonstrated
[395]. Karch and co-workers reported the observation of the Dynamic Hall Effect and
Chiral Edge Currents in THz driven graphene [396, 397] as well as the magnetic quantum
ratchet effect [398], and room temperature THz detectors have also been achieved using
antenna-coupled graphene based devices [382,399].

4. Future Perspectives

Nanocarbon THz technology has great potential for development in the coming years.
Graphene and carbon nanotubes could serve as the basis for new and efficient THz
sources and detectors, which are tunable, compact and operate at room temperature.
Their desirable electronic and optical properties make them ideally suited for THz
antenna and polarizer applications, as well holding the promise of ballistic THz
transistors that could supersede traditional silicon technology.

Though significant progress has been made in the field of terahertz science and
technology of carbon nanomaterials there are still many challenges which lie ahead. One
of the major limiting factors to the commercialization of graphene based devices is the
viability of its production. Though the synthesis of graphene by both chemical vapour
deposition and from SiC offers much promise current cost, sample quality, uniformity,
prevalence of defects and unwanted dopants are all issues that need improvement.
Furthermore, it would be desirable to have full control over the number of layers,
and their crystallographic orientation. Similarly the production methods of carbon
nanotubes must also be improved, as many carbon nanotube based THz devices
require highly aligned arrays of nanotubes of a certain chirality which remains a major
technological challenge. The performance of graphene and carbon nanotube transistors
devices are limited by parasitic effects and impedance mismatches. For THz operation
to be realized efforts must be made to reduce source, drain, and gate resistances as
well as searching for alternative substrates. An other major obstacle to be overcome
for graphene photodetectors is their low responsivity which arises from graphene’s
low absorption and small area for the generation of photoexcited carriers. However,
plasmonic nanostructures and waveguide structures offers the promise of enhanced
sensitivity.

From the theoretical conception of the quantum cascade laser [400] through to its
first experimental manifestation [401] took over two decades and significant technological



Terahertz Science and Technology of Carbon Nanomaterials 19

advances to bring about its fruition. Similarly there is much hope that the inevitable
progress in technology will likewise lead to further experimental breakthroughs in the
field of terahertz science and technology of carbon nanomaterials in the near future.
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