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ABSTRACT

We demonstrate theoretically that quasi-metallic carbon nanotubes emit terahertz radiation induced by an applied voltage. It is shown that in
the ballistic transport regime their spontaneous emission spectra have a universal frequency and bias voltage dependence, which raises the
possibility of utilizing this effect for high-frequency nanoelectronic devices.

Creating a compact reliable source of terahertz (THz) corresponding to the frequency of about 40 THz, the major
radiation is one of the most formidable tasks of contemporary scattering mechanism switches on abruptly resulting in
applied physic$2? One of the latest trends in THz technolégy  current saturatio® 28 In what follows, we show that for

is to use carbon nanotubes, cylindrical molecules with certain types of carbon nanotubes the heating of electrons
nanometer diameter and micrometer lerfgthas building  to energies below the high-energy phonon emission threshold
blocks of high-frequency devices. There are several promis-results in spontaneous THz emission with peak frequency
ing proposals of using carbon nanotubes for THz applica- controlled by an applied voltage.

tions including a nanoklystron utilizing extremely efficient
high-field electron emission from nanotub®s devices
based on negative differential conductivity in large-diameter
semiconducting nanotub&s!' high-frequency resonant-
tunneling diode¥ and Schottky diode® 6 as well as
electric-field-controlled carbon nanotube superlattices,
frequency multiplierd®® THz amplifiers?° switches’! and
antennas?

In this letter, we propose an alternative scheme for
generating THz radiation from single-walled carbon nano-
tubes (SWNTSs). This scheme is based on the electric-field-
induced heating of an electron gas, resulting in the inversion - ) ) ) ) ;
of population of optically active states with energy difference In Inversion of populgtlon and, gorrespondmgly, in optical
within the THz spectrum range. It is well known that the transitions between filled states in the conduction band and

elastic backscattering processes in metallic SWNTs are€MPty states in the valence band. The spectrum of optical
strongly suppresséd24and in a high enough electric field ~ transitions is determined by the distribution function for hot
charge carriers can be accelerated up to the energy allowingF@rriers, which in turn depends on the applied voltage and

emission of optical/zone-boundary phonons. At this energy, Scattering processes in the SWNT. In high-quality nanotubes,
disorder-mediated scattering is known to be weaker than

* Corresponding author. E-mail: m.e.portnoi@exeter.ac.uk. electron-phonon scattering?® Because the scattering

The electron energy spectrum of metallic SWNZE),
linearly depends on the electron wave vedtalose to the
Fermi energy and has the foretk) = thvglk — ko|, where
v~ 9.8 x 10° m/s is the Fermi velocity of graphene, which
corresponds to the commonly used tight-binding matrix
elementy, = 3.033 eV4 ¢ Here and in what follows, the
zero of energy is defined as the Fermi energy position in
the absence of an external field. When the voltadgeis
applied between the SWNT ends, the electron distribution
is shifted in the way shown by the heavy lines in Figure 1
corresponding to the filled electron states.This shift results
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e (a) e spectrunt, are in fact narrow-gap semiconductors due to
curvature effects. Their band gap is giverrby
hvgas_c cos 3
gg=—— 2)
0 8R°

\ 0
where ac_.c = 1.42 A is the nearest-neighbor distance
between two carbon atomB,is the nanotube radius, ad
= arctan[3V(2n + m)] is the chiral anglé.It can be seen
0 k from eq 2 that the gap is decreasing rapidly with increasing
- 1. (a) Crossi | d conduct bbands i nanotube radius. For large values Rf this gap can be
igure 1. (a) Crossing valence and conduction subbands in metallic ; ;
SWNTSs. Thick Iines_ shoyv the states occupied by electrons in the tnoegleer(:;?dtue:r?:":?gﬂ:; ;Iae i?rgagnggre(:s;etﬁsgfg \Iltoitagaessydtlée
presence of an applied bias voltage. (b) The scheme of THz photon . . h >
generation by hot carriers. show in a fashion similar to Zener's original wétkhat the
tunneling probability in quasi-metallic SWNTSs is given by
exp(—aeSIeEhuF), wherea is a numerical factor close to
unity .36 For example, for a zigzag (30,0) SWNT the gap is
processes erode the inversion of electron population, ang, - 6 meV, and the Zener breakdown takes place for the
optimal condition for observing the discussed optical transi- electric fieldE ~ 107! V/ um. Because almost the whole
tions takes place when the length of the SWINF |, where  voltage drop in the ballistic regime occurs within the few
the electron mean-free path for acoustic phonon scatteringnanometer regions near the contaétsa typical 0.1 V bias
is lac~ 2.4um 2" Below, we consider only such short SWNTs voltage corresponds to an electric field more than sufficient
in the ballistic transport regime when the total shit, of to achieve a complete breakdown. In what follows, we
electron distribution (see Figure 1b) does not exceed thepresent explicit results for a zigzagp8) SWNT of large
value ofAQ = 0.16 eV at which the fast emission of high- €enough radiuR and for applied bias exceeding the Zener
energy phonons begiféThis shift is related to the current, breakdown voltage so that the finite-gap effects can be
I, running through the nanotube by thé&tBker—Landauer neglected. These results can be easily generalized for any
type formula,Ae = (W/4€)l, and it cannot exceed the value duasi-metaliic large radius SWNT.

of eVwith A¢ — eVin case of ideal Ohmic contac®which Optical transitions in SWNTs have been a subject of
we will suppose from now on. In the ballistic or so-called E€X{€nsive research (see, e.g,, refs 33, 34,48 compre-

“low-bias” regime2527which persists for submicron SWNTs hensive reviews pf earlier work can be found in refs 5,6).

for applied voltages up t&/ ~ 0.16 V, the distribution We treat th.em. using the near.est.-nelghbor orthoggrgibc-

function for hot electrons is tron tlght-blno!mg m_ode‘I.De_splte its apparent simplicity and
well-known limitations, this model has been extremely
fruitful in describing low-energy optical spectra and elec-

f (k) = { 1, 0 <k—ky < Ael2hvg 1) tronic properties of SWNTs (see, e.g., ref 43). Our goal is
€ 0, k—ky> Ael2hu, to calculate the spectral density of spontaneous emission,

I, which is the probability of optical transitions per unit time

The distribution function for hot holed,(k), has the same  with photon frequencies in the interval, (v + dv) divided

form asfe(Kk). by dv. In the dipole approximatioff, this spectral density is

Let us select a SWNT with the crystal structure most gdiven by

suitable for observation of THz emission from a biased

nanotube. First, the required nanotube should have metallic ey

conductivity, and second the optical transitions between the 1, = —— Z o) (k) W0, W PO (e, — & — hw)  (3)

lowest conduction subband and the top valence subband S

should be allowed. The crystal structure of a SWNT is

described by two integers\m), which completely define Equation 3 contains the matrix element of the electron

the nanotube physical propertie$. The SWNTs with true vglocity operator. In the frame of t.he tight-binding model,

metallic energy band structure, for which the energy gap is this matpx element for_ optical transitions between the lowest

absent for any SWNT radius, are the armchain SWNTs cpnductlon and the h|gh¢st valence subbands of th@®)3

only 52932 However, for armchair SWNTs the optical 219223 SWNT can be written as (cf. refs 34,38)

transitions between the first conduction and valence subbands

are forbi.dden”’?'v34 Therefore: we propose to use.for the. W |IP.D=aC—Cwif S @)

observation of THz generation the so-called quasi-metallic ez 8 hkk

(n,m) SWNTs withn — m = 3p, wherep is a nonzero

integer. These nanotubes, which are gapless within the framewherefwi = ¢ — & is the energy difference between the

of a simple zone-folding model of thve -electron graphene initial (i) and the final {) states. These transitions are
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momenta differing by on&33 To achieve the emission of
these photons by the electron heating, it is necessary to have
an intersection of such subbands within the energy range
accessible to electrons accelerated by attainable voltages.
From our analysis of different types of SWNTSs, it follows
that the intersection is possible, for example, for the lowest
conduction subbands in several semiconducting zigzag
nanotubes and in all armchair nanotubes. However, for an
effective THz emission from these nanotubes it is necessary
to move the Fermi level very close to the subband intersec-
tion point?” Therefore, obtaining THz emission propagating
along the nanotube axis is a much more difficult technolog-
ical problem compared to the generation of the emission
shown in Figure 2.

In conclusion, we have demonstrated that a quasi-metallic
carbon nanotube can emit THz radiation when a potential
difference is applied to its ends. The typical required voltages
and nanotube parameters are similar to those available in
the state-of-the-art transport experiments. The maximum of
the spectral density of emission is shown to have a strong

I, (arb. units)

25
IV (THz)

Figure 2. The spectral density of spontaneous emission as a
function of frequency for two values of applied voltage: solid line
for V= 0.1 V; dashed line foi/ = 0.15 V. The inset shows the
directional radiation pattern of the THz emission with respect to
the nanotube axis.

associated with light polarized along the nanotube axis
agreement with the general selection rules for SWRTSs.
Substituting eq 4 in eq 3 and performing necessary summa-

tion, we get voltage dependence, which is universal for all quasi-metallic
- )3 carbon nanotubes in the ballistic regime. Therefore, the
| = Lf (ovlv, ) (vl )” €ac ¢V ®) discussed effect can be used for creating a THz source with

v = HTVIURNIn VIR 6o, frequency controlled by the applied voltage. Appropriately

arranged arrays of the nanotubes should be considered as
promising candidates for active elements of amplifiers and
generators of coherent THz radiation. In such an array, all
biased quasi-metallic SWNTs will emit in a similar fashion,
whereas semiconducting and armchair nanotubes will be
optically inactive in the THz and mid-infrared range;
therefore, no special selection of the nanotube type is needed.
In addition, the discussed effect provides a spectroscopic tool
allowing us to distinguish between quasi-metallic and true
metallic (armchair) nanotubes and to verify the validity of
the ballistic transport picture for short SWNTs at elevated
temperatures and nonvanishing bias voltages.

Equation 5 has broader applicability limits than the
considered case df < l,c and eV < AQ in which the
distribution functions for electrons and holes are given by
eq 1. In the general case, there is a strong dependerige of
on the distribution functions, which have to be calculated
takinginto accountallthe relevant scattering mechanigrifs’ 45
Our calculations show that for any nonzigzag quasi-metallic
SWNT the frequency dependence of the matrix element of
the velocity operator remains linear, differing from eq 4 only
by a geometrical factor. Consequently, in the discussed
ballistic regime the spectral density has a universal depen-
dence on the applied voltage and photon frequency for all
guasi-metallic SWNTSs. In Figure 2 the spectral density is
shown for two values of the voltage. It is clearly seen that
the maximum of the spectral density of emission has a strong
voltage dependence and lies in the THz frequency range for
experimentally attainable voltages. Spectrally integrating
yields the total photon emission rate. For a single zigzag
SWNT with lengthL = 2 um and applied voltage of 0.16
V, this rate is approximately 3000 photons per second. This
number can be significantly increased for an aftayf
similarly biased nanotubes for which stimulated emission will
occur.
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