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ABSTRACT

A technique enabling the generation of THz radiation using an ordered array of double-walled carbon nanotubes
(DWCNTSs) pumped by a direct electric current is proposed. The initial excitation of surface plasmon polaritons (SPPs) in
the DWCNTSs is performed by two laser beams with slightly different frequencies. The amplification of exited slow SPPs
(with a phase velocity down to ~10® m/s) is provided by a drift current flowing through the DWCNTs. The DWCNTSs with
SPPs act as sources of THz radiation and emit coherent electromagnetic waves into free space. The proposed model of a
carbon nanotube generator may be useful for the development of compact sources of coherent THz radiation.
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INTRODUCTION

To date, several technologies for the production of ordered arrays of carbon nanotubes (CNTSs) with controlled parameters
have been established [1-5]. Carbon nanotubes have a number of unique properties: individual CNTs (and their arrays)
are capable of conducting currents of high density (over 10 A/mm? in direct current (DC) and 10° A/mm? in pulsed modes)
[6,7], CNTs support propagation of drift currents with a velocity of about 106 m/s [8,9]; at the same time CNTs support
the propagation of ultraslow surface plasmon polaritons (SPPs) with a long mean free path [10-14].

The huge values of the wavenumber associated with ultraslow surface plasmon polaritons (SPPs) (therefore with the
large SPP effective refractive index) prevent their excitation using standard optical techniques. We propose as the possible
solution in this case preliminary excitation of SPPs in the ordered CNT arrays by one or two laser beams with close optical
frequencies. The beating of two laser beams with detuned frequencies is widely used for THz generation [15-19].

The main idea of the proposed THz source is the recently reported in Refs. [20-24] effect of amplification of SPPs by
a drift current arising when the phase matching condition is met. This amplification can not only compensate the SPP
attenuation but exceed the value of ohmic losses by several orders of magnitude [24].

The inhomogeneity of the gain spectrum arising due to inhomogeneity of the CNT array could prevent the
implementation of this idea. Different CNTs support slow SPP modes at different frequencies, so their simultaneous
excitation could lead to noise generation. Routine way to enhance the generation conditions is to use an external resonator
providing a high Q-factor for modes of a particular frequency. In this work, we propose to use the optical field created by
two laser sources with a small frequency detuning as a factor leading to the matching of surface wave oscillations in CNTSs.
The proposed concept of the coherent THz generator includes the following components: the preliminary optical excitation
of SPP modes in the CNT array by laser beams; the amplification of slow SPP modes by a drift current flowing through
the CNTSs; the generation of coherent THz radiation by an array of optically synchronized CNTs with DC electric current
pumping [19].
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DESCRIPTION OF THE STRUCTURE

We consider a two-dimensional ordered array of identical double-walled carbon nanotubes (DWCNTS) of external radius
a and length L, located parallel to each other by the same distance d (Figure 1). Two laser beams with close frequencies

@, @, (@, <) and with wave numbers ki > = @2 /c are incident on this structure at angles ¢, and ¢, to the axis x
(in normal to the axes of the tubes). When the conditions of phase matching are met, the SPP generation occurs at the
difference frequency o = w; — @, . The wavelength of the first laser beam corresponds to the second harmonic of an

erbium-doped fiber laser operating at A, ~ 1.55 um, and the wavelength of the second beam A, = 27zc/ @, is tunable
over the range sufficient to generate SPP at the difference frequency @ of several THz.

Figure 1. Scheme of the incidence of two laser beams on an array of DWCNTS.

In the projection onto the z axis, the phase-matching condition for two incident laser beams is written as
k() sin g + ko (@2) sin g, = B'(@), 1
where ' is the wave number of the SPP excited in CNTs. The plasmon frequency in Eq. (1) is up-limited by the value
®max , Which is the solution of the equation
Omax + B'(@max)c = an(L+singy) . )

In the range of frequencies, where p'(w) is approximated by a linear dependence with a constant phase velocity
Voh =@/ 8", @max is found using Eq. (2) as

_ L+sing) . (3)
1+ C/Vph

max

The highest value of wmax is achieved when the first laser beam is directed along the CNTs in the array (¢ =90°).

To simulate the plasmonic properties of doped CNTs with a large diameter (more than several nanometers) the
conductivity calculated for graphene can be used [25-27]:
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In Eq. (4), o™ and ¢™ are the contribution of inter- and intraband transitions, e is the electron charge, # is the Planck
constant, kg is the Boltzmann constant, T is the temperature, 4 is the graphene chemical potential, - is the average lifetime
of carriers. For numerical calculations, the following parameters are taken: T = 300K, x = 0.2 eV, and
2zh/r =0.1 meV [28]. The used value of chemical potential of doped graphene corresponds to the surface concentration

of carriers ng = 4:10'? cm=2[29].
At the frequencies of some tens of THz, the intraband term o™ dominates in Eq. (1). In the calculations we use

modified Drude-type formula:

ie’uw

o@h= h? [w(a)+ ir’l) —VFZ[)’Z/Z} ,

Q)

where the denominator contains a term that takes into account the spatial dispersion in the electron gas associated with the
finiteness of the perturbation propagation velocity [14,30]. In Eq. (5) Vg is the Fermi velocity, g is the complex
propagation constant of SPPs.

NUMERICAL RESULTS AND DISCUSSION

Figure 2 shows the dispersion curves B'(w) and B"(w) for the three lowest-order SPP modes in DWCNT, abstained using

numerical calculation software. The calculations are performed for the array of parallel DWCNTSs with the external radius
of a =5 nm, distance between walls of 0.34 nm and grating period of d =3a =15 nm. We assume that the length of
DWCNTs L >> a, d. One can see from Figure 2 that in the frequency range up to 22 THz, there is only one propagating
mode (curves 1). It is the fundamental mode with the field possessing no azimuthal dependence. The relationship between
the frequency and the propagation constant for this SPP mode is close to linear.
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Figure 2. Dispersion dependences for the first three interlayer SPP modes (numbers 1, 2 and 3) in the array of DWCNTSs.
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A specific feature of the interlayer SPP mode is the presence of a longitudinal component of the electric field E,. We

have found that the parameter 7 =|E, ]2/]E]2 (|E| is the modulus of the electric field strength of the SPPs) is about 0.6 at
frequencies of several THz making the SPP interaction with the drift current efficient.

In the frequency range from 5 to 25 THz the phase velocity V,, takes the value of about 0.85-10° m/s, which provides
the deceleration coefficient (effective refractive index) c/V,, of approximately 350. Such a strong deceleration allows the
SPPs to interact with a drift current flowing through the DWCNT possessing a charge carrier velocity Vo ~ (0.5-1)-108 m/s
[8,9].

For the numerical analysis of Eq. (1), we use the characteristics of the fundamental interlayer SPP mode with a constant
phase velocity of Vg, = 8.5-10° m/s. The Eq. (3) gives the maximum frequency of the excited SPP @max = 0.0057a . For
incident radiation with a wavelength of 0.775 xm and angle of incidence ¢ =90° we get wmax = 2.19 THz. Figure 3 shows
the angle of incidence of the second beam ¢, versus frequency @ of the SPPs excited in the DWCNT array for three

values of angle ¢, . One can see that for each frequency @ in the range w < wmax there are two directions of the second
beam propagation, which are symmetrically directed with respect to the z axis.
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Figure 3. Frequency dependences of the angle of incidence of the second laser beam ¢, corresponding to the phase-matching
condition Eq. (1) at ¢ =30°, 60°, and 90°.

To describe the interaction of slow SPPs with DC current and calculate the energy transfer between the electromagnetic
wave and the electronic subsystem of the DWCNT, we use the approach based on the application of working principles of
traveling wave tube amplifiers [31]. The basics of this approach are outlined in the papers [19,21,23,24,32-34].

This approach uses the equations describing the interaction between of the current and the electromagnetic wave in
the waveguide obtained in a perturbative approach. Under the assumption that the current and electric field vary along the
DWCNT in proportion to exp(—iGz), where G is the wave number of the harmonic perturbation, the condition for the
compatibility of the system of equations leads to the dispersion equation

(@=GVpn)((@—-GVp)? - ) = C30?, (6)
where @y = y - @y, is the reduced plasma frequency depending on the waveguide geometry (for the numerical calculations
we take an estimation y ~ 0.35 from Ref. ®), C = (eR.Jo/2mVoVpn )1’3, R. = ]Ezjz/zﬂ’zp ,P= %govgr.ﬂE]Z ds isapower

carried by an electromagnetic wave, Vg, is the group velocity of SPPs, J, is the current intensity in a single DWCNT, e

and m are the charge and the mass of charge carriers in the nanotube, & is the permittivity of the vacuum. The Eq. (6) is
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resolved by one real root (lines 3 in Figure 4) and two complex conjugated roots (lines 1 and 2 in Figure 4). According to
the calculations performed with the help of COMSOL Multiphysics software, the increment « = Im (G) >0 can getvalues

of ~108 m that significantly exceeds the values of ohmic losses in the DWCNT (’ﬂ”

Re(G) (105 m™)

Im(G) (10% m™)

~105m?).
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Figure 4. Dispersion of the SPPs in DWCNT: real and imaginary parts of complex propagation constant. Lines 1, 2 and 3 are
roots of Eq. (6). Line 4 shows the real part of the propagation constant of SPP in DWCNT without drift current.
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Figure 5. Frequency dependences of the radiation intensity of an array of nanotubes with lengths L = 1 and 2 um.

The laser-irradiated DWCNTS can be considered as antennas emitting in the THz and far-IR radiation ranges. In the
far field region, the angular distribution of the nanotube antenna radiation intensity 1(@) (@ is the polar angle) at the

distance r can be expressed as [36]
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where g = a)/c is the wavenumber of radiation from the nanoantenna in the free space, AJgo is the amplitude value of

non-stationary current, Z =120, Ohm is the characteristic vacuum impedance. For a given nanotube length L, there is a
discrete set of frequencies enabling the formation of standing waves resulting in the intensity given by Eq. (7) reaching a
maximum. The maximum condition has the form g'L/2=(2m+1)x, (m=0, 1, 2...), and the minimum length L of the

nanotube satisfying the geometric resonance is equal to the SPP wavelength.

Figure 5 shows the frequency dependences of the normalized intensity emitted by the CNT nanoantenna in the

transverse direction (€ =90") calculated for two fixed values of the length L. It can be seen that to achieve the maximum
efficiency of the nanoantenna, it is necessary to tune the SPP frequency. This task is reduced to choosing the radiation
frequency of external laser sources. In addition, a corresponding adjustment of the incident angles of laser beams is required
in accordance with Figure 3.

CONCLUSIONS

In this work we have proposed a concept of THz generator based on an array of DWCNTSs pumped by a direct electric
current. The numerical simulations demonstrate the existence of slow SPP modes with a high Q-factor in DWCNTSs. We
have shown that the electric current can effectively amplify these slow SPP modes. To implement the coherent generation
mode at a fixed wavelength, we propose to use coherent excitation of SPPs by two laser beams with slightly different
frequencies in the near-IR range. With an array of DWCNTSs implementing simultaneous optical irradiation and a drift
current, the generation and amplification of SPPs occur at frequencies corresponding to the highest values of the Q-factor.
At the same time, the DWCNTSs play the role of coherently emitting dipole antennas radiating as a single large dipole. The
THz generator proposed in our study could potentially be used in fields demanding a compact source of coherent or at least
narrowband THz radiation. These fields include biological and medical research, technical diagnostics, and 6G
communication. Plasmonic generators, where the amplification of surface plasmon polaritons (SPPs) is achieved through
current pumping, allow for a significantly greater SPP intensity and, consequently, a higher intensity of free THz waves.
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