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Abstract: In this paper, we present a scheme for generating terahertz (THz) radiation using an
array of parallel double-walled carbon nanotubes (DWCNTs) subjected to a direct current (DC). The
longitudinal surface plasmon polaritons (SPPs) in the DWCNTs are coherently excited by two near-
infrared laser beams with slightly different frequencies. Through numerical methods, we investigate
the spectral characteristics of the SPPs in the presence of a DC current in the nanotubes. We identify
high-quality plasmonic modes with a slowdown factor exceeding 300 in the terahertz frequency
region. The amplification of these slow SPP modes is facilitated by the DC current in the DWCNTs,
fulfilling a synchronism condition. This condition ensures that the phase velocity of the SPPs is
closely matched to the drift velocity of the charge carriers, allowing for an efficient energy exchange
between the current and the surface electromagnetic wave. The high-frequency currents on the
nanotube walls in the DWCNT array enable the emission of THz radiation into the far field, owing to
an antenna effect.

Keywords: terahertz; double-walled carbon nanotubes; plasmon polaritons; drift current pumping

1. Introduction

To date, several technologies for the production of ordered arrays of carbon nanotubes
(CNTs) with controlled parameters have been established [1–5]. Such structures are of great
practical interest for generating and controlling electromagnetic radiation. In particular,
they could be used to design compact sources of coherent terahertz (THz) radiation [6–10].

Such technical solutions exploit the following unique properties of CNTs:

(a) Individual CNTs (and their arrays) are capable of conducting currents of high density
(over 10 A/mm2 in direct current (DC) and 109 A/mm2 in pulsed modes) [11,12];

(b) CNTs support propagation of “fast” drift currents with a velocity of about 106 m/s
(approximately equal to the Fermi velocity) [13,14];

(c) CNTs support the propagation of ultraslow (with a velocity down to ~106 m/s) surface
plasmon polaritons (SPPs) with a long mean free path [15–19].

It is important that the huge values of the wavenumber associated with slow SPPs
hinder their excitation using standard optical techniques (for example, using prisms in
the Otto and Kretschmann geometry). The huge SPP effective refractive index leads to its
localization within the plasmonic waveguide. The possible solution in this case could be an
excitation of SPPs in the ordered CNT arrays by one or two laser beams. The beating of two
laser beams with detuned frequencies is widely used for THz generation [7,8,20–22]. In
particular, in [22] we proposed a scheme for exciting SPPs in a CNT array irradiated by two
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counter-propagating laser beams with slightly different frequencies in the near-infrared
range. The analysis of phase-matching conditions for this wave process shows that by
changing the angles of incidence of the laser beams on the structure under study, one can
achieve a match between the length of the nanotubes in the array and the wavelength of
the laser sources.

To enhance the efficiency of converting optical radiation into terahertz radiation, we
propose using the effect of amplifying SPPs with a drift current. This effect has been re-
ported in [23–27] for SPPs in single-walled CNTs and other graphene-containing structures.
SPP amplification occurs when the condition of synchronism is met, when the SPP phase
velocity is close to the drift velocity of charge carriers in CNTs. This amplification can
not only compensate the SPP attenuation but exceed the value of ohmic losses by several
orders of magnitude [27]. These properties of the CNT arrays could potentially be used to
design traveling-wave tube-type amplifiers or backward-wave tube-type oscillators [15].
However, the inhomogeneity of the gain spectrum prevents the implementation of this idea.
Different CNTs support slow SPP modes at different frequencies, so their simultaneous
excitation leads to noise generation. This situation is similar to that of the first solid-state
(ruby and neodymium) lasers when the appearance of whispering gallery modes on the
surface of active elements (cylindrical rods) led to the disruption of generation [28]. To
prevent this effect, one can either use an external resonator providing a high Q-factor for
modes of a particular frequency or seeding with a coherent laser source exciting SPPs of a
specific frequency [22]. In the latter case, each CNT forms a resonator for SPPs due to the
reflection of a plasmon from the CNT edge–vacuum interfaces.

In this work, we develop the concept of generators based on arrays of CNTs enabling
the THz radiation of high power (both continuous and pulsed), in which a DC current
flowing through the system is used as a pump, and the initial optical excitation of the
system as a whole ensures the coherence of the emitted radiation. For this reason, we
introduce current pumping into the two-beam THz generation scheme. Thus, unlike
previously described THz generation schemes, we consider a CNT array simultaneously
pumped by laser radiation and a drift current. To implement this idea, several interlinked
tasks are to be considered:

(1) The coherent optical excitation of SPP modes in the CNT array by laser beams as a
way for the initial excitation of the structure;

(2) The amplification of slow SPP modes by a drift current flowing through the CNTs;
(3) The generation of coherent THz radiation by an array of optically synchronized CNTs

with DC electric current pumping.

In the following sections, we consider a scheme for the excitation and amplification
of slow high-Q SPPs in the ordered double-walled CNT (DWCNT) array using two laser
beams with slightly different frequencies. The dispersion dependences for the SPP modes
in the DWCNTs are calculated numerically. It is shown that there are slow “interlayer”
SPP modes with a relatively high Q-factor (up to 103). It is demonstrated that current
amplification of super-slow SPPs in a DWCNT array is possible, and calculations of the
SPP amplification increment under the phase synchronism condition with the drift current
are performed. DWCNTs with SPPs generated in the array can be considered as antennas
emitting radiation in the THz frequency range. The conditions of the current standing wave
generation in the DWCNT array are elaborated. The power of THz radiation produced by
the DWCNT array as a system of coherent emitters is estimated.

2. The CNT Conductivity Model

The study of the plasmonic properties of CNTs should rely on the model of CNT con-
ductivity. Various models could describe the properties of multi-walled CNTs (MWCNTs).
These are the effective medium model [1,4,29,30] and various ab initio models [15,16], with
some degree of rigor, taking into account the influence of the structural features of CNTs on
their conductivity. The structure of MWCNTs has been studied in detail by X-ray diffraction
methods [31]. MWCNTs are imagined as hollow or solid cylinders with diameters ranging
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from several nanometers to tens of nanometers with a distance between layers of 0.34 nm.
Within the layer, carbon atoms are linked by strong covalent bonds. Atoms of different
layers are bound by much weaker van der Waals forces [32] that commonly have little effect
on the electron shells and the band structure of individual graphene layers comprising
MWCNTs [33]. It is shown in Ref. [34] that the static conductivity along the layers is much
higher than the interlayer conductivity. Using the random phase approximation (RPA)
method, the influence of the structural properties of CNTs, in particular, their chirality, on
the plasmonic properties of single-walled CNTs has been analyzed [17,33]. In addition, the
curvature of the walls of MWCNTs (rolled graphene layer) has practically no effect on the
band structure for nanotubes with a diameter on the order of 1 nm or more.

Thus, to simulate the plasmonic properties of MWCNTs of a relatively large diameter,
the frequency dependence of the conductivity σ(ω) calculated for planar graphene [35,36]
can be used. Up to frequencies on the order of tens of THz, the main role is played by the
term σintra [37], which determines the contribution of intraband transitions:

σintra =
2ie2kBT

π}2(ω + iτ−1)
ln
[

2 cosh
(

µ

2kBT

)]
(1)

Here, e is the electron charge, } is the Plank constant, kB is the Boltzmann constant, T is
the temperature, µ is the graphene chemical potential, and τ is the momentum relaxation
time. For numerical calculations, we use the following parameters: T = 300 K, µ = 0.2 eV
и 2π}/τ = 0.1 meV [38]. The used value of the chemical potential corresponds to the
concentration of surface carriers ns = 4 × 1012 cm–2 [39], which means the doping level
is one additional charge carrier per thousand carbon atoms [33]. Under the condition
µ << kT that is well satisfied for the chosen values of µ and T, Equation (1) transforms
into the well-known Drude-type expression [35]. In our calculations, we use a modified
Drude-type formula:

σ(ω, β) =
ie2µ ω

π}2
[
ω(ω + iτ−1)−V2

F β2/2
] , (2)

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 [19,40].
In Equation (2), VF is the Fermi velocity and β is the complex propagation constant of SPPs.

Thus, to study the plasmonic properties of MWCNTs with a diameter of 5–10 nm, it
seems reasonable to model them as a set of independent nested layers with conductivity of
the type given by Equation (2).

3. Dispersion Properties of SPP Modes in an Array of DWCNTs

The MWCNT model can describe complex waveguides formed by a set of conducting
sheets. Therefore, the spectrum of SPP modes in MWCNTs is too complex and challenging
to analyze. We limit our consideration to DWCNTs as the simplest MWCNTs that allow us
to reveal the main regularities in the interaction of MWCNTs with electromagnetic radiation.
The dispersion properties of the SPPs in arrays of DWCNTs have been studied within
the conductivity model given by Equation (2), and the research methodology has been
described in Ref. [18]. It should be noted that the approach used is based on considering
the interaction of SPPs with the electric current in a “cold” system, when the dispersion
characteristics of the SPP are determined by the parameters of the DWCNT array in the
absence of the electric current pump.

To plot the dispersion dependences of the SPPs in a “cold” system, we use the modal
analysis tools implemented in the COMSOL Multiphysics software product. A 2D model
with periodic boundary conditions is used to analyze the SPP modes. These methods allow
solving the eigenvalue problem for the given geometry and given boundary conditions. In
this way, one can find the complex mode propagation constant β = β′ + iβ′′ (β′ determines
the spatial period of the SPP and β′′ is the attenuation constant) for a given frequency ω.
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Figure 1 shows the dispersion curves β′(ω) (a) and β′′ (ω) (b) for the three lowest-
order SPP modes in the DWCNT. The calculations are performed for an array of parallel
DWCNTs with an external radius of a = 5 nm, a distance between walls of 0.34 nm, and a
grating period of d = 3a = 15 nm. It is found that the selected values of these parameters
have practically no effect on the calculated dispersion curves (for d of about 10–100 nm and
a of 1–10 nm, which are typical for MWCNTs). In our model, we assume that the length
of the DWCNTs is L >> a, d. One can see from Figure 1 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 (see Figure 1c). The relationship between
the frequency and the propagation constant for this SPP mode is close to linear.

Photonics 2023, 10, x FOR PEER REVIEW 4 of 13 
 

 

dispersion characteristics of the SPP are determined by the parameters of the DWCNT 
array in the absence of the electric current pump. 

To plot the dispersion dependences of the SPPs in a “cold” system, we use the modal 
analysis tools implemented in the COMSOL Multiphysics software product. A 2D model 
with periodic boundary conditions is used to analyze the SPP modes. These methods al-
low solving the eigenvalue problem for the given geometry and given boundary condi-
tions. In this way, one can find the complex mode propagation constant ′ ′′= +β β βi  ( ′β  
determines the spatial period of the SPP and ′′β  is the attenuation constant) for a given 
frequency ω . 

Figure 1 shows the dispersion curves ′β ω( )  (a) and ′′β ω( )  (b) for the three lowest-
order SPP modes in the DWCNT. The calculations are performed for an array of parallel 
DWCNTs with an external radius of a = 5 nm, a distance between walls of 0.34 nm, and a 
grating period of d = 3a = 15 nm. It is found that the selected values of these parameters 
have practically no effect on the calculated dispersion curves (for d of about 10–100 nm 
and a of 1–10 nm, which are typical for MWCNTs). In our model, we assume that the 
length of the DWCNTs is L >> a, d. One can see from Figure 1 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 (see Figure 1c). The relationship be-
tween the frequency and the propagation constant for this SPP mode is close to linear. 

 
Figure 1. Dispersion dependences for the first three “interlayer” SPP modes of lowest orders (from 
1 to 3) in the array of DWCNTs: (a) real and (b) imaginary parts of the propagation constant as a 
function of the frequency ω π/ 2  ; the inset shows the CNT array unit cell. (c) The electric field 
strength modulus distribution over the nanotube cross section for the corresponding SPP modes. 

Figure 1c shows that the electric field of the considered SPP modes is localized mainly 
between the CNT walls. This is the exciting property of DWCNT plasmonic modes, allow-
ing high deceleration of SPPs at a relatively low attenuation coefficient (less than 106 m–1). 

Figure 1. Dispersion dependences for the first three “interlayer” SPP modes of lowest orders (from
1 to 3) in the array of DWCNTs: (a) real and (b) imaginary parts of the propagation constant as a
function of the frequency ω/2π; the inset shows the CNT array unit cell. (c) The electric field strength
modulus distribution over the nanotube cross section for the corresponding SPP modes.

Figure 1c shows that the electric field of the considered SPP modes is localized mainly
between the CNT walls. This is the exciting property of DWCNT plasmonic modes,
allowing high deceleration of SPPs at a relatively low attenuation coefficient (less than
106 m–1). Another essential feature of such modes is that neighboring DWCNTs practically
do not affect each other due to the strong SPP localization in the interlayer space. This
allows the designing of slow-wave systems based on dense arrays of DWCNTs with a high
efficiency of pump energy conversion into the energy of SPPs.

Figure 2a shows the frequency dependencies of the group Vgr and phase Vph velocities
for the fundamental “interlayer” SPP mode. In the presented frequency range, the group
velocity Vgr is a positive, slightly varying, almost linear function on a frequency. The phase
velocity Vph takes the values of about 8.5 × 105 m/s, which provides an effective refractive
index (i.e., the deceleration of SPPs c/Vph, where c is the speed of light in vacuum) of approx-
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imately 350. Such a strong deceleration allows an SPP to interact with a drift current flowing
through the CNT possessing a charge carrier velocity V0 ∼ (0.5–1) × 106 m/s [13,14]. As
follows from Figure 2b, the Q-factor of the fundamental interlayer SPP mode, defined as
Q = |β′/β′′ |, reaches significantly high values of ~102–103.
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A specific feature of the obtained “interlayer” modes is the presence of a longitudinal
component of the electric field Ez. We have found that the SPP “longitudinal” parame-
ter [41] averaged over the CNT cross section

η = |Ez|2/|E|2 (3)

(where |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.

Thus, a DWCNT is a promising candidate for application in CNT-based devices
employing the plasmon amplification by the drift current. The theoretical prerequisites for
their operation are set out in Refs. [24,26,27,41].

4. Two-Beam Scheme of Super-Slow SPPs Excitation in the Array of DWCNTs

The mechanism of slow SPP generation in the THz and far-IR ranges by laser irradi-
ation of the ordered CNT arrays has been considered in Ref. [22]. Two schemes for the
implementation of this process have been proposed. In the first scheme, self-decay (like
parametric three-photon interaction in a periodic structure) of the initial laser wave occurs
in a diffracted wave and the SPPs on the surface of the CNTs. The slow SPPs are excited
in the CNT array due to the interaction of the incident narrow-band laser radiation and
the diffracted waves with the periodically arranged CNTs. In the second case, two laser
sources with slightly different frequencies excite the SPPs in the CNTs, and the slow SPP
is generated at a difference frequency. The second scheme to be considered in this work
is technically more complicated but does not require a strict periodicity of parallel CNTs
in array.

Let us consider a two-dimensional ordered array of identical DWCNTs of external
radius a and length L, located parallel to each other by the same distance d (Figure 3). Two
laser beams with close frequencies ω1, ω2 (ω2 < ω1) and with wave numbers k1,2 = ω1,2/c
are incident on this structure at angles ϕ1 and ϕ2 to the axis x (perpendicular to the nanotube
axes). When the conditions of phase-matching are met, the SPP generation occurs at the
difference frequency ω = ω 1 −ω 2. The following parameters are used for the calculations:
the first beam corresponds to the second harmonic of an erbium-doped fiber laser operating
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at λ 1 ~ 1.55 µm; and the frequency ω2 of the second beam is tunable over the range
sufficient to generate the SPP at the difference frequency ω of several THz.
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In the projection onto the z-axis (Figure 3), the phase-matching condition for two
incident laser beams is written as

k1(ω1) sin ϕ1 + k2(ω2) sin ϕ2 = β′(ω), (4)

where β′ is the wave number of the SPP excited in CNTs. The plasmon frequency in
Equation (4) is up-limited by ωmax, which is the solution of the equation

ωmax + β′(ωmax)c = ω1(1 + sin ϕ1). (5)

In the range of frequencies, where β′(ω) is approximated by a linear dependence with
a constant phase velocity Vph = ω/β′, ωmax is found using Equation (5) as

ωmax = ω1
(1 + sin ϕ1)

1 + c/Vph
. (6)

Therefore, the highest ωmax is achieved when the first beam is directed along the CNTs
in the array (ϕ1 = 90◦).

For the numerical analysis of Equation (4), we use the characteristics of the funda-
mental “interlayer” SPP mode. So, we consider the SPPs with a constant phase velocity of
Vph = 8.5·105 m/s. This gives the maximum frequency of the excited SPP ωmax ≈ 0.0057ω1.
For incident radiation with a wavelength of 0.775 µm and angle of incidence ϕ1 = 90◦,
we get from Equation (6) ωmax = 2.19 THz. Figure 4a shows the angle of incidence of
the second beam ϕ2 versus frequency ω of the SPPs excited in the CNT array for three
values of angle ϕ1. One can see that for each frequency ω in the range ω < ωmax there are
two directions of the second beam propagation, which are symmetrically oriented with
respect to the z-axis.
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Figure 4. Frequency dependences of (a) the angle of incidence of the second laser beam ϕ2 corre-
sponding to the phase-matching condition (4) at ϕ1 = 30◦, 60◦, and 90◦, and (b) the radiation intensity
of an array of nanotubes with lengths L = 1 and 2 µm.

5. Dispersion Relation for SPPs in the DWCNTs Taking into Account Drift Current

Let us assume that a constant potential difference is applied to the ends of the DWCNTs.
The SPPs generated by laser radiation interact with the drift current flowing through the
tubes. For slow SPPs, when the phase velocity of the SPP is close to the drift velocity
of the current carriers V0, this interaction can lead to the amplification of the SPP due to
energy transfer from the drift current. Two different approaches are known for describing
the interaction of slow SPPs with DC current and calculating the energy transfer between
an electromagnetic wave and electronic subsystem of a waveguide structure. Within the
framework of the approach proposed in [23,25,42–46], the problem was solved using the
total conductivity of the system depending on the drift current. It was shown that the
total conductivity depends on the direction and velocity of the charge carrier drift and,
under certain conditions, SPP enhancement due to the DC current energy can take place.
Another approach is based on the application of working principles of traveling wave tube
amplifiers [47] and considers the interaction of the modulated electric current with the SPP
in a “cold” system, i.e., in the system without the electric current. The fundamentals of this
approach are outlined in the papers regarding the considered problem [24,26,27,41]. This
approach uses the following equations describing the interaction between the current and
the electromagnetic wave in the waveguide obtained in a perturbative approach:

∂Ez

∂z
+ i

ω

Vph
Ez = −

1
2

ω2

V2
ph

Rc∆Jd, (7)

∂2∆Jd

∂z2 + 2i
ω

V0

∂∆Jd
∂z
−

ω2 −ω2
q

V2
0

∆Jd = i
ωeJ0

mV3
0

Ez, (8)

where Ez is the longitudinal component of the SPP electric field, J0 is the current intensity
in a single nanotube in the absence of coupling to the SPPs, ∆Jd(z) = Jd(z)− J0 is a tiny
spatial variation of the current intensity, Jd(z) (∆Jd << J0), ωq = χ · ωp is the reduced
plasma frequency depending on the waveguide geometry (for the numerical calculations
we take an estimation χ ≈ 0.35 from Ref. [48]), and e and m are the charge and the mass
of charge carriers in the nanotube. In Equation (7), Rc represents a coupling parameter
between the SPPs and the drift current: Rc = |Ez|2/2β′2P, where P = 1

2 ε0Vgr
∫
|E|2dS is a

power carried by an electromagnetic wave E(z) and ε0 is the permittivity of the vacuum.
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Let us assume that the current and electric field change proportionally along the CNT
to exp(−iGz), where G is the wavenumber of the harmonic perturbation. The compatibility
condition for the system of Equations (7) and (8) leads to the dispersion equation

(ω− GVph)
(
(ω− GV0)

2 −ω2
q

)
= C3ω3, (9)

where C =
(

eRc J0
2mV0Vph

)1/3
. Equation (9) is resolved by one real root (line 3 in Figure 5) and

two complex conjugated roots (lines 1 and 2 in Figure 5). According to the calculations per-
formed with the help of the COMSOL Multiphysics software, the increment α = Im(G) > 0
can get values of ~108 m–1 that significantly exceed the values of losses (|β′′ |~105 m–1).
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One should note that we do not explicitly obtain the conductivity of the nanotube
taking into account the drift current as it has been done in Refs. [25,42], but we take into
account the influence of the drift current on the SPP dispersion by solving the system of
Equations (7) and (8). This approach, as well as the approaches used in [42,43], makes
it possible to describe the instability (Figure 5) in the presence of drift current as well as
negative Landau damping.

The set of Equations (7) and (8) makes it possible to describe the interaction of the
surface electromagnetic wave and electric current and obtain the dispersion relation for the
SPPs in the DWCNT taking into account DC current.

6. CNT Array Radiation in the Far Zone

When a double-wavelength source or a comb generator with the pulse repetition
rate ω is used as an external laser source, the total current in a nanotube is the sum of
the direct current J0, due to the applied constant potential difference and the additional
non-stationary current ∆Jd from external laser radiation and SPPs:

J = J0 + ∆Jd = J0 + ∆Jd0 cos
(

β′z
)

exp(−i ω t). (10)

Generally, the amplitude value of non-stationary current ∆Jd0 depends on the magni-
tude of the direct current (see Equation (8)) and the intensity of the external laser radiation
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due to photocurrent generation [49]. For the sake of simplicity in this work, the surface
concentration of free charge carriers ns is assumed to be a fixed value.

Laser-irradiated CNTs can be considered to be antennas emitting in the THz and far-IR
radiation ranges. The theory of radiating antennas based on CNTs has been developed
in [3,16,50,51]. The field radiated by a CNT antenna (as well as its other main parameters)
is completely determined by the non-stationary current distribution ∆Jd. It could be found
by solving a self-consistent boundary value problem of electrodynamics using integral
equations. In the far field region, the angular distribution of the CNT antenna radiation
intensity I(θ) (θ is the polar angle) at the distance r can be expressed as [51]

I(θ) =
(

q
β′

)2 Z∆J2
d0

8π2r2

sin θ
cos
(

qL
2 cos θ

)
− cos

(
β′L
2

)
(

1− (q/β′)2 cos2 θ
)

2

, (11)

where q = ω/c is the wavenumber of radiation from the nanoantenna in the free space and
Z = 120π 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 Equation (11) reaching a maximum. According to Equation (11),
the maximum condition has the form β′L/2 = (2m + 1)π, (m = 0, 1, 2. . .), and one can see
that the minimum length L of a nanotube satisfying the geometric resonance is equal to the
SPP wavelength.

Figure 4b shows the frequency dependences of the normalized intensity emitted by
the CNT nanoantenna in the transverse direction (θ = 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 choose 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 4a. Due to a strong SPP slow-
down, the resonances should be observed at wavelengths that in free space can significantly
(by two or three orders of magnitude) exceed the dimensions of the CNT antenna.

The total power emitted by a single CNT antenna can be estimated from the formula [51]

P =

(
q
β′

)2 Z∆J2
d0

2
ξ
(
qL, β′L

)
, (12)

where ξ(qL, β′L) is a non-negative periodic function of the length L, the maximum value of
which is close to 1. In this case, a set of N coherent antennas increases the radiated power
by N2. Thus, in the case of a coherently excited array of CNTs, the total power emitted by
the radiating surface can be

Psum = N2P ∼
(

q
β′

)2 ZJ2
sum
2

, (13)

where Jsum = N∆Jd0.
To estimate the maximum possible value of the total power emitted by the DWCNT

array, we use the natural limitation on the amplitude of the non-stationary current due to
the finite number of free current carriers in the carbon nanotube. In cases where the entire
current in the DWCNT turns into a non-stationary one, its amplitude can be calculated by
using the formula

(∆Jd0)max ≈ 4πanseV0. (14)

For adopted parameters of the DWCNTs we get (∆Jd0)max ≈ 0.4 mA and β′/q ≈ 350.
Therefore, in accordance with Equation (13), for an array of N = 106 nanotubes, the total
THz-radiation power Psum emitted from the CNT arrays under conditions of their coherent
excitation can reach values of order 102 W.
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7. Discussion

The approach proposed in our work fundamentally differs from the widely known
approach to THz radiation generation [10,52–56], based on irradiating a target with short
laser pulses. In conventional laser pulse generation, “optical rectification” [57] occurs,
where a difference frequency close to zero is formed due to quadratic nonlinearity. This
phenomenon arises when irradiating solid [52], liquid crystal [58], or gaseous [54] media
with femtosecond laser pulses. In the nonlinear medium, a kind of “frequency down-
conversion” occurs, generating broadband THz pulses. In particular, several studies
have considered CNT arrays as targets for laser pulses [10,53,55,56]. Typically, optical
rectification in CNTs is also associated with quadratic nonlinearity. Using multiphoton
processes for generating THz radiation entails inherently low energy efficiency.

In contrast, the efficiency of the generation mechanism proposed in our work is not
directly related to energy conversion from external laser sources, which only serves to
create distributed feedback. THz generation occurs due to the interaction of the SPP
with the drift current, acting as a pump, and this interaction can proceed continuously.
Our amplification scheme inherently lacks the limitations associated with the low energy
efficiency of nonlinear processes. Moreover, since the proposed scheme utilizes the current
pumping of the SPP, the total power of the generated radiation can be high due to the high
conductivity of CNTs.

8. Conclusions

We have proposed a technique enabling the generation of THz radiation using an array
of DWCNTs pumped by a direct electric current. The numerical simulations demonstrate
the existence of slow SPP modes with a high Q-factor in DWCNTs. We have shown that the
electric current can effectively amplify these slow SPP modes. To ensure this effect, the SPP
phase velocity should be close to the drift current velocity (in the saturation regime, this
velocity equals the Fermi velocity). However, this condition appears to be satisfied for a
number of modes in the DWCNT. As a result, the simultaneous excitation of these modes
disrupts the coherence of the radiation by the DWCNT array. To implement the coherent
(phased) generation mode at a fixed wavelength, we propose to use coherent excitation of
SPPs by a highly coherent laser source (two laser beams with slightly different frequencies
in the near-IR range). With an array of DWCNTs 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. The generated SPPs localized on the
walls of the DWCNTs modulate the current flowing along the nanotubes in a coherent
mode. In this case, the DWCNTs play the role of coherently emitting dipole antennas.
As a result, this structure radiates as a single large dipole providing the total radiation
power determined by the strength of the DC current flowing through the DWCNTs. 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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