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ABSTRACT Carbon nanotube-based nanoantennas could configure important components in devices for
applications in various fields, such as sensing, imaging, and signal transmission at the nanoscale. One of the
factors that can affect the properties and, therefore, the performance of the nanoantenna is the temperature.
In this work, the resonance properties at different temperatures for dipole nanoantennas formed from bundles
of densely packed carbon nanotubes are analyzed. Calculations are made from the Hallén equation using the
dynamic quantum conductivity and an equivalent radius for the antenna based on the surface area of the
bundle. Results are obtained in the range from 1 GHz to1000 GHz and temperatures from 200K to 500K. A
detailed calculation of the relaxation frequency is performed to consider the possible interaction of electrons
with defects and acoustic and optical phonons. Input impedance, first resonance frequency, and radiation
efficiency are obtained for different numbers of nanotubes in the bundle. Results show a significant effect of
the temperature and surface area of the bundle on these parameters.

INDEX TERMS Carbon nanotube, Hallen’s equation, Input impedance, Nanoantenna.

I. INTRODUCTION

ARBON nanotubes (CNT) have shown interesting

properties for industrial, biomedical, interconnects,
photonics, and a diversity of applications in nanotechnology
[1],[2]. In particular, metallic single-walled carbon
nanotubes (SWCNT) have been studied in configurations for
nanoantennas [3]-[5]. One of the most interesting aspects is
that CNT-based nanoantenas and devices could perform in
the gap of THz, a narrow band of the electromagnetic
spectrum between microwaves and infrared (0.1-10 THz)
that has been underutilized in some way. On the one hand,
devices for the transmission and reception of data in this gap
need to be miniaturized due to the shorter wavelength of the
radiation. On the other hand, the emission in THz is not
common in materials. In this sense, nanomaterials such as
graphene and carbon nanotubes, with their low
dimensionality and outstanding conductive properties,
provide a great possibility for the design of devices that work
in this range [6]-[8]. Quantum or semiclassical physical
models should be used to describe the physics of such
devices. Now, one of the difficulties against SWCNT
antennas is their low efficiency. Because of the small radius
of the nanotube, a large impedance is present that strongly
reduces the radiation efficiency [9], [10]. Nevertheless, these
types of nanoantennas could also be properly integrated into
high impedance nanoelectronic circuits, which are very
sensitive to extremely low currents in such a way that the low
efficiency of the antenna, at least in principle, would not
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constitute a serious problem for the detection of the signals.
Even so, some research efforts have been focused on
SWCNT bundles and other structures of CNT antennas with
which the possibility of overcoming the problem of low
efficiency has been visualized [11]-[18]. In particular, in
[11], for example, an electromagnetic modeling approach of
bundles of SWCNT with circular geometry for dipole
antenna applications was reported. In this reference, a single
solid equivalent material to model the CNT and the bundle
of nanotubes is considered to use the CST (MWS) software
package. Similar work was done in [12] for bundles with
rectangular cross-sections. Commonly, the relaxation
frequency of the nanotube is taken as a phenomenological
relaxation frequency, which is appropriate for acoustic
phonons, and the analysis is done at room temperature. In
general, published works on CNT-based nanoantennas use
typical values of the relaxation time at room temperature. An
interesting discussion related to the values for the relaxation
time at low and optical frequencies at room temperature was
presented in [9]. Later, in [19], an approximated model was
used to calculate the effective mean free path as a function
of temperature and relaxation frequency to analyze the
scattering properties of isolated CNTs and CNT arrays. That
approximated model was based on the study about the
electrical and thermal transport in metallic single-wall
carbon nanotubes reported in [20]. It was found that, since
the temperature affects the mean free path, thus affecting the
resistance of the nanotube, and since the capacitance and
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inductance are not affected, the resonance frequencies were
stable while the peaks decreased in amplitude as temperature
increased. In [19], calculations were presented for relatively
low temperature increases relative to room temperature, for
300 and 320 K. Now, since temperature is expected to have
a significant effect on the performance of a nanoantenna, in
this work, we focus on dipole nanoantennas of SWCNT
bundles and, using a simplified model based on the effective
surface area of the bundle, their resonances properties are
analyzed. The motivation that guides the work is that carbon
nanotube bundles offer high aspect ratios, and tunable
electronic properties, which would lead to enhanced antenna
performance in terms of impedance matching, current
distribution, and radiation efficiency. Results are obtained
for different temperatures from 200 to 500 K and in the range
of 1 GHz up to 1 THz, thus covering a portion of the terahertz
gap. A detailed calculation of the relaxation frequency is
performed to consider the possible interaction of electrons
with defects and acoustic and optical phonons. Input
impedance and radiation efficiency results are obtained for
different numbers of nanotubes in the bundle. The paper is
organized as follows. In Section 2, the most relevant aspects
of the theoretical model are discussed. Section 3 gives a brief
description of the numerical procedure, and in Section 4,
results are presented and analyzed. Conclusions are
presented in Section 5.

Il. THE HALLEN’S INTEGRAL EQUATION

Let us consider a dipole nanoantenna whose arms are
metallic CNTs (Fig. 1). The current on the surface can be
obtained by Hallen’s integral equation [5], [9], [10]. This
equation results from the relation between the electric field

E and the magnetic vector potential A,

!

2nr

FIGURE 1. A scheme of a CNT dipole antenna.
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f (#) is the current density, w is the angular frequency of the
fields, and k is the wavenumber. For a thin wire oriented
along the z direction and with a radius r, much smaller than
its length 2L and the wavelength A of the fields, the current
can be considered filamentary. The current density would be
given by,

J(2) = 32 3)

Besides, (1) is reduced in this case to,

E, = —jw (1+ia—2)Az 4)

k2 0z2
and the magnetic potential is given by,

A,(z) = ﬁf_LL 1(z)K(z —z)dz' )

K(z — z') is the kernel given in approximate form by,

R —jk (z—z’)2 +r?
——— (6)
(z—z")2+1f

Now well, the current density is also given by,

K(z—2z")=

J.(2) = olES(2) + E{(2)] ()

where o is the conductivity, E.(z) is the incident or
impressed electric field on the antenna, and ES(z) is the
scattered electric field. Equating (3) and (7), the scattered
field is,

E(D) = 5 -

"2 — i) ®)

Thinking of the electric field E, in (4) as the scattered
electric field, assuming that the impressed electric field E is
produced by a delta-gap voltage source centered in the
origin, EL(z") = V,,6(2") [21], defining the impedance per
unit length as,

1

Zi = ©)

2mreo

replacing (8) and (5) in (4), and using the Green’s Method,
the Hallén’s equation is obtained,

f_LL[K(z -2+ q(z—-2)(z")dz' = d;sin(kz) +

L ATWEV i

d,cos(kz) —]Tsin(klzl)
(10)
with
(2 — 7y = el 11
q\z z)= 10 k ( )

In this integral equation, I(z') is then the current on the
antenna to be determined, z’ is the coordinate of a source
point on the antenna axis, and z is the coordinate of the field
point. d; and d, are constants to be determined in the
solution process of the equation as well.

lll. DIPOLE NANOANTENNAS OF SINGLE-WALLED
CARBON NANOTUBE BUNDLES

In the definition of z; in (9), 2nr; is the perimeter of the
circumference of the antenna. If each arm of the antenna is a
SWCNT, r; = a is the radius of the nanotube, and the surface
area is 2malL, where L is the nanotube length. If each arm of
the nanoantenna is a bundle of identical SWCNTs, following
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[22], the surface area of a bundle made with only two
identical SWCTs is twice the area of each one of the
individual SWCNTs, that is, 2(2malL). If the bundle is
formed with three SWCNTSs, the surface area is 2.5 times the
surface area of one of the nanotubes, that is, 2.5(2mal).
Each SWCNT added to the bundle produces an increase in
the surface area of the bundle equals to 0.5 times the surface
area of one of the SWCNTSs. This sequence is valid up to a
total of six SWCNT in the bundle, and in this case, the
surface area is 4 times the surface area of a nanotube. If the
bundle has seven densely packed SWCNTs, a first layer is
completed, and the surface area is again 4 times the surface
area of a nanotube, as can be deduced from Fig. 2. Therefore,
in principle, it would be possible to replace the surface area
of a bundle of N densely packed identical nanotubes by the
surface area of an equivalent tube of radius la, that is,
2n(la)L, where 1 =1,2,2.5,3,3.5,4,4 (Fig. 3). Similar
reasoning can be done to find the equivalent surface area if
more nanotubes are added to the beam.

N=1 N=2 N=3 N=4 N=5 N=6 N=7

8-G85

I=1 =2 =25 =3 1=35 =4 =4

FIGURE 2. Construction of a bundle by joining 2, 3, 4, 5, 6 and 7 SWCNTs.

N=1 N=3 N=4
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FIGURE 3. The sequence of tubes with a surface area equivalent to the
surface area of a bundle of SWCNTSs.
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Considering the reasoning above with7; = la and, asin [15],
that only the outermost nanotubes in the bundle contribute to
the far-zone radiation, and the radiation of the inner
nanotubes is shielded by the outer nanotubes, dipole
nanoantennas of densely packed single-walled carbon
nanotube bundles can be modeled as dipole antennas whose
radii are a multiple of the radius of the SWCNTs from which
they are built. Although this assumption seems plausible,
experiments should be conducted to test the predicted
behavior. To solve the Hallen’s equation in (10), the
conductivity o must be replaced by the conductivity of
CNTs. The dynamic two-dimensional surface conductivity
for SWCNTs was obtained in [23] and, for small radius
armchair CNTs, in the low frequency, GHz and lower THz,
where interband transitions are not significant, it is given by,
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Oen(w) = — Zhalw—v)
Armchair SWCNTSs present a metallic behavior without an
energy bandgap. In (12), j is the imaginary unit, a is the
radius of the CNT, which, for metallic CNTs, is given by a =
3bm/2m, where b = 0.142 nm is the distance between
nearest neighbor atoms in graphene and m is an integer
greater than zero, e is the electron charge, v is the Fermi
speed, which is of the order of 10° m/s, & is the reduced
Planck’s constant, w is the electric field angular frequency,
v = 1/t is the relaxation frequency which accounts for the
number of scattering events per second of the electrons, and
7 is the relaxation time. The relaxation frequency depends on
the interaction of electrons with defects and acoustic and
optical phonons in the nanotubes and can be calculated using
the Matthiessen formula [20], [24]. The current I on the
antenna as a function of the frequency of the scattered
electric field can be obtained by using (12) in (11) and then
numerically solving (10) by the method of moments (MOM)
[5], [25]. It was shown in [26] that if the numbers of
subintervales N into which the antenna is divided is such that
N> L/a and the approximate kernel is used for
calculations, oscillations appear in the obtained current at the
ends and center of the antenna. Therefore, using the exact
kernel is necessary in this case. Specific studies for carbon
nanotube nanoantennas were first reported in [27]. Taking
this into account, in the present and in our previous work [5],
calculations were performed with N = 1000, so that the
number of subintervals was much lower than the ratio L/a in
all the considered cases, and the approximate kernel was
used. After that, the input impedance can be obtained as
Zin = Vin /1(0), where I(0) is the current at the center of the
antenna. The radiation efficiency can be calculated
according to [28],

— Rin | _ 2L Who |, o '
n= Rin+Rpf’ Ry = SR{Zn(m) \I 20 }’ Ry =R{Zin} (13)

where R{--- } stands for the real part.

IV. EFFECTIVE MEAN FREE LENGTH OF SWCNTs
The effective mean free length [, ¢, for the electrons in
SWCNTs can be calculated by the Matthiessen formula [20],
[24],

1 1 1,1

=L bt (14)

lm eff lac lop lg

l; is the mean free length considering possible defects in the
CNT. It is expected that the density of defects increases with
the CNT radius, but it seems to be a weak dependence.
Moreover, the defect density does not increase with the
temperature. Therefore, [; can be considered a constant
quantity. On the other hand, the mean free length [, for the
electron due to the interaction with acoustic phonons is given
by,
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where T is the absolute temperature, a,, is a parameter in the
range from 4.00 X 105 to 5.65 X 10°K [5], Ty, = 300K,
and [, 300 1S the room free mean length for the CNT of
interest. If a (40,40) CNT is assumed, then its radius is a =
2.713 nm. Taking a,, = 4.00 x 10°Kand T = 300K, then,
from (15), a value of 7.233um is obtained for [, 309, which
is used in our calculations. If only optical phonons were
considered, the mean free length [,,would have two
contributions and is given by,
1 1 1

== + (16)

lop lop,abs lop,sms

where, [y, qaps 18 the mean free length considering the
absorption of optical phonons by the electron and is given
by,

Nop(T300)+1
lop,abs = lop,300 OZOP(T) (17)

where,

1
exp(Eop/kBT)—l

Nop(T) = (18)

ky = 1.381x10723 ] /K = 8.625x107° eV/K is the
Boltzmann constant. E,,, has been currently used as a fitting
parameter for experimental data on electric transport in
metallic CNT with values between 0.15-0.2 eV. We took
E,, = 0.16eV for our numerical calculations, which has
been a successful value in explaining experimental results
related to electron transport in metallic CNTs [24].

On the other side, l,,ems is the mean free length
considering the emission of optical phonons, which, at the
same time, has two contributions and is given by,

1 1 1

= + (19)

lop,ems lems,E lems,abs

loms g 1s the mean free length that results from the emission
of an optical phonon by the electron after it has gained
sufficient energy from the applied electric field and is given
by,

Nop(T300)+1

E,
lems,E(T) = g +lop,300 Nop (T)+1

(20)

where E is the magnitude of the electric field and 1, 300
would be the scattering length for the CNT at room
temperature, however, it is considered another fitting
parameter that is usually taken between 10-100 nm. We
assume oy, 509 = 100nm.

lems,aps 18 the mean free length that results because an
electron can absorb an optical phonon and, after a distance,
re-emit this phonon and is given by,

Nop(T300)+1
lems, abs (T) = lop,abs (T) + lop,300 ﬁ (21)

For the L, ¢ calculation, a value of [; = 8um is assumed.
A low applied electric field E =4mV/um was also
assumed for the [,,, calculations.

V. RESULTS AND DISCUSSION

We calculated the current distribution and input impedance
for dipole nanoantennas of densely packed SWCNT bundles,
by solving (10) numerically in the range from 1GHZ to
1000GHz. At temperatures lower than room temperature, the
dispersion by acoustic phonons is the dominant scattering
mechanism under low-field and low-frequency conditions.
Temperatures higher than room temperature could cause
scattering of the electrons by optical phonons, which would
result in a very short electron mean free path and, hence, a
high relaxation frequency. A high-applied electric field also
contributes to activate optical phonons reducing even more
the effective mean free path. To analyze only the temperature
effect and do the calculations conceptually consistent with a
low applied electric field, the input voltage was taken as
Ve =4mV. An armchair SWCNT with m =40 (a =
2.712 nm) is considered, and resonance properties of dipole
nanoantennas built with bundles of this nanotube are
explored at T = 200K, 300K, 400K, and 500K. At these
temperatures, assuming the possibility of scattering by
defects and acoustic and optical phonons, the respective
effective mean free lengths, L, . are, 4.10 um, 3.04 pm,
1.89 pm, and 1.14 um. Therefore, from Ly, rr = VgT =
vp/v, and taking the Fermi speed vy = 10°m/s, the
corresponding relaxation times are 4.10 ps, 3.04 ps, 1.89 ps
and 1.14 ps, and the respective relaxation frequencies are,
v =244 x10"s71 3.29 x 1011571, 5.29 x 10! s~ and
8.77 x 101 s71, In the following, results for a nanoantenna
with a total length of 2L = 20 um are presented. Notice that
the total length is larger than the mean free path in any of the
cases such that the model is adjusted to a situation without
ballistic conduction. Now, well, it is know that current in
dipole nanoantennas based on CNT is strongly attenuated for
frequencies higher than F, = vi/2ma [9], [10]. For a =
2.712 nm, F, = 56THz. Therefore, considering that infrared
frequencies are in the range 300 GHz-430 THz,
approximately, then, calculations below are done up to 1
THz frequencies, where (12) is reliable, without considering
the optical range. Table 1 contains results about the first
resonant frequency and the corresponding input impedance
obtained for the nanoantennas at the different temperatures
considered. The input impedance has been normalized by the
quantum resistance of metallic CNTs R, = 6.45 k() [24]. A
comparison, including the results for the radiation efficiency,
is presented between the simple nanoantenna built with arms
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of only one SWCNTs and nanoantennas with arms
consisting of 1- and 2-layer nanotube bundles.

TaBLE 1. Values of the first resonance frequency and normalized input
impedance at different temperatures for SWCNT bundle dipole nanoantennas
with a total length of 2L = 20 pm.

2L = 20 pm, m = 40 (r, = 2.712 nm), Range: 1-1000 GHz
Relaxation First .
1 time Input impedance Modulus of the E, =v/2n
T (K) T= é:““""‘ Zin (@ normalized input | Efficiency |  (GHz)
Less /Ve auency impedance |Z;, | /Ry
o (GHz)
200 4.10 161.45 8083.6-0.74948i 1.25 0.0024 388
300 3.04 162.73 10944-1.56641 1.70 0.0027 524
T [Ta00 1.89 167.67 17880+1.02231 277 0.0035 84.1
500 114 188.12 31978+1.6079i 4.96 0.0045 139.3
200 4.10 28843 | 2029.7+0.027514i 031 0.0018 38.8
300 3.04 289.16 2741.0-0.33990i 043 0.0021 524
4 7400 1.89 291.82 | 4430.4+0.028942i 0.69 0.0026 84.1
500 114 300.08 7461.8 — 0.25688i 1.16 0.0034 139.3
200 4.10 362.29 1164.3+ 0.17530i 0.18 0.0016 38.8
300 3.04 36289 | 1571.7-0.034318i 0.24 0.0018 524
7 [a00 1.89 36506 | 2536.3 +0.23819i 039 0.0023 84.1
500 114 371.58 4248.1- 0.10469i 0.66 0.0030 139.3

A resonance frequency is found when the imaginary part
of the input impedance is zero, and the curve of this
imaginary parts vs. frequency is rising before being zero.
According to the results in Table 1, the first resonance
frequency increases when the temperature of the CNT
increases, and its value is also increased for a higher radius
of the bundle. Table | includes both the relaxation time used
for calculations depending on the temperatures of the CNT
and the frequency F, = v/2m below which resonances seem
to be suppressed. The relaxation frequency, and obviously
F,, both increase when the temperature increases. From the
results, it is clear that the input impedance increases when
the temperature of the CNT increases. However, its value is
lower for the bundles than for the simple SWCNT
nanoantenna. In Fig. 4, Figs. 4a and 4b show, respectively,
the real and imaginary parts of the input impedance for the
simple dipole nanoantenna (I = 1). Figs. 4c and 4d show the
results for the SWCNT bundle dipole nanoantennas of one
layer (I = 4), and Figs. 4e and 4f the results for two layers
(I = 7). The temperature increase reduces the resonance
peaks, as found in [19], but for a nanoantenna with SWCNT.
Fig. 5 shows the magnitude of the current distributions for
the simple (I = 1) dipole nanoantenna (Fig. 5a) and for the
SWCNT bundle dipole nanoantennas of one (I = 4) and two
layers (I = 7), Figs. 5b and 5c, respectively. The current
distributions correspond to those for the first resonant
frequencies and, as expected, a resonant half-wave sinusoid
form is obtained for each case. Results show that, as much as
for a simple SWCNT dipole nanoantenna as for a given
bundle, the maximum amplitude of the current decreases
when the temperature increases and, as a consequence, the
input impedance increases. The larger the perimeter of the
nanotube bundle, the higher the magnitude of the current.
Results above may seem obvious; however, a brief analysis
is pertinent. Fig. 6 shows the effective mean free length as a
function of the absolute temperature resulting from the
interaction of electrons in the CNT with defects and acoustic
and optical phonons in a low electric field regimen.
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FIGURE 4. Normalized real and imaginary parts of the input impedance. Figs.
4a and 4b show, respectively, the real an imaginary parts of the input
impedance for the simple dipole nanoantenna (I = 1). Figs. 4c and 4d show
results for the SWCNT bundle dipole nanoantennas of one layer (I = 4), and
Figs. 4e and 4f the results for two layers (I = 7). The nanoantenna has a total
length of 2L = 20 um. Numbers 1, 2, 3 and 4 correspond to T = 200, 300,400
and 500 K, respectively.

2(um) z(um) 2(um)
a) b) <)

FIGURE 5. Magnitude of the current distribution corresponding to the first
resonance frequencies according to Table 1. Fig. 5a shows the result for the
simple (I = 1) dipole nanoantenna. Fig. 5b shows the result for the SWCNT
bundle dipole nanoantennas of one (I = 4) layer, and Fig. 5¢ shows the result
for two layers (I = 7). Numbers 1, 2, 3 and 4 correspond to results for T =
200,300,400 and 500 K, respectively.
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FIGURE 6. Mean free lengths, considering acoustic phonons, l,., optical
phonons, [,,, and resulting effective mean free length considering scattering

by defects and both acoustic and optical phonons, 1, o5 -
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The mean free lengths, which consider only acoustic or
optical phonons are also shown. According to these results,
the interaction with optical phonons can start to be
significant at temperatures not too high above room
temperature, even in the regime of low applied field and low
frequencies. In this case, the shorter mean free length
resulting from interaction with optical phonons will prevail
over the mean free length resulting from interaction with
acoustic phonons. Therefore, the effective mean free path
will be determined primarily by the optical phonons and is
reduced with the consequent increase in the relaxation
frequency. This, in turn, decreases the conductivity and the
current, generating an increase in the input impedance. Now,
well, an increase in the bundle diameter produces an increase
in the current such that, for a fixed input voltage, a lower
input impedance and an increase in the efficiency are
obtained. Additionally, a higher temperature and a bundle
diameter increase both produce an increase in the first
resonance frequency. These characteristics may be attractive
for the use of this type of nanoantennas in nanocircuits where
low radiation efficiencies might not be a real inconvenience
since their use would be restricted to very short distances.
Previous experimental results [29] demonstrated the
phenomena of plasmon resonance in SWCNTs and proved
the antenna effect in SWCNTs in terahertz and far-infrared
ranges. More experiments should be carried out to prove the
performance of nanoantennas with bundles of SWCNTs.
Some studies corroborated that, due to dispersion at surfaces
and grain boundaries, resistivity increases significantly as
the dimensions of copper traces are reduced. Besides,
metallic wires may have reduced conductivity at high
temperatures due to increased scattering of electrons and
phonons. This higher resistivity leads to increased ohmic
losses, which can dampen the resonant current oscillations in
the antenna. This damping effect could shift the resonance
frequency or broaden the resonance peak, resulting in less
sharp and distinct resonances compared to CNT-based
antennas [30], [31]. The higher resistivity might also affect
the effective electrical length of the antenna. With increased
resistivity, the penetration depth of the current into the metal
wire decreases, effectively shortening the antenna's electrical
length. This can lead to a higher resonance frequency than
expected because the antenna would appear electrically
shorter than its physical length. Although improved methods,
such as electron beam lithography and atomic layer
deposition, are now available for manufacturing nanometer-
thick wires, the presence of impurities and defects can still
significantly affect conductivity. Therefore, the choice of
carbon nanotubes for nanoantenna manufacturing continues
to be a visionary alternative not only for its conductivity
properties, but for the mechanical and thermal properties that
emerge at the nanoscale, justifying their potential use in
nanoantennas and other advanced electronic devices in
quantum technologies of computation, sensing, and
communication [32]. Research on nanoantennas, particularly
those based on carbon nanotubes, could also be relevant in

manipulating and detecting quantum signals in biological
systems, for example [33].

VI. CONCLUSION

In this work, the temperature dependence of the resonance
properties of dipole antennas built by bundles of SWCNTs
was investigated by considering the surface area of densely
packed CNTs. A comparison was made between a simple
SWCNT dipole nanoantenna and bundle dipole
nanoantennas of one and two layers, but conclusions could
be extrapolated to more layers. Hallén’s equation was
numerically solved by the method of moments considering
the dynamic quantum mechanical conductivity for armchair
CNTs with a corresponding relaxation frequency calculated
from the Matthiessen formula, where the interaction of
electrons in the nanotube with defects and acoustic and
optical phonons is considered. In particular, the effects of the
temperature on the first resonance frequency, the input
impedance, and the efficiency were analyzed. An increase in
the impedance was found as the temperature increased,
however, the increase in the bundle diameter comparatively
reduces the input impedance due to an increase in the current,
which, in turn, could explain the increase in efficiency for
each beam diameter when the temperature increases. Note
that the efficiency is calculated at a different resonant
frequency for each temperature in each case. The efficiency
of CNT bundle nanoantennas depends on interrelated factors
such as input impedance and high-frequency resistance, both
influenced by temperature through conductivity and carrier
scattering. This complexity makes it difficult to compare
results between different studies, as the specific calculation
conditions vary in the literature. Future work could focus on
comparing the results obtained here with experimental to
further validate their robustness.

APPENDIX: A SHORT NOTE ON POSSIBLE
EXPERIMENTAL REALIZATIONS OF CNT BUNDLES

Fabricating bundles of carbon nanotubes (CNTs) in straight,
long, and parallel configurations for dipole nanoantenna
design involves several advanced techniques [34]-[37].
Among these techniques that stand out are Chemical Vapor
Deposition (CVD) and Template-Based Growth. In the first
of these techniques, controlling the growth conditions, such
as temperature, gas flow rate, and catalyst composition, it is
possible to grow CNTs that are straight, long, and aligned. In
the second, a template with nanoscale channels or pores is
used to guide the growth of CNTs. The template ensures that
the CNTs grow in a parallel and aligned manner. Anodized
aluminum oxide membranes are commonly used as
templates. The catalyst is deposited into the pores of the
template, and the CNTs grow within these confined spaces,
resulting in aligned bundles. Post-growth alignment
techniques could also be used to align and bundle CNTs. In
the dielectrophoresis, for example, an electric field is applied
to a solution containing CNTs, causing them to align along
the field lines. In the magnetic field alignment, CNTs are
functionalized with magnetic nanoparticles, and then aligned
using a magnetic field. Finally, in Flow Alignment, CNTs in
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a liquid suspension can be aligned by flowing the liquid
through narrow channels or under shear flow conditions.
Individual CNTs or small bundles can also be mechanically
manipulated using tools such as atomic force microscopy
(AFM) or scanning tunneling microscopy (STM). These
methods allow for precise placement and alignment but are
typically limited to small-scale production. Alternatively, an
electrospinning procedure can be used, which involves an
electric field to draw very fine fibers from a liquid containing
CNTs. This method can produce long and continuous CNT
fibers that are aligned due to the electric field applied during
the spinning process. Finally, Self-Assembly Techniques
could involve chemical or physical processes to guide the
spontaneous organization of CNTs into aligned structures.
For example, surfactants or polymers can induce CNT
alignment through intermolecular interactions. Practical
considerations and challenges are present in all of these
techniques and methods. For example, ensuring high purity
and low defect density in CNTs is crucial for their
performance in nanoantennas. Besides, techniques need to be
scalable for practical applications, which can be challenging
for methods that require precise control at the nanoscale.
Lastly, for practical device applications, integrating CNTs
with other materials and ensuring good electrical contact is
important. In this sense, analyzing the input impedance and
resonance properties of feasible carbon nanotubes
nanoantennas is always of significant importance.
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