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Abstract

Graphene has attracted great interest for antenna applications because of its two-dimensional nature and superior electronic
properties. Low losses, strong confinement, and high tunability properties of surface plasmon make this material as one of the
suited material for terahertz applications. In this paper, we have investigated the surface plasmon polariton properties and
plasmonic resonance of the graphene dipole antenna at low-terahertz frequency range and compared its radiation performance
with that of carbon nanotube and copper, in order to find the suitability of these materials for THz antenna designing. Surface
conductivity and surface impedance of graphene, carbon nanotube, and copper at terahertz band have been studied. The
performances of these antennas are analyzed, and it was found that graphene plasmonic antenna better suits for making THz

antennas.

Keywords Terahertz - Antenna - SPP - Graphene - Carbon nanotube - Copper

Introduction

ACUTE shortage of spectrum in the lower frequency range
and benefit of using higher frequencies led the researchers to
think of using beyond gigahertz frequency and towards
terahertz (THz). The THz (= 102 Hz) radiation refers to elec-
tromagnetic radiation in 0.1-10 THz range. In recent years,
THz technology has gained more research attention which can
be marked from the application of this in fields like defense,
medical, earth and space science, material characterization,
communication, sensing and imaging, etc., [1-7].

Presently, the focus is more towards the lower THz range
because of the availability of the sources in this range [8—10].
A thorough literature survey reveals the use of metals, carbon
nanotube (CNT), and graphene as the materials for antenna
design in low-THz frequency. Copper is the most widely used
metal in radio frequency and microwave frequency range.
But, the design of THz copper antenna faces many challenges
starting from the technological limitation of micro fabrication
up to the requirement for consideration of the electromagnetic
interaction at nanoscale. At THz frequency, conductivity and
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skin depth of conventional copper metal decreases. Low con-
ductivity of copper leads to degradation of radiation efficiency
of copper antenna and small skin depth of copper leads to high
propagation losses at THz frequencies. To overcome these
difficulties in nanoscale antenna at THz band, materials other
than conventional copper were explored by the microwave
engineers. The outcome was the use of materials made of
carbon atoms, such as, CNT and graphene that opens up the
possibility to design nanostructure antennas at THz frequency.

Although many THz antennas design using copper,
graphene, and carbon nanotubes (CNTs) materials have been
reported in the literature [11-20]. But on keen observation, it
can be observed that the reason of using of such materials and
the best material out of these, for THz antenna applications, is
missing from antenna literature. Because this information is
important from THz antenna designer’s point of view, here, in
this communication, we have made an effort to answer the
query with technical justification. The phenomenon of surface
plasmon polariton (SPP) is used in order give reasoning for
the use of suitable materials for THz antenna applications.
Performance of THz antennas is carried out by analyzing their
surface conductivity and surface impedance. A specific length
dipole was taken as the candidate antenna for the analysis.
Simulation results show that the antenna made up of graphene
has better performance in terms of radiation efficiency, direc-
tivity, and compactness. For this reason, a thorough analysis
has been done for the graphene plasmonic antenna.
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This paper is organized as follows. SPP concept is first
introduced in “Surface Plasmons and Plasmonic Resonance,”
and an analytical formulation of plasmonic resonance of the
graphene dipole antenna at THz band is discussed. Then,
“Surface Conductivity and Surface Impedance” presents the
analytical treatment of the surface conductivity and surface
impedance of graphene, CNT, and copper at THz band. To
verify the inferences drawn from this section, simulation re-
sults for graphene, CNT, and copper dipole antenna at low-
THz frequencies are presented in “Results and discussion.”
Finally, conclusions are drawn in “Conclusion.”

Surface Plasmons and Plasmonic Resonance

Under appropriate conditions, light can interact with the
free electrons present on the surface of a metal to yield
surface plasmon polariton mode. Incidence of light on metal
nanostructures creates electron oscillations in the metal.
The quantum state of oscillation of electron is known as
plasmons. The term plasmon is chosen because it is a quan-
tum of electron plasma just as photon is a quantum of light.
Plasmon may comprise volume plasmon or surface plas-
mon. Plasmon of the surface of metal is known as surface
plasmons. Volume plasmons are longitudinal oscillations
and thus cannot be excited by transverse electromagnetic
wave. However, surface plasmons strongly interact with
photon. When photon interacts with surface plasmons at
metal-dielectric interface, it results SPP [21]. SPPs confine
strongly to metal surface and propagate along metal-
dielectric interface. Major properties of SPPs are field en-
hancement, long range propagation, and short wavelength
[22]. SPP mode is transverse magnetic (magnetic field is in
y-direction and electric field is oriented in z-direction). This
character leads the electric field component being enhanced
near the surface and decay exponentially with distance away
from it. In metal medium, the decay length of the field 4, is
determined by skin depth, whereas decay length of field in
dielectric medium J, is of the order of half of wavelength of
light involved.

It is noteworthy to mention that all metals cannot support
surface plasmon. Following two conditions must satisfy for
good plasmonic materials. First, surface plasmons exists if
the real part of dielectric constant is negative, i.e., ¢’ <0 if
€ =¢’ +1e“. Second, the imaginary part should be much less
than the negative real part of dielectric constant, i.e., £”<<
—¢&’ [23]. So far, most of the SPP related research work has
been studied on noble metals, such as silver and gold. Metal
plasmonic materials support propagation of SPP waves at
infrared and visible frequency regime. These materials sup-
port the propagation of SPP waves with high propagation
lengths of the order of a few SPP wavelengths A, [24].
However, the propagation of SPP waves on best metal
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plasmonic materials exhibits large Ohmic losses and cannot
be easily tuned. In contrast, carbon-based materials, such as,
graphene and CNT, support the propagation of SPP waves at
THz frequencies with more unique properties including
tuning capability.

Novoselov et al. discovered graphene in 2004 by extracting
from graphite using micro-mechanical cleavage technique
[25]. It is a two-dimensional single layer of sp*-bonded carbon
atoms packed in a honeycomb lattice, as shown in Fig. 1(a),
with a carbon atom spacing of 0.142 nm. The extraordinary
electronic, optical, mechanical, and thermal properties of
graphene stimulated a great research interest in numerous
fields. Its unique attractive properties such as zero-overlap
semimetal or zero-gap semiconductor with very high electrical
conductivity have made it the unique material of the twenty-
first century. This nanomaterial graphene has very high elec-
tronic mobility of 2 x 10° cm® V' S™' [26], high current den-
sity of the order of 10° A/cm [27], and Fermi velocity (veloc-
ity of electron) of the order of 10° m/s, which is 300 times
smaller than velocity of light [28].

The major advantage of graphene is that, it supports the
propagation of SPP waves at THz frequency regime [29],
which is much lower than plasmonic frequency of metals. In
graphene, the complex wave vector K, of SPP waves deter-
mines the propagation properties of the waves. SPP wave-
length is determined by the real part of the wave vector,
Re{Ky,,} =27/ \y,,. SPP decay and SPP propagation length
are determined by the imaginary part of the wave vector
Im{K,,,} and 1/Im{K,,,}, respectively. Due to the two-
dimensional nature of graphene, SPP wave strongly confines
at sub-wavelength scales. Surface plasmons in graphene layer
exhibit unique properties of low losses, strong confinement,
and high tunability. Major advantages of graphene SPP waves

Fig. 1 a Lattice vector and position vector in graphene sheet. b Carbon
nanotube
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in comparison to noble metal SPP waves are (i) SPP waves are
strongly confined to the graphene layer, with wavelength
(Aspp) much smaller than free space wavelength \) (Agpp <
<Ap) [30]. (i1) The capability of dynamically tuning the
graphene conductivity via chemical potential by means of
chemical doping or electrostatic bias voltage. In the THz fre-
quency range, interband transitions in graphene are forbidden
by the Pauli exclusion principle; hence, losses are small and
the SPP waves can propagate [31]. SPP waves in graphene
propagate for frequencies /iw <2, where /% is the reduced
Planck’s constant and p.. is the graphene chemical potential.
Graphene supports transverse magnetic SPP mode at THz
frequency range. The dispersion relation of TM SPP mode
of graphene is given by [31]

i(El + 82)506

o(w) Ko (1)

Kspp =
where Kgpp is wave vector of SPPs in graphene, K is the free
space wave vector, ¢; and ¢, are the relative dielectric permit-
tivities of the substrate beneath graphene and the medium
above graphene, respectively, €, is the vacuum permittivity,
c is the velocity of light in vacuum, and o(w) is the frequency-
dependent conductivity of graphene, and graphene layer sup-
ports TM SPP waves with an effective mode index, which can
be expressed as [32].

1
1480
€0 o(w)

(2)

neﬁ =

where o(w) is the frequency-dependent conductivity of
graphene, 11y and €, are permeability and permittivity of free
space, respectively.

The propagation of SPP wave in graphene antenna and
graphene arrays structure was found in the literature [11-14,
33-35]. Plasmonic resonances associated to SPP waves prop-
agating along graphene open the era of THz antennas. The
plasmonic resonance condition can be written as [36].

mA_p (3)

277e.ﬁ_

where L is the graphene plasmonic antenna length, A is the
wavelength of the incident electromagnetic radiations, and m
is an integer which determines the order of the resonance.
Since the effective mode index 7.5= A Agpp, length of
graphene plasmonic antenna can be expressed as

L="0 T
= 5 Aspp =M
2 Kspp

(4)

where A\gpp is the SPP wavelength and Kgpp is the SPP wave
vector. In considered frequency range, graphene SPP wave
vector can be expressed as [30].

Jiw?

2ap,.c

Kspp= (5)
where w is the angular frequency, 7 is reduced plank’s con-
stant, L. is the chemical potential of graphene, c is the velocity
of light, and o = ;’l—zc 47350 = %7 is the fine structure constant
[37].

Therefore, length of the graphene plasmonic antenna can
be written as

2map,.C

L=m T (6)

and resonant frequency of the graphene plasmonic antenna for
first order of resonance (m = 1) can be expressed as

[aups.c
f r 27l ﬁ (7)

A carbon nanotube can be formed by rolling a graphene
sheet. CNT was first discovered by Sumio Iijima in 1991 [38].
Zigzag and armchair CNTs can be formed by wrapping a
graphene sheet along x-axis and y-axis, respectively. If the
sheet is rolled around another axis, that is neither x- nor y-,
then the forming tube is called chiral CNT. Lattice basis vec-
tors a; and a, and relative position vector R =ma; + na,, (m
and n are integers) of graphene are shown in Fig. 1(a) and
CNT is shown in Fig. 1(b). CNTs are characterized by the dual
indices (m, n), for example (m, 0) designates zigzag CNTs, (m,
m) armchair CNTs and (m, n), 0 <n# m, chiral CNTs. CNTs
can also be categorized as single-walled or multiwalled. CNTs
have high mobility (= 8 x 10* cm® V"' S7") and large current
density (= 10° A/cm) [39]. Since, the bandgap of CNTs can be
controlled by the size of applied magnetic field, they are tun-
able. Plasmonic waves in CNT can propagate at THz frequen-
cies regime.

All above-mentioned plasmonic materials such as
graphene, CNT, and noble metals including Au, Ag, etc. sup-
port the propagation of SPP waves at subwavelength scales.
But, important differences among these plasmonic materials
are (i) noble metals support SPP waves at the infrared and
visible frequency regime, whereas, both carbon materials, that
is, graphene and CNT, allow the propagation of SPP waves at
THz frequencies regime. (ii) The propagation of SPP waves
on metal plasmonic materials exhibits more plasmonic losses
than graphene and CNT. (iii) Tunability is not possible for a
fixed metal plasmonic structure or devices; whereas, capabil-
ity of tuning is easily achieved in both graphene and CNT.
Due to the curvature effect, more plasmonic losses occur in
CNT with less tunability as compared to 2D graphene plas-
monic material at THz frequency regime. Hence, it can be
traced that the unique properties of graphene surface plasmons
provide more advantages at THz frequency regime, which
make it as a best material at THz frequency.

@ Springer
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Surface Conductivity and Surface Impedance

Surface Conductivity and Surface Impedance
of Graphene

Due to complicated many body interactions of electron in
graphene, surface conductivity o, consists of both intraband
conductivity ¢, and interband conductivity ;,,.,,» which can
be modeled using Kubo formalism [40].

05 = Ointra T Tinter (8)

Both intraband and interband conductivity depend on the
angular frequency w, chemical potential ., relaxation time 7,
and temperature 7 as

Y|
)
/3

[w—]r 2{5(5’}%(5 fu= 5)>d5 / wadT _4(5/)5) ds}

©)

os(w, o, 7, T) =

First and second terms represent intraband and interband
contribution for graphene’s surface conductivity respectively.
In the low-THz band and room temperature, the intraband
conductivity dominates over interband conductivity, given by

Ointra (wa /’(‘w T, T)
kT

/ 7/ (w—jr 1) LBT

+21n(e #c/”BT+1)] (10)

In the near-infrared and visible spectrum, the interband
conductivity dominates over intraband conductivity, given by

2 ] Ao

11
e S )] B

Uinter(wv Hes Ty T) =

where f,(e) = [ [kpT + 1]7" is the Fermi-Dirac distri-
bution, € is energy, j is the imaginary unit, L. is the chemical
potential, 7'is temperature, k5 is the Boltzmann’s constant, e is
the electron charge, 7 is the reduced Planck’s constant, and 7is
the relaxation time.

The relaxation time can be expressed as, 7 = /ipu,+/mn/evy
where n is carrier density, p, is the electron mobility in
graphene (=2 x 10° em®* V' S7') and vpis Fermi velocity
(= 10° m/s in graphene). Carrier density is related to chemical
potential of graphene as

n= %TEV'd(Efﬂc)ifd(g + IU’L)]dE (12)
TH V<0

Chemical potential p. depends on carrier density n,
which can be tuned by applying external voltage and/or
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chemical doping. Surface conductivity of graphene in-
creases with increase of chemical potential. The surface
conductivity of graphene calculated with the help of eq.
(10) is shown in Fig. 2, for chemical potential 1. =0.2 eV,
transport relaxation time 7=1 ps at room temperature 7=
300 K. Real part of the intraband conductivity corresponds
to absorption and the imaginary part is allowing plasmonic
modes. The graphene layer behaves as a constant resistance
in series with inductive reactance that increases with in-
creasing frequency. At 1.5-THz frequency, the surface im-
pedance of graphene Zg=42 +;401 €2, which shows the
highly inductive nature of graphene surface conductivity
at low-terahertz frequencies. At a constant frequency,
graphene conductivity can be tuned with chemical potential
e, which can be controlled by applying electrostatic bias
voltage at the graphene layer. Therefore, radiation proper-
ties of graphene nanoantenna can be tuned via chemical
potential. Figure 3 shows the complex conductivity of
graphene in 0-2 THz range for different chemical potentials
when relaxation time 7=1 ps at room temperature 7' =
300 K. Furthermore, graphene shows the tunable behavior
of surface conductivity at low-terahertz frequencies with the
variation of relaxation time as shown in Fig. 4.

The surface conductivity of graphene plays a major
role for determining the resonance of graphene plasmonic
antenna since wavelength of SPP waves within graphene
plasmonic antenna is expressed as Aspp = A / ngy where
ney is effective mode index and depends upon conductiv-
ity. Surface impedance of a graphene sheet can be
expressed as Zg=1/0,. Surface impedance Zg of graphene

can be written as
Zs(Vy) = Rs(Vp) +jXs(Vs) (13)

where V,, is the bias voltage.
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Fig. 2 Complex conductivity of graphene for 1.=0.2 eV, 7=1 ps and
T=300K
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Fig. 3 Complex conductivity of graphene for different chemical
potentials at 7=1 ps and 7'=300 K

2 1 . .
Rs = az/aks is the surface resistance,
kT |;!;;T+2 1I1(67“('/NBT+1):|
2 .
and Xg = mhw is the surface reactance.
kgl [,j;ﬁz In(ee/mpT 41 )}

Both surface resistance Rg and surface reactance Xy can
be tuned by application bias voltage within ranges of 50 {)—
2 k2 and 0.2-3 €2, respectively. If V, is bias voltage for
highly doped graphene, then conductivity of graphene can
be maximum when bias voltage V,, = V,; and minimum when
bias voltage V, = 0. Hence, graphene has two modes such as
low resistance mode when V,, = V,;and high resistance mode
when V;,=0.

Conductivity and Surface Impedance of CNT

The electronic properties of CNT depend on the diameter and
chirality of CNT. The (m, n) indices determine the

1.5
1 _ Re —e—1 ps
—A=3 ps
05[ —4—5ps
™ —%=10 ps
E o}
> i
:g 0.5 Im 1ps
g i —3 ps
2 Ll 5 ps
Sasl —=10pe
2
-2.5 n Il A 1 . | " 1
0 0.5 1 1.5 2

Frequency (THz)

Fig.4 Complex conductivity of graphene for different relaxation times at
te=02eVand =300 K

semiconducting or metallic behavior of nanotubes. Armchair
CNTs are always metallic. They exhibit no energy band gap.
Zigzag and chiral CNT show both metallic and semiconduct-
ing behavior. Zigzag CNTs are metallic when m =3¢, where ¢
is an integer, otherwise semiconducting. Chiral CNTs are me-
tallic when (2 m + n)/3 is an integer, otherwise semiconduct-
ing. The conductivity of CNTs mainly depends on its chirality.
CNT’s conductivity consists two parts: intraband conductivity
and interband conductivity. In low-THz frequency range,
intraband conductivity is more significant. In the present case,
we have assumed armchair SWCNT. The intraband conduc-
tivity of armchair CNTs of small radius can be expressed as
[17].

2ezvf

ocNt = =] (14)

w2 hr(w—jr )
where e is electron charge, r is the radius of CNT, v,is Fermi
velocity (v=9.71 x 10° m/s for CNT), 7 is the electron relax-
ation time, w is angular frequency, and 7 is reduced plank’s
constant. The surface impedance of CNT can be calculated as.

1 B Jrh(w—jr ")

Zent =

27roent 4etvy
-1

AT v/

= 1 =R jwL
dety, I gery, et Tekant s
R k!

eNT = 4etvy

h
I = 3.3nH/pm.

Leyt = TRent =
4e’y

Renrand Loy are overall scattering resistance and kinetic
inductance of CNT. Real part and imaginary part of CNT
surface impedance are of the same order in the THz range.
These expression and values of scattering resistance and ki-
netic inductance agree with that obtained in [41]. Scattering
resistance depends on relaxation time which accounts for elec-
tron interaction with acoustic phonons. Relaxation time can be
expressed as [42] 7= 2r/(aT), where « is a constant and rang-
ing from 9.2 to 12. Therefore, scattering resistance and surface
impedance of CNT can be expressed as

R 7wk al
CNT = 4e?vy 2r

wh ol . 7/
Zent =

4e?vy 2 Jv 4e?vy

Surface impedance (10, 10) armchair CNT at 1 and 2 THz
are Zeyry = (4.24320) k/um and Zeyzs = (4.2+ j40) kQ/um.
Radius of (10, 10) armchair CNT calculated as

r= ‘/7§b\/m2 + mn + n2, where b=0.142 nm is the inter
atomic distance in graphene and m = n = 10. It can be seen that

@ Springer
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kinetic inductance increases with increase of frequency in
THz range. Scattering resistance is independent of frequency.
Therefore, scattering resistance of CNT remains constant with
frequency in low-THz range.

Conductivity and Surface Impedance of Copper at THz

The surface impedance and conductivity of copper in the THz
frequency region can be expressed, using Drude theory as [43]

Jwhtg
Zow = | = — 16
o + jweo (16)
eZ cu
o =T %0 (17)

m(1 + jwr) 1 + jwr

00 = (ne*7/m) is the dc-conductivity, w is the angular fre-
quency, 7 is the electron relaxation time, e is the electron
charge, m is the mass of electron, and # is the density of
conduction electron in material. Surface impedance of copper
wire for small radius 7 can be expressed as,

Zow = Ru+jo(Le, + L¢,)

Ore

Rey = ﬁ is ohmic resistance,
T\ O + Oim
L, = Ho s internal inductance, and
8T
k Ore

w="575 — 3 i the kinetic inductance.
(o, + 0

m

0,. and o;,, represent real and imaginary part of conductivity,
respectively. Kinetic inductance is much more than internal
inductance and less than the ohmic resistance at low-THz
frequencies (where wr< < 1). At 6.45 THz, wr=1 for copper.
Therefore, ohmic resistance R, is the dominant contribution
to surface impedance of copper wire below 6.45 THz
frequency.

A comparison of electronic properties of graphene, CNT,
and copper is shown in Table 1. Since CNT is formed from
graphene material; some properties of graphene and CNT are
similar. Due to structural differences, they exhibit few differ-
ent properties. The current density of both graphene and CNT
is same, while current density of copper is less than CNT and
graphene. The electron mobility of graphene is more than
CNT and the electron mobility of copper is much smaller than
CNT and graphene. Therefore, we can note that graphene is a

Table 1 Comparison of electronic properties of graphene, CNT, and
copper

Property Graphene CNT Copper
Carrier mobility (cm%/Vs) ~ 1x10°-23x10°  8x 10 32
Current density (Alem?) ~10° ~10° ~10°
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best conductor and CNT is better conductor than copper in
THz frequency regime.

Results and Discussion

A center-fed THz dipole of length 71 um was taken as the
candidate antenna for comparison of the radiation perfor-
mance for these three materials. Silicon dioxide (¢, = 3.9) sub-
strate of dimension (80 x 15 x 1) um® is chosen for graphene,
CNT, and copper dipole antennas. Antennas were simulated
using Ansys HFSS, a finite element method (FEM)-based
electromagnetic solver. In the simulation, graphene dipole an-
tenna was modeled as planar structure of graphene sheet,
whereas CNT and copper dipole antenna was modeled as cy-
lindrical structure of graphene and copper material, respec-
tively. The modeled structure of graphene, CNT, and copper
dipole antenna is shown in Fig. 5. Graphene dipole antenna
resonates at 0.81 THz, whereas CNT and the copper dipole
antenna resonate at 1.42 and 1.90 THz, respectively, which is
illustrated in Fig. 6.

Numerically, resonant frequency of graphene dipole anten-
na over silicon dioxide substrate can be obtained from eq. 7 as
fr= (apee/2nLhie p)'* = 0.81 THz, where L = 71 pm, y.= 0.3
eV,a=1/137,h=1.05%x 1074 Js, and ey (effective dielectric
constant) = 3.34. This numerical result is exactly equal to
simulation result. Also, it can be noted that, graphene antenna
resonates at lowest frequency compared to CNT and copper
dipole antenna. Radiation patterns of graphene, CNT, and
copper dipole antenna at their resonant frequencies are shown

Dipole Antenna

h Substrate

(a)

(b)

L
(i)
Fig. 5 (i) Cross-sectional view of modeled THz dipole antenna, and (ii)

top view of modeled THz dipole antenna. a Graphene dipole antenna. b
CNT dipole antenna. ¢ Copper dipole antenna
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Graphene dipole antenna
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Fig. 6 Reflection coefficient and the far-field pattern of (a) graphene, (b)
CNT, and (c) copper dipole antenna

in Fig. 6. From these results, it can be seen that, radiation
pattern of graphene, CNT, and copper dipole nanoantenna is
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Table 2  Radiation characteristics of graphene, CNT, and copper dipole
antenna
Dipole antenna Resonant Reflection Directivity
(length 71 pum) frequency (THz) coefficient (dB)  (dBi)
Graphene 0.81 -39 4.5
CNT 1.42 =25 35
Copper 1.90 -20 22

identical, but with varied directivities. The resonant frequency
of these three antennas and the corresponding directivities at
these frequencies are given in Table 2. It can be noticed that
graphene dipole antenna has higher directivity than CNT di-
pole antenna and directivity of CNT dipole antenna is higher
than copper dipole antenna at low-THz frequency range.

CNTs are characterized by slow wave propagation and
large kinetic inductance. At THz frequency, kinetic inductance
of CNT increases as frequency increases, as discussed in
“Conductivity and Surface Impedance of CNT.” Due to kinet-
ic inductive effect, the electromagnetic wave propagates at a
much slower speed along the nanotube, which allows the CNT
antenna to resonate at THz band. In case of copper, ohmic
resistance is more than kinetic inductance and is a dominant
contribution to surface impedance at low-THz frequency
range, as discussed in “Conductivity and Surface Impedance
of Copper at THz.” It is noteworthy to mention that CNT is a
better conductor than copper wires at the THz band. Owing to
slow wave propagation along CNT and high conductivity
compared to metallic copper wire at THz frequency range,
CNT dipole antenna radiates at lower frequency with higher
directivity than copper dipole antenna.

At THz frequency, graphene is characterized by SPP and
highly inductive nature of surface conductivity, as discussed in
“Surface Plasmons and Plasmonic Resonance” and “Surface
Conductivity and Surface Impedance of Graphene,” respec-
tively. Due to propagation of TM SPP waves and excellent
electronic properties at THz frequency range, graphene dipole
antennas are able to radiate at the lowest frequency with the
highest directivity compared to CNT and copper dipole anten-
na of same size. Furthermore, radiation characteristics of
graphene dipole antenna can be controlled via chemical poten-
tial by electrostatic field tuning.

Conclusion

Due to the properties of conductivity function and plasmonic
effect at THz frequencies, performance of graphene, carbon
nanotube, and copper dipole antenna of same length is quite
different. In comparison to carbon nanotube and copper dipole
antenna, graphene plasmonic dipole antenna resonates at the
lowest frequency with the highest directivity due to support of
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transverse magnetic surface plasmon polariton wave at
terahertz band. This paper has provided the theoretical back-
ground for the choice of materials for low-THz antennas.
Experimental results could be carried out to further validate
the proposed theoretical analyses.
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