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Abstract

A rectenna structure based on a potentially printable V-shaped nanoantenna (VSNA) design is introduced and numerically
analyzed. The characteristics of the VSNA structure have been investigated through the electric field enhancement and radia-
tion efficiency used as figures of merit to evaluate its performance. A comparative study has been performed between the
VSNA and a conventional dipole THz antenna based on the same dimension constraints. Therefore, the VSNA has shown
better and more localized field enhancement at the arm tips. Furthermore, an optimization process has been carried out to
maximize the electric field at the resonance frequency (28.3 THz). The suggested design offers more than 300% improvement
in electric field confinement compared to a conventional dipole antenna at 28.3 THz. This enhancement is attributed to the
tip-to-tip geometry, leading to a highly localized field at the tip. Further, the optimized VSNA design is employed to form
a rectenna structure by inserting an ultra-thin insulator layer between the tips of the antenna arms. The reported rectenna
structure increases total efficiency from 11 to 26.58%, with a 141% improvement over previously reported work. Beyond the
potentialities presented by the proposed design, its simplicity makes it manufacturable for efficient energy harvesting appli-
cations. Finally, the metal-insulator-metal (MIM) diode rectification capabilities have been investigated through a quantum
mechanical simulator (built on MATLAB software) with aluminum oxide (Al,O;) as an insulator sandwiched between gold
(Au) and silver (Ag). The suggested MIM diode (Au/Al,O;/Ag) offers a zero—bias responsivity of 0.93 A/W, which is higher
than the previous work based on Al,O; which was 0.5 A/W.
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1 Introduction

The sun is the most coveted source among renewable energy
sources (RES). One of the devices capable of transform-
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ing solar radiation directly into electrical energy is called
a photovoltaic (PV) cell. PV cells generally are limited in
their spectral response. Most of the conventional PV tech-
nologies only harvest a small part of the total solar energy in
the visible and near-infrared (IR) spectra (ca. 0.3-2.5 um),
while a significant part is in the higher wavelength region
(2.5 ym up to over 10 um). On the other hand, the Earth's
surface and the atmosphere absorb around 80% of the solar
energy. Then, it is re-emitted as infrared (IR) radiation in the
7—-17 pm spectral range, and the peak of the earth’s emissiv-
ity is at 28.3 THz or 10.6 pm in terms of wavelengths [1].
This frequency range cannot be harvested using conventional
PV panels [2]. The THz range is the electromagnetic (EM)
frequency range between IR and millimeter waves [3]. In
addition, there is a growing need to harvest this abundant
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EM energy as the future Internet-of-Things (IoT) devices
will rely on ubiquitous energy sources. To respond to that,
researchers are currently working on a system known as
rectenna.

A rectenna is composed mainly of a receiving antenna
and a coupling rectifier diode. The rectifying circuit converts
the collected EM energy received by the antenna into direct
current (DC) voltage. As illustrated in Fig. 1a, the arms of
the antenna collect the EM waves and deliver an AC current,
which is corrected by the rectifier to a useful DC current for
a load. The equivalent circuit is depicted in Fig. 1b, in which
the antenna is shown as an AC voltage source in series with
aresistance (R,), and the diode is presented as a capacitance
(Cy) in parallel with a dynamic resistance (R,). Therefore,
the antenna impedance must correlate with that of the diode
for efficient energy harvesting. The concept of rectennas was

Rectifier (MIM Diode)

DC current
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initially demonstrated in the 1966s by Brown at microwave
frequencies. He achieved more than 90% efficiency in his
system in the microwave band [4]. Furthermore, many recent
studies conducted by researchers on microwave antennas
show advances [5] and applications for energy harvesting
[6, 7]. The success of rectennas in the RF/microwave regions
has inspired the extension of the rectenna concept to THz
(IR) and solar optical frequencies. However, the rectifica-
tion process at THz is complex. The conventional Schottky
diodes, effective at microwave frequencies, lack suitability
due to low speed, plasma frequency, and high time constant.
Therefore, efficient operation in the IR and beyond requires
an alternative ultra-fast diode for IR rectennas.

The metal-insulator-metal (MIM) diode emerges as
a promising candidate, capitalizing on femtosecond-fast
electron tunneling through thin insulators, ensuring rapid
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Fig. 1 a Schematic of a typical rectenna device and b its equivalent diagram circuit; ¢ schematic diagram of the dipole-shaped (VSNA) antenna
with substrate and ground plane; d conventional dipole, and e each arm of dipole tilted relative to Y-axis with an angle of « to form the VSNA
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rectification [8]. Further, the MIM diodes have zero bias
operation, small size, and ultra-fast speed, which is crucial
for converting the ultra-fast and small-amplitude input AC
signal to DC levels at high frequency. However, achieving
optimal rectenna performance involves more than a fast rec-
tification mechanism. It necessitates an impedance matched
between the diode and the antenna with a sufficiently low RC
time constant [9]. In this regard, several studies have been
conducted to enhance the rectenna structure efficiency via
several antenna designs, increasing the MIM diode respon-
sivity, and reducing its resistance to improve the coupling
with the antenna. In this context, Esfandiari et al. [10] based
their study on dipole antenna design coupled with metal-
oxide-metal (MOM) to detect IR radiation at 10.6 um.
Gadalla et al. [11] obtained a high zero bias responsivity
and low resistance through a rectenna prototype based on a
resonant bowtie antenna, which can collect monochromatic
IR energy at 28.3 THz. Following this, Kinzel et al. [12]
fabricated and tested a slot-antenna-based frequency selec-
tive surface (FSS) by employing aluminum oxide(Al,O;) as
an insulator sandwich between the two arms of the antenna
(Al/A1,054/Pt) representing the rectifying structure. This
diode showed a zero bias responsivity and resistance of
1.24*1073A/W and 124 Q, respectively. Jayaswal et al. [13]
bowtie nanoantenna’s with Al,O5 as an insulator sandwich
between gold and titanium (Au/Al,O5/Ti) offers a zero bias
responsivity of 0.0051 A/W with a resistance of 58 MQ,
proving the possible zero bias rectification of a signal at
28.3 THz by using an MIM diode. Further, Hamied et al.
[14] presented Archimedean spiral nanoantenna design with
enhanced radiation efficiency and directivity. Yahyaoui et al.
[15] presented an antenna design based on an optical log
spiral to harvest energy at 10.6 um. In this investigation,
it has been suggested that using an asymmetric diode of
Au/Al,O;3/Ag with that antenna gives the best results after
testing different metals (Cu, Cr, Ti, Al, and Ag). The zero
bias responsivity achieved is 0.5A/W with a resistance of
0.85%10'2 Q. Very recently, in the same vein, Amara et al.
[16] based their study on a Vivaldi nanoantenna optimized to
operate at 28.3 THz employing the same metals (Au and Ag)
and insulator(Al,O;). After a parametric study, they obtained
a responsivity and resistance of 1 A/W and 4*10'! Q at
zero bias voltage, respectively. Later, Khougeer et al. [17]
showed the performance of a bowtie antenna and performed
a combination of different metals to improve the diode effi-
ciency. It has been demonstrated through their study that
the combination showing high responsivity is that of Au
and Ag with ZnO/HfO, as an insulator. However, the zero
bias resistance of 173 KQ obtained remains high, which can
reduce the overall efficiency of the rectenna system. Based
on the studies mentioned above, it can be deduced that in
addition to the insulator and the different metals used, the
antenna designs (dipole, bowtie, spiral, and Vivaldi) are also

crucial for an efficient rectenna. On the other hand, having a
versatile potential antenna design can improve antenna effi-
ciency, leading to an efficient rectenna. In this context, the
V-shaped nanoantenna (VSNA) design is full of this poten-
tiality. The VSNA presents a configuration in which two
arms of the antenna are close to each other at their apex, thus
forming an angle f between them, as depicted in Fig. le.
Essentially, this configuration allows obtaining a noncolinear
set of coupled monopoles. Therefore, it leads to a versatile
polarization state for photons where each monopole radi-
ates a polarized electric field parallel to the corresponding
axis [18]. This potentiality has been investigated by Rashidi
et al. [18], showing how the geometrical parameters and the
polarization of the incident plane can influence the resonant
frequency of the V-shape antenna. Similarly, Jiao et al. [19]
achieved optical focusing by constructing an ultra-thin pla-
nar lens with a V-shaped nanoantenna configuration.
Therefore, regarding these potentialities, a V-shaped
nanoantenna (VSNA) design derived from the conventional
dipole is introduced to enhance rectenna performance. This
design enhances and localizes the electric field at the tips
compared to a traditional dipole antenna with the same
dimension constraints. It reduces the contact from face-to-
face to tip-to-tip. A theoretical study has been performed,
which showed an electric field improvement of more
than 300% compared to a conventional dipole antenna at
28.3 THz. The introduced rectenna based on VSNA offers,
by using Al,O; as an insulator sandwiched between Au
and Ag, an improvement in terms of reducing the zero bias
resistance to 33.7 kQ and an enhanced responsivity to 0.93
A/W. The manuscript is organized as follows: Sect. 2 dis-
cusses the design considerations and simulation method-
ology for the proposed V-shaped nanorectenna. Section 3
presents the simulation results and includes a discussion of
their implications. Section 4 focuses on the simulation of the
MIM diode and evaluates its performance. Finally, Sect. 5
summarizes the conclusions derived from the study.

2 Design consideration and simulation
methodology

2.1 Structure of the V-shaped nanorectenna

The Computer Simulation Technology (CST)-Microwave
Studio software package has been used in this study. This
software is based on the 3D full-wave EM field finite integral
technique (FIT), which is a consistent discretization scheme
for Maxwell’s equations. The proposed nanorectenna con-
sists of a V-shaped nanoantenna (VSNA) integrated with a
metal-insulator-metal (MIM) diode, as depicted in Fig. lc.
Figure 1c shows the three-dimensional (3D) view of the
proposed VSNA, and Fig. 1a presents the VSNA integrated
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with a single insulator MIM (Au/Al,O;/Ag) diode. Figure le
shows a V-shaped nanoantenna derived from the conven-
tional dipole antenna depicted in Fig. 1d. This antenna
consists of two arms that are equal in length, width, and
thickness. Each arm has been tilted relative to the Y-axis at
an equal angle (¢ =45°), as shown in Fig. le, to create the
tip-to-tip facing, which is crucial for electric field enhance-
ment. V-shaped antennas can support both “symmetric” and
“antisymmetric” modes [18], and the resonance frequency
can significantly shift by changing the polarization of the
incident electric field from one to the other [18]. The polari-
zation of the antennas determines the electric field distribu-
tion on the nanoantenna and is crucial for energy harvesting
applications [1]. Therefore, to assess the field intensity, the
proposed VSNA is excited from the top by a 1 V/m (electric
field intensity) linearly polarized incident plane wave, with
its E-vector parallel to the X-axis and propagating normally
on the antenna in the Z-axis direction [16, 20, 21].

The VSNA is designed with two metal arms made of
gold (Au) and silver (Ag) based on the Drude model (see
Sect. 2.2) and characterized by different parametric dimen-
sions as the length(/), width(w), metal thickness(z), and

gap(g) between the arms of the VSNA (Fig. 1(c)). We
consider a design where the two arms are placed on a sili-
con dioxide substrate (SiO,) with dimensions, length(/,),
width(w), and thickness(z,). The choice of substrate for tera-
hertz (THz) applications is critical for the efficient perfor-
mance of rectenna devices. Substrates with higher dielectric
constants can decrease the efficiency due to increased reflec-
tion and impedance mismatching [22]. Consequently, SiO,
was selected as the substrate because it has a lower permit-
tivity (e,=3.75) and demonstrates low dielectric loss in the
terahertz range. This selection minimizes signal attenuation
and enhances the overall efficiency of the device. The sub-
strate is terminated with a perfect electric conductor (PEC)
as a back reflector with thickness (z,).

The flow chart of the proposed V-shaped nanoantenna
simulated at 28.3 THz with the CST Studio Suite is depicted
in Fig. 2.

The proposed V-shaped nanoantenna can be fabricated
effectively due to advances in nanotechnology. Therefore,
all the dimensions referred to in this paper, including
width, length, thickness, and gap, are both producible and
controllable. Typically, nanoantennas are manufactured
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Fig.2 Flowchart for the proposed V-shaped nanoantenna simulated at 28.3 THz using CST studio suite
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using techniques such as electron-beam lithography (EBL)
and focused ion beam (FIB) methods [4, 23]. The EBL
technique can achieve patterning with less than 10 nm
resolution. In contrast, the maskless FIB technique can
produce nanoantennas with sub-5 nm nanopore resolution
in solid-state membranes [24]. These fabrication methods
were recently used to manufacture nanoantennas with pre-
cise and highly controllable parameters [25]. Furthermore,
the reported VSNA features a minimum size of 10 nm to
ensure compatibility with these techniques and incorpo-
rates a larger gap size to simplify the fabrication process.

The second part of this study consists of the design and
simulation of the MIM diode that will be used as a recti-
fier to convert the AC current delivered by the antenna
to a usable DC current for a load. Therefore, a quantum
mechanical simulator is required and built through MAT-
LAB software to evaluate the performance of a MIM diode
and the tunneling characteristics as described in details
in [2]. The simulator employs a variant of tunnel barrier
characterized by diverse voltage values, utilizing the trans-
fer matrix method [13] to compute the tunneling prob-
ability. The simulator calculates the tunneling current by
incorporating the probability of tunneling and the Fermi
distribution of electrons. The configuration of the bar-
rier is defined by material parameters such as the metals’
work function, the electronic affinity of the insulator, and
the applied bias voltage. The metal work function (WF)
is the minimum energy needed to eject an electron to a
point in the vacuum outside a metal surface. The differ-
ence between the value of WF and the insulator’s electron
affinity gives the tunnel barrier height [2, 26].

2.2 Material properties used at high frequencies

All the antenna dimensions enumerated above must be opti-
mized to allow the antenna to resonate at wavelengths of
10.6 pm or 28.3 THz based on the dimension constraints
mentioned above (Sect. 1). The properties of metals change
within the terahertz (THz) frequency range, resulting in
their behavior deviating from that of perfect conductors. To
address this, the Drude model has been used to describe
the material properties of gold and silver in this frequency
range [27, 28] and import them into the CST simulator. The
variations of the relative permittivity ¢, versus frequency for
silver and gold are given in Fig. 3. The frequency-dependent
complex permittivity of metals at the THz range through the
Drude model is given in [28]:
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where g, represents the real part of the permittivity. &, is
the imaginary part representing the loss or dissipative fac-
tor. w, @, and w), represent the angular frequency, collision
frequency and the plasma frequency, respectively.

3 Simulation results and discussion
3.1 V-shaped nanoantenna (VSNA)

A parametric study has been done to maximize the elec-
tric field localized at the arm tips and gap of the nanoan-
tenna. Before studying the main parameters of the pro-
posed V-shaped nanoantenna (VSNA), the effect of the
incident plane wave polarization has been investigated. In
this study, the normal incident plane wave is colinear to the
E-vector and propagating in the direction of the k-vector,
as depicted in Fig. le and f. Here, the angle 6 is kept con-
stant at 0°, while the angle ® varies from O (corresponding
to an X-polarized plane wave) to 90° (corresponding to a
Y-polarized plane wave). Figure 4a shows the electric field
variation versus frequency for linear and circular polariza-
tion in normal incident plane wave (d=0° and ®=0°). It
can be seen from this figure that the proposed VSNA is com-
patible with linear and circular polarization. However, the
circular polarization yields a higher electric field intensity
at 28.3 THz. The electric field intensity versus frequency
with different electric field polarization angles is shown in
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Fig.4 a The electric field variation versus frequency for linear and circular polarization in normal incident plane wave (=0 and ¢=0), b for

different values of ¢

Fig. 4b). The maximum electric field intensity is obtained
at the V-shaped nanoantenna gap and occurs at 28.3 THz. It
decreases when @ increases from 0 to 90°.

After studying polarization, various simulations were
conducted to explore key geometrical parameters: length (1),
width (w), metal thickness (), and gap (g). This involved
varying one parameter while keeping the others constant
to achieve maximum electric field enhancement at 28.3
THz for each. The compiled values were then used to cre-
ate the diagrams in Figs. 7 and 9, aiding in the selection of
optimal values at 28.3 THz. Before that, the effect of the
substrate thickness (¢,), the nature of the metal, and their
combinations on the electric field variation, as well as the
comparison between the suggested VSNA and a conven-
tional dipole, are studied. Throughout the study, one of the
design parameters varies while the others are kept constant
at [(=7.14 ym; w,=35.3 ym; 7;=42.4 pm; 7,=0.005 pm;
=27 um; w=2.3 pym; t=0.1 ym; and g=0.01 um. All the
figures presented below have been plotted under these condi-
tions after obtaining the optimum values. Figure 5 shows the
electric field enhancement of the VSNA versus frequency for
different thicknesses of the substrate (a) and different metals
used (b). Furthermore, a comparison between VSNA and a
conventional dipole in electric field enhancement (c) and
return loss versus frequency is shown in Fig. 5d. It can be
noticed from Fig. 5a that the thickness of the substrate has a
significant effect on the electric field variation, which agrees
with previous work reported in [17, 29], while the substrate
thickness increases from 5.3 to 42.4 um the electric field
increased from 55.33 to 918.62 V/m at 28.3 THz, respec-
tively. Figure 5b shows the electric field localized by the
antenna with the variation of antenna arm materials; in this

@ Springer

study, one arm material is fixed as gold (Au), and the second
arm material is changed. It can be seen from this figure that
a combination of silver and gold shows the best result in
terms of field enhancement. This can further facilitate the
tunneling and enhance the asymmetry for diode integration
[17]. The silver shows a better electric field than gold due
to its low dissipation factor (¢,) at 28.3THz. Figure 5c com-
pares the VSNA design and a conventional dipole antenna.
It is evident from Fig. Sc that the VSNA has a higher electric
field enhancement of 563.03 V/m compared to 129.01 V/m
for a conventional dipole, which is equivalent to an improve-
ment of 336%. Indeed, they have been designed with the
same length, width, and thickness to have the same volume.
It is worth mentioning that the dimension constraints have
also been considered to facilitate further fabrication with a
costless and high producibility technique [30, 31]. However,
each arm of the conventional dipole has been tilted with an
angle of « (45°) degree to form tip-to-tip, which causes the
group and phase velocity of the surface plasmon waves to
reach zero at the tips, leading to a highly localized field at
the tips as depicted in Fig. 6. This figure shows the elec-
tric field distribution for a conventional dipole (a) versus
VSNA (b). The electric field is scattered in the case of the
conventional dipole, as depicted in Fig. 6a. In analogy to
bowtie nanoantennas, the field enhancement in the gap of
the VSNA is higher than that of a conventional dipole due
to a larger lightning-rod effect at the apex [32]. We can also
notice through Fig. 5d that tilting the conventional dipole
arms with an angle of 45° relative to the Y-axis shifts the
resonance to the interest frequency, around 28 THz. As for
the VSNA, the connection between the two arms is done in a
tip-to-tip geometry. Therefore, the plasmon coupling region
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is much reduced than in a conventional dipole. The near-field
enhancement increases when the arms are closer, displaying
an apparent hot spot [33].

In energy harvesting applications, one is interested in
increasing the electric field enhancement. Therefore, the
following study is dedicated to find the optimum geometri-
cal parameters that offer the highest values of the electric
field enhancement at 28.3 THz. Therefore, Fig. 7 summa-
rizes the previous Fig. 5a, b, and ¢ by showing the electric
field enhancement as a function of the design parameters.
This lets us quickly determine the optimum design values,
material nature, and shape for maximum field enhancement
at the desired frequency. Therefore, a VSNA with silver and
gold as materials for the two arms and a substrate thickness
(Si0,) of 42.2 um are considered for the following sections.

After obtaining the optimum thickness of the substrate
and the best combination of metals through a parametric
study, this section now deals with the design parameters of
the VSNA, such as the gap between the two arms of the

antenna, the length, the width, and the metal thickness of
each arm of the antenna. To do this, Fig. 8 depicts the elec-
tric field variations versus frequency for different parameters
of the VSNA. Figure 8a illustrates the effect of variation
of the gap size on the collected electric field. As the gap
decreases from 50 to 0.5 nm, the electric field enhancement
increases from 140 to 17,060 V/m at 28.3 THz. Then, when
the tip of each arm of the nanoantenna is very close to each
other (very small gap size), the electric field is maximum
[33]. This enhancement is attributed to a combination of
plasmonic resonance, near-field effects, and increased capac-
itance, where the electric field enhancement is particularly
strong in the near-field region close to the nanoantenna sur-
face. As the gap size decreases, the near-field interactions
become more dominant, causing a more significant increase
in the local electric field strength. Furthermore, the decrease
in gap size increases the capacitance between the metal com-
ponents of the nanoantenna. This higher capacitance con-
tributes to a more efficient accumulation and concentration
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Fig. 6 Electric field distribution for a conventional dipole b versus V-shaped nanoantenna

Fig.7 Value of the electric field 1000
at 28.3 THz for the different

designs 900 — [ 28.3THz

800
700 —-
600 —-
500 —-

400 —

Electric field (V/m)

300 —
200 —

100 —

3, s %, R A A, A, v, @
iy ey, ey Ve, ° g S""’/’ef%
Substrate_thickness(SiO,) Metal_nature Shape

Design Parameters

of charge, leading to stronger electric fields in the gap. Next,  in Fig. 8b, the variation of the width from 1 to 2.3 um leads
a parametric study is carried out on the antenna width,  to an increase in the electric field. However, the length vari-
length, and metal thickness to visualize the impact of these ~ ation from 2.5 to 3.2 um only slightly affects the electric
parameters on the value of the electric field. Here, as shown field, as we can observe in Fig. 8c. Contrary to the width,
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Fig. 8 Electric field variations versus frequency for the V-shaped nanoantenna: a gap variation, b length variation, ¢ width variation, and d metal

thickness variation

we observe a decrease in the electric field when the length
increases. Therefore, the losses are much more pronounced
for the increasing length [21]. Another critical parameter to
study is the effect of the antenna thickness on the electric
field enhancement. Figure 8d shows this study's numerical
results. It can be observed from this figure that the thinner
metal thickness shows higher electric field enhancement due
to less pronounced field localization for thicker films.
Figure 9 summarizes the results from Fig. 8a, b, ¢, and
d. It presents a diagram of the electric field variation ver-
sus different design parameters precisely at 28.3 THz to
extract the optimum values of the VSNA parameters for
maximum field enhancement. Therefore, the optimum

values are 2.7 um for the length, 2.3 um for the width, and
0.1 pum for the metal thickness. All these values are sum-
marized in Table 1. Figure 10 shows the field enhancement
(a) and the return loss (b) versus frequency with an input
impedance of 130 Ohm (€2) for the optimum VSNA. From
Fig. 10a, it can be seen that the maximum field enhance-
ment occurs at the desired frequency of 28.3THz with a
value of 918.62 V/m accompanied with a return loss of
—15.59 dB. Figure 10b illustrates that the reported VSNA
has a return loss of less than —10 dB from 26 to 29 THz.
Therefore, we can confirm that the designed antenna has
broadband impedance matching and is thus suitable for
energy harvesting in the 28.3 THz frequency range.

@ Springer



59 Page 10 of 15

Journal of Computational Electronics (2025) 24:59

1800
1600 4
1400 -
1200 -
1000
800 -

600

Electric field (V/m)

400

200 H
0

50nm —|

aaaaa
—————

5nm
10nm
30nm
2.5um —

sa s a oA

(((((

® 2.7ym

3
= 2.99m

]

o
o

-

9 Metal_thickness

Design Parameters

Fig.9 The values of electric field versus different design parameters
precisely at 28.3 THz

Table 1 Optimum values for enhancing the electric field at the tips of
VSNA

Design parameters Optimum values

Gap(nm) 10 nm
Length(um) 2.7 um
Width(um) 2.3 ym
Metals Ag-Au
Metal thickness(um) 0.1 pm
Substrate thickness (SiO,) 42.4 ym
Substrate length 5.3 um
Substrate width 7.14 pm
Ground plane thickness (PEC) 0.005 um

0.06x0.06 pmz (see Sect. 3.2)
1.5 nm (see Sect. 3.2)

Overlap area
Insulator thickness (Al,03)

3.2 VSNA rectenna with Al,O; insulator

In this part, the VSNA studied in Sect. 3.1 has been com-
bined with Al,O; to form a rectenna. Thus, an overlap-
ping VSNA (ovVSNA) with a thin insulator layer (Al,05)
between the tips of the two arms, as depicted in Fig. 1a, is
numerically analyzed. The antenna radiation efficiency 7, is
given by Eq. (4) [9, 26, 29]:

P p

r r

[T - Pr+Ploss (4)

mn

nr:

where P,, P, andP,  represents the power radiated, power
input into the antenna, and the power dissipated in the nano-
antenna, respectively.

This section investigates the influence of the integrated
insulator thickness and the overlapping area on the electric

@ Springer

field enhancement and efficiency of the rectenna system.
The results are presented in Fig. 11, which depicts the
electric field and radiation efficiency versus frequency
for different insulator thicknesses and overlapping areas.
The total efficiency and the radiation pattern are also pre-
sented. From Fig. 11a and b, the maximum electric field
is obtained at around 28.3 THz, and we can notice that the
electric field decreases when the insulator's thickness and
the VSNA's overlap area increase. However, in Fig. 11c
and d, we can observe an increase in the radiation effi-
ciency when these parameters increase. In these figures, it
can be noticed that the radiation efficiency of the proposed
overlapping structure is high and amounts to about 98%.
This is due to the optimization study conducted previously
in Sect. 3.1, which aimed to maximize the electric field
enhancement at the tip of the VSNA before inserting the
insulator, reducing losses in the rectenna system. Indeed,
the radiation efficiency of the ovVSNA coupled with the
MIM diode inserted between the tips of the two arms of
the antenna depends strongly on the nature of the insu-
lator used, its thickness, and the overlapping area. The
3D radiation E-pattern is another important characteris-
tic that indicates the capability of our design to radiate
and or receive propagating electromagnetic waves. The
resulting radiation pattern of the VSNA with overlapping
arms (ovVSNA), including an insulator (Al,05) at 28THz,
is shown in Fig. 11e. It is observable that the ovVSNA
design presents a wide angular reception. Therefore, the
total efficiency of our proposed rectenna system at 28.3
THz is 26.58% (Fig. 11(f)) which is more than previous
reported works in [13] and [16].

4 THz MIM diode simulation
and performance determination

The suggested VSNA, including the insulator, forms a
MIM (Au/Al,05/Ag) diode at its terminals. In this sec-
tion, the resulting tunneling currents and the efficiencies
are calculated based on the properties of the different
materials used. The metals Au and Ag work functions
are 5.1 and 4.26 eV, respectively [17]. The electron affin-
ity and the dielectric constant at 28 THz of the insulator,
Al,O5 are 4.2 eV and 3.85, respectively [34]. The overlap
area is assumed to be square with a thickness of 1.5 nm
(0.06x0.06x0.0015 pm3). These values have been taken
from Table 1 and represent the optimum values obtained
when simulating the ovVSNA. According to Egs. 5 and 6,
the overlapping area should be small to reduce the diode's
capacitance and thus enhance its cut-off frequency. Since
the cutoff frequency is inversely proportional to the diode
capacitance [1, 4, 17]:
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1
Je=52mC )
A
Cp = £4e, 2
D 505rd (6)

where R, and Cj, are, respectively, the equivalent resistance
and the capacitance of the MIM diode; ¢, and &, are the
dielectric constant of vacuum and relative dielectric con-
stant, respectively; d and A represent the thickness of the
dielectric and the overlap area.

The main characteristics used to evaluate the MIM diode's
performance are its responsivity, resistance, asymmetry,
and nonlinearity [8]. The simulation results are depicted in
Fig. 12, representing the I-V characteristic (a), the responsiv-
ity and the dynamic resistance (b), the asymmetry (c), and
the nonlinearity (d) of the MIM (Au/Al,O,;/Ag) diode for
different bias voltages (— 0.4 to+0.4). The diode responsiv-
ity () is obtained from the /-V characteristic through Eq. 7
[2]. It evaluates the capability of the diode to rectify the
delivered AC current from the antenna. To achieve rectifica-
tion, the diode must have an asymmetrical /-V characteristic
[35]. The resistance is evaluated using Eq. 8, and the asym-
metry and the nonlinearity, respectively, are determined with
Egs. 9 and 10 [26, 36].

b=5"ar @)

Rp = E (®

_I+Y)
- ‘I(—w ©

- (45

v (10)

At high frequencies, for IR energy harvesting, the diode
should be able to work without any bias voltage [37]. At zero
bias, the dynamic resistance and responsivity are 33.7 kQ and
0.93 A/W, respectively. This shows the diode's capability to
rectify the incoming AC-to-DC current without applying any
bias. An enhancement in the figures of merit can be noticed.
Using Au and Ag as antenna arms exhibit highly different
work functions, thus facilitating tunneling without applied bias
voltages. The asymmetry and nonlinearity values are slightly
lower than in Ref.[35], where more than one insulator layer
was used. The number of insulator layers used determine the
I-V characteristics' behavior due to the barrier height change at
each interface [35]. Table 2 compares our work and previous
work based on antenna design and the figures of merit of MIM
diodes at 28.3THz using Al,O; as an insulator.
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Table 2 Figure of merits of MIM diodes using Al,O; as an insulator compared with previous works at 28.3THz
References Antenna design Diode Resistance at Responsivity at zero Diode area (nm?) Efficiency
zero bias (Q) bias (A/W) (%) at 28.3
THz
[10] Dipole Al/ AL, O4/Ti - 0.6 ~50*50 -
Al/ AL, O4/Pt - 1
Al/ Al,O5/Ni - 0.5
[12] Slot antenna-based FSS Al/ AL, O4/Pt 124 1.24%1073 ~80*100 -
[13] Bowtie Au/Al0,4/Ti 98 K 0.44 ~200%200 11
[16] Vivaldi Au/ALO4/Ti 410" 1 200%210 10.82
[15] Log-spiral Au/Al,04/Cu 3.5%10'2 0.5 2%5 -
Au/ALO,/Cr 2.5%10"2 0.5
Au/ALOy/Ti 1.2%10" 0.5
Au/AL0,/Al 0.9%10"2 0.5
Au/ALO,/Ag 0.85%10'2 0.5
This work V-shape Au/AlO5/Ag 337K 0.93 60*60 26.58
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5 Conclusion

In this paper, a potentially printable V-shaped nanoantenna
(VSNA) has been designed, simulated, and compared to a
conventional dipole with the same length, width, and thick-
ness. The VSNA structure is based on a conventional dipole
antenna, in which the two arms are close to each other at
their apex, thus forming an angle p between them. The study
has shown that the VSNA exhibits better and more localized
field enhancement at the arm tips, with an improvement of
more than 300% compared to a conventional dipole nano-
antenna. An optimization has been performed to achieve
maximum electric field and resonance at 28.3 THz by tilt-
ing the conventional dipole with an angle of 45° relative to
the axis. It has been demonstrated that despite the dimension
constraints, a resonant antenna can be printed by changing
the orientation of each arm of the antenna. Then, the overlap
structure of the two arms of the antenna with an insulator
between them has shown a radiation efficiency of more than
98%. The reported design offers a total efficiency of 26.58%
with an enhancement of 141% compared to the previous
study, which had a radiation efficiency of 11%. Beyond the
potentialities presented by the proposed design, its simplic-
ity makes it manufacturable for potential energy harvesting
applications. The MIM diode (Au/Al,05/Ag) simulation has
also shown a responsivity and dynamic resistance of 33.7 kQ
and 0.93 A/W at zero bias, respectively.
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