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Abstract

Single and dual linearly-polarized receiving mode
nanoantennas are designed for solar energy harvesting at
28.3 THz. The infrared rectennas are used to harvest the
solar energy and converting it to electrical energy. The
proposed infrared rectenna is a thin dipole made of gold and
printed on a silicon dioxide substrate. Different shapes of
the dipole arms have been investigated for maximum
collected energy. The two poles of the dipole have been
determined in a rectangular, circular and rthombus shapes.
The rectenna dipole is wused to concentrate the
electromagnetic energy into a small localized area at the
inner tips of the gap between the dipole arms. The
dimensions of the different dipole shapes are optimized for
maximum near electric field intensity at a frequency of 28.3
THz. A Metal Insulator Metal (MIM) diode is incorporated
with the nanoantenna dipole to rectify the received energy.
The receiving efficiency of the solar energy collector with
integrated MIM diode has been investigated. A dual-
polarized, four arms, rhombus shaped nanoantenna dipole
for solar energy harvesting has been designed and
optimized for 28.3 THz applications.

1. Introduction

Lately, due to the pollution from the traditional fuel
energy sources, solar energy is widely utilized as a clean
energy source. The solar energy is the cleanest, greenest and
environment friendly energy source. It can be utilized for the
production of electric energy as there is no harmful gas
emission produced [1]. Approximately 80% of the solar
energy included in the 0.2-2pm spectral range is absorbed
by the Earth's surface and the atmosphere. It is re-emitted as
infrared radiation in the 7-17um spectral range with peaks at
28.3 THz [2]. Artificial thermal sources emit thermal energy
in the same IR band such as engines, furnaces, etc.
Photovoltaic (PV) solar cell is usually used to convert
thermal energy to electrical energy. But, it has many
disadvantages, 1. It has a low conversion efficiency (20%)
because it depends on the input light, the surface area, and
sensitivity to the weather conditions. 2. It involves a
mechanical sun-tracking system to optimize conversion.

Nanoantenna is a device designed to convert free-
propagating optical radiation to a localized energy, and vice

versa [3]. Nanoantennas have wide range of applications
such as optical beam manipulation, energy harvesting,
sensing, nonlinear optics and medical therapies [4-6]. The
nanoantennas have the ability to enhance the interaction of
light or infrared with a highly localized field in the gap area
[7]1. At the terahertz frequency range, the -electrical
properties of metals are described by the Drude model which
considers both the free electron contributions and harmonic
oscillator surface plasmon polariton resonances (SPPRs)
contributions [8]. Solar energy harvesting is using
nanoantennas, which absorb the propagating optical and IR
radiation by an induced current in their resonant elements.
The emitted energy from Earth at 7-17um wavelength is
collected by the nanoantenna and is converted to electrical
energy. The solar energy nanoantenna collector has
theoretically 100% energy conversion efficiency. The
advantages of nanoantenna collectors are; they can work
whole the day, and not sensitive to the weather conditions
[9]. The frequency response of the solar energy harvesting
nanoantenna depends primarily on the design of the antenna
and its impedance matching to the rectifier diode [9]. The
rectifiers are used to rectify currents at infrared wavelengths
(without an external potential bias) are the femtosecond-fast
metal/dielectric/metal (MIM) diodes, low-capacitance and
low-resistance geometric diodes. Different forms of the
nanoantennas such as dipole, bow-tie and spiral antenna
have been investigated for solar energy collection [1-4, 9-
11].

In this paper, different shapes of IR- rectenna dipole have
been designed and optimized for maximum field intensity
across the dipole gap. The variations of the electric field
intensity with dipole geometric parameters have been
investigated. The effect of incident plane wave polarization
on the performance of IR nanoantenna is examined. All the
dimensions of the antenna are optimized using CST and
HFSS software packages in order to make the best
performance over the frequency range of involvement. A
dual-polarized, four rhombus shaped arms nanoantenna quad
pole for solar energy harvesting has been designed and
optimized at 28.3 THz. The finite integral technique (FIT) is
used to analyze the nanoantenna solar energy collectors [12],
and the finite element method (FEM) is used for
confirmation of the results.



2. Material properties at terahertz range

The electromagnetic radiation re-emitted by the Earth is
estimated using the Stefan Boltzmann radiation law. The
thermal radiation emitted by the Earth is approximated as a
blackbody that absorbs all the incoming radiation and emits
a temperature-dependent radiation spectrum [1]. The
maximum blackbody spectral irradiance occurs close to a
wavelength of 10.6 um. The Earth radiates a circularly
polarized plane wave and the considered antenna is linearly
polarized. Thus, the received power drops to a half of the
incident power. By considering the plane wave propagating
power, the relation between the electric field amplitude E

and the Earth emitted power density py is E = /2Z,pg
=239V/m, where Z0=377 ohm is the impedance of the free
space, pg =152.5 W/m2 considering the earth temperature
T=287 K and the emissivity= 0.9 [1]. The frequency
dependent complex permittivity and the electrical
conductivity of metals in the terahertz frequency range can
be depicted by the Drude model as [3]
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where ¢ is the real part of the permittivity and is a measure
of how much energy from an external field is stored in a
material. €, is the imaginary part of permittivity (loss
factor). It is a measure of how dissipative or lossy a material
is to an external field, €, is the dielectric constant of
vacuum, w is the angular frequency of the electromagnetic
wave, U, is the angular collision frequency, and w,, is the
electron plasma angular frequency [13]
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where n, is the free electron density in electrons per cubic
meter, m, is the electron mass, and ¢ is the charge of the
electron. In terahertz band the complex conductivity ¢ of
metals is frequency dependent and is related to the electrical
dispersion by the following relation
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where o, and o, are the real and imaginary parts of
conductivity. Figure la shows the variations of the relative
permittivity &, versus frequency for gold, copper, and silver.
By increasing the frequency &, is increased while &,
decreases in magnitude with increasing frequency. The same
behaviour is observed for the electrical conductivity as
shown in Fig. 1b.

3. Numerical results

The IR nanoantenna collector has been designed and
optimized in this work for solar energy harvesting at 28.3
THz. The first IR nanoantenna consists of rhombus shaped
printed dipole with side length L=5 pm and tip angle ¥=90
degrees. The dipole is printed on Sio, dielectric substrate
with &, = 3.9 and dimensions of 9x5x0.15 um’. The dipole
is designed to receive IR radiation at a wavelength of 10.6
um. A linearly polarized incident wave launched on the
upper face of the substrate and propagates along the negative

z-direction with an electric field vector parallel to the x-axis,
is used to excite the nanoantenna as shown in Fig. 2. A
parametric study on the nanoantenna dimensions has been
carried out for maximum electric field at the dipole gap.
When the antenna is excited into a resonance mode, it
induces a cyclic plasmon’s movement of free electrons in
the nanoantenna. The electrons flow along the antenna,
generating alternating current at the same frequency of the
incident wave.
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Figure 1: The variations of complex permittivity and
electrical conductivity versus frequency for different types
of metals.
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Figure 2. The detailed construction of rhombus shaped
dipole IR-nanoantenna on a dielectric substrate with h=150
nm, w=5 um, L=9 um, L&=5 pm, t=50 nm and gap=100 nm.
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Figure 3. The electric field variation versus frequency for
rhombic dipole IR-nanoantenna on a dielectric substrate
with h=150 nm, w=5 um, L=9 pm, t=50 nm. a. {=90°,
gap=100 nm, and different values of Ly, b. Ls=2.2 pm,
gap=100 nm and different values of tip angle 1, c. Ls =2.2
um, ¥=20° and different values of the gap, d. y=20°,
gap=10nm, and Ls=1.8 um, e. The magnitude of the
Reflection coefficient for the case d.

Figure 3.a shows the variation of near electric field
intensity versus frequency for different arm lengths at ¥ =90
degrees and gap=100 nm. An optimum rhombus side-length
L=2.2 um is achieved for maximum near field of 44.4 V/m
at 28.3 THz. In order to enhance the received electric field,
the rhombus dipole tip angle is optimized to maximize the
electric field across the gap. The variations of the electric
field with frequency for different thombus tip angles with
L=2.2 pm, and gap=100 nm are shown in Fig.3b.
Decreasing the tip angle ¥ leads to increasing the charge
accumulation across the gap which increases the electric
field to 117.7 V/m for ¥ =20 degrees at Ls=2.2 um, and
gap=100 nm. To study the effect of the gap size on the value
of the electric field across the gap, several gaps of 10 nm, 15
nm, 20 nm, 50 nm and 100 nm have been used with a
frequency sweep from 10 to 60 THz. Simulation results
show that the electric field across the gap is increased with
decreasing the gap due to the increase in charge
accumulation, but with a very slight variation in the
resonance frequency. The variations of the electric field with



frequency for different gaps at =20 degrees and L=2.2 um
are shown in Fig.3c. The dipole shape of the IR
nanoantenna has a large effect on the value of maximum
received field. The maximum near field is achieved with
W=20 degrees, Ls=2.2pm and a gap of 10 nm. However,
shorter gaps and narrower tip angle will produce higher field
strength at the gap, but it will be quite difficult to handle.
The rhombus IR nanoantenna has been optimized to move
the peak point of the electric field from 23 THz to 28.3 THz.
The electric field and the reflection coefficient variation
versus frequency for optimized rhombic dipole IR-
nanoantenna on a dielectric substrate with h=150 nm, w=5
um, L=9 um, t=50 nm, gap=10 nm, =20°, L,~=1.8 um are
shown in Fig. 3d, e. The electric field variations of the
rhombus IR nanoannna using copper, silver and gold are
shown in Fig. 4. The rhombus IR nanoantenna made from
copper gives the highest electric field intensity, while the
rhombus IR nanoantenna made from gold gives the lowest
electric field intensity at 25 THz. The gold is selected
throughout the paper because of the stability of conductivity
characteristics. The second proposed dipole shape is
cylindrical gold disk, printed on a Sio2 dielectric substrate
designed to operate at 10.6 um. Figure 5 shows the detailed
construction of cylindrical shaped dipole IR nanoantenna on
a dielectric substrate. The dimensions of the cylindrical
dipole are radius r=1.5 pm, thickness t=50 nm, gap of 100
nm and printed on Sio2 dielectric substrate of 9x5x0.15
um’. These dimensions are optimized to get maximum
electric field at 28.3 THz.

1650 — .
1500 |- 7
1350 ]
1200
1050
900
750
600
450
300
150

gold

Electric Field (V/m)

%6 15 20 25 30 35 40 45 50 55 60
Frequency (THz)

Figure 4. The electric field variation versus frequency for

rhombic dipole IR-nanoantenna made from different metals

printed on a dielectric substrate with h=150 nm, w=5 um,

L=9 pm, t=50 nm, L=2.2 pm, gap=100 nm and {=20°.
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Figure 5. The detailed construction of cylindrical dipole IR
nano-antenna with h=150 nm, w=5 pm, L=9 um, r=1.5 um,
t=50 nm and gap=100 nm.
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Figure 6 a. The electric field variation versus frequency for
cylindrical dipole with different values of cylindrical radius,
b. The electric field variation versus frequency for
cylindrical dipole with h=150 nm, w=5 pm, L=9 pum, t=50
nm, r=1.2 um for different values of gap.

Figure 6 shows a parametric study for the nanoantenna
dimensions to get maximum electric field at the dipole gap
at 28.3 THz. A maximum electric field of 352.1 V/m is
achieved for r=1.2 pm and a gap of 10 nm. The induced
voltage across the gap for rectangular, circular and rhombus
shaped dipole arm nanoantennas are shown in Fig. 7, where
Log=5 pm and W=0.5 pum for rectangular dipole,
radius=1.2 pm for wire of cylindrical dipole, and ¥=20
degrees, Ls=2.2 um for a rhombus arms dipole. The rhombus



shaped IR nanoantenna dipole introduces maximum voltage
of 12.5 uV compared to 3.5 pV for circular and 4.3 pV for
rectangular IR nanoantenna. The different dipole shapes are
designed to run at 28.3 THz. The dimensions for each IR
dipole structure are optimized for the highest electric field at
28.3 THz, the three shapes have thickness t=50 nm and
printed on Sio, dielectric substrate with dimensions of
9x5x0.15 pm’. The solutions are calculated using the FIT
and compared with that calculated using the FEM technique.
Good agreement has been obtained. The electric and
magnetic field distributions for different dipole shapes are
shown in Fig. 8. The electric field is concentrated across the
dipole gap for each case. The 3-D radiation pattern of
rhombus IR nanoantenna is shown in Fig. 9. Omni-
directional radiation pattern is obtained in x-z plane, while
figure of eight patterns are obtained in the other principal
planes.

4. The effect of incident plane wave polarization

The angle of incidence and the polarization of the
incident electromagnetic field directly affect the voltage
induced on the nanoantenna device. For normal incident
plane wave propagating at angle 6 =0 and ¢ varies from 0 to
90 degrees, corresponding to electric field rotating from x-
axis to y-axis is shown in Fig. 10a. The electric field
intensity variation with frequency for rhombic IR-
nanoantenna with different electric field polarization angles
are presented in Fig. 10b. The x-polarized plane wave (¢=0
and 6=0) introduces a maximum near field across the dipole
gap with maximum field of 923.6 V/m at 28.3 THz, while
the y-polarized plane wave (=90 and 06=0) gives the
minimum received field. The electric filed intensity
variations with plane wave electric field angle ¢ at 28.3 THz
for different IR-nanoantenna shapes are shown in Fig. 10c
(Lyog=5 pm for rectangular dipole, circular dipole with radius
=1.2 pm and for rhombus has ¥=20 degrees, L=2.2 um).
The three shapes have thickness t=50 nm and printed on Sio,
dielectric substrate with dimensions of 9x5x0.15 pm®.

4.
12

Voltage (uV)

10 15 20 25 30 35 40 45 50 55 60
Frequency (THz)

Figure 7. The voltage variation verses frequency for
different dipole shapes.
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Figure 9. The 3-D radiation pattern of the rhombic dipole
IR-nanoantenna on a dielectric substrate with h=150 nm,
w=5 um, t=50 nm, gap=100 nm, L=2.2 pm at 28.3 THz.

The rhombic shape introduces a higher received electric
field across the gap than the round and rectangular antennas.
The electric field intensity is decreased with increasing the
rotation angle of incident plane wave electric field. For
oblique incident plane wave propagated at angle ¢ =0 and 0



varies from 0 to 90 degrees, corresponding to electric field
rotating from x-axis to —z-axis as shown in Fig.11a. The
electric field intensity variations with frequency for rhombic
IR-nanoantenna at different electric field polarization are
shown in Fig.11b. The maximum field intensity is decreased
with increasing the incidence angle to reach its minimum
value at =90 degrees.
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Figure 10a. The angle of incidence and the polarization of
the incident electromagnetic field directly affect the voltage
induced on the nanoantenna device, b. The electric field
variation versus ¢ for different shapes of the dipole IR-
nanoantenna on a dielectric substrate at 28.3 THz, c. The
electric field variation versus frequency for rhombic dipole
IR-nanoantenna on a dielectric substrate with h=150 nm,
w=5 um, L=5 pm, t=50 nm, gap=10 nm, L, =2. 2 um, e =0
and different values ¢.
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Figure 11a. The electric field variation versus frequency for
rhombic dipole IR-nanoantenna on a dielectric substrate
with h=150 nm, w=5 pum, t=50 nm, gap=10 nm, Ly =2.2 pum,
¢ =0 and different values for e, b. The electric field variation
versus o for different shapes of the dipole IR-nanoantenna
on a dielectric substrate at 28.3 THz.

5. Dual-Polarized Infrared Rectenna

Dual polarized IR-nanoantenna has been designed
which consist of 4 rhombic arms forming two crossed
dipoles acting as an IR-nanoantenna on a dielectric substrate
with h=150nm, w=9um, L=9um, L~=2.2um, t=50nm and
gap=10nm as shown in Fig.12. Figure 13a, Figure 13b
shows the electric field variations versus frequency for 4
rhombic arms crossed dipole IR-nanoantenna on a dielectric
substrate getting the same value of the electric field at the
gap using different polarization (E,, E,). In both figures the
electric field variation for normal incident plane wave with
electric field polarized in x-direction and in the y-direction
respectively. The two arms are identical to cross polarized
field response. Arm (1, 3) is co-polarized with E in x-axis
and cross-polarized with the y-axis. Arm (2, 4) is co-
polarized with E in y-axis and cross-polarized with the x-
axis.
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Figure 12. The detailed construction of the rhombic dipole
IR-nanoantenna on a dielectric substrate with h=150 nm,
w=9 pm, L=9 ym, L=2.2 um, t=50 nm and gap=10 nm.

6. The IR-Nanoantenna dipole with MIM diode

The MIM diode is used for IR rectification with the IR-
nanoantenna. The diode incorporates an insulating layer
between two electrodes thin enough to allow tunnel
conduction [2, 14]. The performance of the MIM diode is
based on three main characteristics. The first is the diode’s
responsivity which is a measure of diode’s rectification
ability. The second is the diode’s resistance which affects
the matching between the antenna and the rectifier. The third
is the diode’s cut-off frequency and is given by

fe

where Rp is the equivalent resistance of the diode, Cp is the
MIM’s capacitance, €, is the relative dielectric constant, and
d is the thickness of the dielectric. A is the overlap or
contact area. By increasing the dielectric thickness, the
capacitance decreases and the cut-off frequency increases.
However, the diode’s resistance is increased, since the
number of tunnelling electrons decreases exponentially as
the diode’s thickness increases [15]. The resistance of the
rectifiers was around 300 KQ for with small junction areas
[9]. These characteristics give a good response advantage in
the performance of this kind of junctions at the infrared
applications [14]. The 300 kQ devices were chosen since
they offered the best resistance/sensitivity trade-off for MIM
diodes.
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Figure 13a. The electric field variation versus frequency for
rhombic dipole IR-nanoantenna on a dielectric substrate
with h=150 nm, w=9 pm, L=9 pum, t=50 nm, gap=10 nm, L,
=2.2 um for (1, 3) , b. The electric field variation versus
frequency for rhombic dipole IR-nanoantenna on a dielectric
substrate with h=150 nm, w=5 pm, t=50 nm, gap=10 nm, L
=2.2 um for (2, 4).

In order to integrate the MIM diode with the antenna,
one end of the rhombic dipole’s arm has been overlapped, to
provide a room for the diode. The two arms of the rhombic
dipole are overlapped over an area of 60x60 nm” with an
insulator layer with dielectric constant ofe =8 and a
thickness of 8.5 nm has been inserted within the gap region
as shown in Fig. 14a. The variation of the input impedance
versus frequency for different overlapping areas are shown
in Fig. 14b. The real and imaginary part of the input
impedance is decreased by increasing the overlapping area
with a slight shift down in maximum frequency. The
variations of the electric field intensity over the IR spectrum
for rhombic shape IR-nanoantenna at different MIM
overlapping area are shown in Fig. 15a. By decreasing the
overlapping areas, the diode capacitance is decreased and
the electric field intensity is enhanced to maximum value of
1475.6 V/m for MIM with area 20x20 nm*. The variations
of the radiation efficiency versus frequency for different
overlapping areas are shown in Fig. 15b. The radiation
efficiency is decreased with decreasing the overlapping area
and varies around 80 % to 92 %.
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Figure 14. A rhombic dipole IR-nanoantenna on a dielectric
substrate overlapped area to construct MIM diode , b. The
impedance variation versus frequency for rhombic dipole
IR-nanoantenna on a dielectric substrate without
overlapping area and with different overlapping area using
insulator of &,.=8.
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Figure 15a. The electric field variation versus frequency for
rhombic dipole IR-nanoantenna with different overlapping
area using insulator of &.=8, b. The radiation efficiency
variation versus frequency for rhombic dipole IR-
nanoantenna.

7. Conclusions

A linearly-polarized receiving mode nano-antenna is
designed for solar energy harvesting. A rhombic
nanoantenna dipole of gold printed on a silicon dioxide
substrate is investigated. The dimensions of the dipole are
optimized for maximum near electric field intensity at a
frequency around 28.3 THz. The shape of the dipole IR
nanoantenna has a great effect on the value of maximum
received field. The maximum near field intensity of 1260
v/m is achieved with ¥=20°, L,=2.2 um and a gap of 10 nm
without MIM diode. Dual polarized IR-nanoantenna has
been designed which consists of 4 rhombic arms crossed-
dipole IR-nanoantenna on a dielectric substrate with h=150
nm, w=9 um, L=9 pm, L=2.2 um, t=50 nm and gap=10 nm
getting the same value of the electric field at the gap using
different polarization (Ey, Ey). The Metal Insulator Metal
(MIM) diode is incorporated with the dipole nano-antenna to
rectify the received voltage. The radiation efficiency of the
solar energy collector with integrated MIM diode has been
introduced. The MIM diode resistance and capacitance have
been calculated to be Rp= 3828 Q, Cp=376 nF.
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