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Chapter

Solar Rectennas: Analysis and
Design

Ahmed M.A. Sabaawi and Oras Ahmed Al-Ani

Abstract

There is a growing interest in recent years on developing solar cells and
increasing their conversion efficiency. This interest was motivated by the
demand on producing clean and inexpensive energy, where the current solar cell
technology failed to fulfill the market demand due to its low efficiency obtained.
Thus, an efficient alternative is highly required to overcome the drawbacks of
current photovoltaic technologies. In this chapter, the concept and operation of
solar rectennas will be introduced as an efficient energy-harvesting technology
and as a better alternative to conventional solar cells. Nanoantennas are used for
receiving solar radiation at both visible and infrared regions as AC electromag-
netic signals. The received power is then passed to a nanodiode that acts as a rec-
tifier to convert the power from AC to DC form. Nanoarrays are utilized often to
increase the captured energy and decrease the number of rectifiers of the entire
system. The biggest challenge is how to design an efficient nanoantenna inte-
grated efficiently into a nanodiode in order to maximize the overall efficiency.
State-of-the-art designs for nanoantennas and nanodiodes will be highlighted in
this chapter mentioning the figure of merits used to compare between one design
and another.

Keywords: energy harvesting, solar rectennas, nanoantennas, nanorectifiers,
THz detection

1. Introduction

The increasing demand on clean and inexpensive energy has led to the
emergence of solar cells in the early 1950s, where the main source of the world’s
power is fossil fuels. The creation of photovoltaics (PV) has opened a new era
on exploiting solar radiation for the production of electricity. However, the
development of the PV industry is not sufficient to cover the market demand on
solar panels due to their low efficiency. Therefore, cheaper and higher-efficiency
technologies are required for the solar power market. These requirements have
induced the researchers to find an alternative solution by replacing the cur-
rent solar cells with optical antennas integrated to diodes forming a rectifying
antenna (rectenna) using the wave nature of light [1, 2]. Most of the recent
researches are focused on developing solar rectennas to convert the visible region
of solar spectrum efficiently to electric power and exploiting the unused portion
of solar radiation (i.e., infrared region) [3]. The proposed solar rectennas are
expected to exhibit higher efficiency (theoretically 100% for monochromatic
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illumination) than current solar cells [4]. Rather than the low efficiency, solar
rectennas overcome the other drawbacks of PVs which include the dependence
on the bandgap energy and the narrowband operation (visible region only).
However, several challenges contribute to make the actual conversion efficiency
much lower than expected such as the poor coupling between the optical antenna
and the diode [5].

Each photon in semiconductor solar cells produces electron hole pair to gener-
ate electrical power. However, the device absorbs only those photons that have
energy higher than the band gap energy. This limits the conversion efficiency to
449% or even less in real devices. On the other hand, classical rectifiers receive the
electromagnetic energy and convert it into DC power with a conversion efficiency
reaching 100%. Solar rectennas are designed to operate in a similar way with the
expectation to obtain very high efficiencies at a wide range of the electromagnetic
spectrum. The field of solar rectennas appears to be promising and attractive due
to the fact that high efficiency is theoretically obtainable and the material used is
inexpensive and available.

Why solar rectennas?

* Solar rectennas can achieve as high as the efficiency of solar cells or even

higher.

* The material of solar rectennas is widely available in the form of thin films,
and the fabrication process is inexpensive compared to conventional solar cells.

* Solar rectennas demonstrate versatility over PV devices by exceeding effi-
ciency during the day.

* Other forms of infrared such as waste heat can also be harvested by solar
rectennas rather than the solar irradiation.

In contrast, there are several drawbacks and challenges associated with solar
rectennas such as [6]:

* When converting visible light, the time constant must be in the range of 0.1 fs,
which is hard to achieve using the planar MIM diodes.

* The leakage current of the diode must be as small as 1 pA, which is quite
challenging.

* A strong matching between the antenna impedance and the diode’s to ensure
maximum power transfer and hence higher efficiency.

It is obvious that the technology of solar rectennas is still young in the early stage
of research and faces numerous challenges and limitations. Thus, in this chapter,
the theoretical understanding is presented highlighting the development of each
part of a solar rectenna.

2. History of rectennas

In the last century, the story of solar rectenna begun when electrical power has
been transferred without the use of wires. This technique is called wireless power
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transmission (WPT). It is worth to mention that all the rectenna systems conceived
at that time were working at microwave frequencies with efficiencies exceeding
80% at a single frequency.

A brief historical background on this technique is presented here:

* Early experiments on WPT return to the work of Hertz and Tesla which was
implemented by exploiting a giant coil and a 3-ft-diameter copper ball to
transport the electromagnetic wave with low frequency from one point in
space to another one. Later, the idea of power transmission has been developed
by researchers particularly after the significant progress that witnessed in
microwave technology [7].

* In 1963, the first rectenna has been invented by Raytheon Co., which was
constructed from 28 half-wave dipole antennas. Each one terminated with a
bridge rectifier. The overall efficiency of this design was 40%. The rectenna
has then been developed by the same company to use as a power source for a
microwave-powered helicopter.

* In 1972, Bailey proposed an idea to use the rectennas to generate electricity
from solar power. This idea was based on using a pair of pyramids or cones as
a modified dipole, which is similar to rod antennas. The pair is connected to a
load via a diode (half-wave rectifier) [1].

* In 1984, arrays of crossed dipoles (Figure 1) have been proposed by Marks,
where an insulating sheet with fast full-wave rectification is used [9].

* In contrast, Bailey proposed a conventional broadside array antenna, in
which the output signal is collected after passing in several dipoles. The
latter is used to feed a transmission line in which the signals are trans-
ferred to a rectifier. Combined signals are used in that approach to add
in-phase.

* In 1996, Lin et al. achieved the first experimental work [10] that based on
the absorption of light by fabricated metallic resonant nanostructures and
rectification at light frequency. The device that used this technique uses
dipole antenna array that connected in parallel and constructed on a silicon
substrate. The device components also include a p-n diode as a half-wave
rectifier.

¢ In 2003, infrared (IR) rectenna structure-based metal-insulator-metal (MIM)
diodes have been designed by Berland [11]. It has been designed using dipoles,
operating at 10 pm wavelength. The overall recorded efficiency, however, was
very low (<1%) [11].

* In 2010, spiral nanoantenna for solar energy has been designed and fabricated
to collect energy at mid-IR region [12]. Kotter et al. demonstrated the progress
related to this technique.

* In 2011, a monopole antenna has been designed by Midrio et al., where
nickel is used as the main material to fabricate the reception of thermal
radiation. This type of antenna is overlapping with the ground plane. MIM
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Figure 1.
The first optical rectenna proposed by mark [8].

that consists of nickel-nickel oxide-nickel diode is used to convert terahertz
fields into electrical current. Furthermore, other research studies [13] are
interested to study the impacts of geometrical parameters on the antenna
performance.

After that, there was a significant interest by researchers to study nanoanten-

nas coupled to MIM diode for solar power-harvesting applications or THz sensing,
which cannot be covered here due to space limitations.
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3. Basics of solar rectennas

The structure and the operation theory of nanoantennas have been presented in
this section. The same as the response of the conventional RF antenna to the elec-
tromagnetic wave, nanoantenna responds to the visible light and IR. Induced AC
current, which is formed on the surface of the antenna, interacts with the incident
wave and oscillates with it in the same frequency. The presence of a feeding gap in
the antenna can help to collect the solar power, and then DC power is produced by
rectifying the oscillated AC current with the aid of a specific diode-based rectifier.

Based on the theory of boundary conditions, the tangential electric field van-
ishes on the antenna surface and is equal to zero (Et = 0). This is fundamental to the
traditional RF antenna, where metals are considered to have ideal electrical conduc-
tivity. In other words, Es = —Ei, where Es and Ei are scattered electric and incident
electric fields, respectively.

In contrast, the operation of nanoscale antennas is based on the optical and IR
regimes. In this case, metals are considered to be non-ideal conductors since they
exhibit lower conductivity. Thus, the expression Et has to be taken into account.
This expression can be presented by multiplying the value of surface impedance by
the value of the surface current.

Figure 2 shows the block diagram of a typical optical rectenna, in which the
solar antenna receives the electromagnetic wave within a proper frequency band
to deliver it to the low-pass filter (LPF) [8]. The latter, which is placed between
the antenna and diode (rectifier), is used to prevent the reradiation of the higher
harmonics that generated from the rectification process by the nonlinear diode.
Generally, power losses result in from this reradiation.

Furthermore, the LPF matches the impedance between the antenna and the
subsequent circuitry. The DC LPF smoothly delivers the rectified signal to DC and
then passes it to the external load. In general, MIM diode is considered being the
most common rectifier in the solar rectenna system; based on the electron tunnel-
ing process, the rectification is generally occurring through the insulator layer.

» . LPT DC ]
Optical Antenna * Pass Filter Load

Rectifier

Figure 2.
Block diagram of optical rectenna [8].

4. Nanoantennas

Mirrors and lenses are usually utilized to control light propagation. However,
they are unable to concentrate the light in a tiny area (smaller than A/2), whereas
antennas can easily confine the electromagnetic wave in subwavelength (beyond the
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diffraction limit). The urgent need to localize the light beyond the diffraction limit
has motivated the researchers and helped toward the development of nanoanten-
nas. With the rapid growth of nanotechnology techniques, scientists are now able to
fabricate nanoantennas in the order of 10 nm using E-beam lithography [14, 15]. The
dimensions of nanoantenna must be in the order of the incident light wavelength to
ensure efficient performance. Light/matter interaction has been exploited exten-
sively in many applications such as photovoltaics, microscopy, and THz sensing.

The main role that nanoantenna plays in solar rectennas is to receive external
fields and confine the energy at its feed gap to be rectified by a nanodiode. The
technological advances in the development of a new generation of nanodiodes such
as point-contact diodes have contributed significantly to the emergence of solar
rectennas in its modern form [16]. Figure 3 demonstrates numerous fabricated
nanoantennas for various applications.

The performance of nanoantennas in solar rectennas is measured by their ability
to efficiently concentrate the received solar energy at the feed gap of the antenna.
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Figure 3.
Fabricated nanoantennas: (a) dipole, (b) bowtie, (c) log-periodic, and (d) spiral.
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Figure 4.
Concentration of the electric field at the feed gap of different nanoantennas [17].
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The electric field generated at the feed gap varies from one type of antenna to
another depending on the characteristics of the antenna itself. Thus, the confined
electric field can be enhanced by choosing the proper antenna type for this appli-
cation or by gathering a number of antennas in one rectenna system forming an
antenna array. A comparison between different types of nanoantennas is presented
in Figures 4 and 5, where the figure of merit is the value of the received electric
field at the antenna’s gap [18].

Another way to increase the captured electric field is to arrange several antenna
elements in an array form. Figure 6 shows an eight-element bowtie nanoarray as sug-
gested in [19], where the concentration in the feed gap is also illustrated, while Figure 7
shows the variation of the electric field with increasing the wavelength. The nanoarray
exhibits multiple resonances with maximum capturing at longer wavelengths.
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Figure 5.
Electric field variation versus wavelength for different nanoantennas [17].
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Electric field variation with wavelength for bowtie nanoarray and single bowtie of the same footprint avea [19].

5. Nanodiodes

The most commonly used nanodiodes in solar rectennas are metal-insulator-
metal diodes, which act as a promising rectifying element in solar rectennas. MIM
diodes are made of thin insulator layer sandwiched between metal electrodes and
depend on the tunneling mechanism. Work functions of metals and the electron
affinity of insulators play an important role in MIM diodes by making a barrier
at the interface between metal and insulator. Figure 8 shows a typical MIM diode
where a difference between metal work function is clearly indicated to ensure effi-
cient electron transport across the insulator. The quantum-mechanical tunneling
of electrons governs the charge transport mechanism through the barrier. Electron
tunneling in MIM diodes is ultrafast, and this makes them operate at THz frequen-
cies. A thin insulator layer (few nanometers) is required to ensure the tunneling of
electrons through the diode layers.

Recent years have witnessed tremendous lithographical efforts to reduce the size
of MIM diodes. To this end, the insulator layer is grown by oxidizing metal films
to achieve the desired thickness. The second metal is then deposited, where this
method helps to avoid vacuum break at the barrier and reduce the contamination. It
is worth mentioning that controlling the roughness of the insulator layer as well as
the metal films is very important during the fabrication process.

5.1 MIM diode characterization

The major obstacle in using MIM at optical frequencies is the high RC time
constant. The diode resistance and capacitance must be well controlled through
the fabrication techniques and processes in ordered to reduce it. In this section, the
most important parameters of the MIM diode will be discussed:

* Resistance: The diode resistance (Rp) can be obtained directly from the I-V
characteristics of the diode. Since the antenna impedance is low (in the order
of 100 Ohm), the diode impedance must be low as well to achieve a reasonable
impedance matching and hence ensure a maximum power transfer between
the antenna and the diode.
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* Responsivity: The responsivity of MIM diodes is a measure of the diode
rectification efficiency. It is the second derivative of the diode’s I-V curve over
the first derivative. The responsivity represents the DC power generated by the
incident AC power on the diode. The larger I-V curvature, the higher respon-
sivity obtained, and hence the higher DC power generated. High curvature is
associated directly with high barrier diodes.

* Asymmetry: The ratio of the forward current to the reverse current represents
the diode asymmetry, which is another measure of the diode’s rectification

4 Energy
(a) (b)

Nb Nb205 Nb Nb Nb205 Pt

» X

Figure 8.
Equilibrium band diagram of (a) symmetric Nb/Nb,Os/Nb diode and (b) asymmetric Nb/Nb,Oy/Pt diode [20].
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efficiency. High asymmetry can be obtained by employing different metals on
both sides of the diode with a difference in their work functions.

Most of the MIM diode parameters are extracted directly from the I-V charac-
teristics, which is the key factor in the characterization of MIM diodes. Figure 9
demonstrates typical MIM diode parameters.

6. Semiconductor nanoantennas

In this section, a comparison between the performance of nanoantennas fabri-
cated by different materials will be presented. The characteristics of the designed
dipole nanoantennas have been obtained by solving Hallen’s integral equation
numerically. Obtained results show that carbon exhibits very low conductivity
compared with other types of proposed semiconductors like Si and Ge.

This is because of the fact that carbon has a relatively wide energy gap, which is
the main reason to enhance carbon nanoantenna performance. In contrast, creating
extra defect states by phosphor or iron doping in the narrow band gap of Si and Ge
can increase the conductivity and, thus, the efficiency of the host material.

The calculated efficiencies of these heavily doped semiconductor nanoantennas
are unity. This is because of the high conductivity of these materials. Moreover,
obtained results show that these materials behave like a perfect electric conductor
at the wavelength range of interest. In addition, the performance of these semicon-
ductor nanoantennas is compared with nanoantennas made of gold that showed
approximately similar performance.

To investigate the impact of the conductivity (o) on the antenna parameters,
pure and heavily doped semiconductors materials are used instead of metal in
designing nanoantennas. Since plasmonic materials like gold are being used to
fabricate metallic nanoantenna, a modeling comparison between the metallic and
heavily doped semiconductor antenna is proposed to study the impact of the mate-
rial on the performance of nanoantenna to exploit the mid-IR to generate present-
able power.

Furthermore, the mid-IR radiation provides very low penetration depths for
the electromagnetic fields. Generally, most studies on this area were focused on
operating system with 10 um wavelengths, which may provide a wide range of
energies [12].

To solve Hallen’s integral equation, which is numerically used to evaluate the
input impedance of the cylindrical dipole nanoantennas [21], method of moments
(MOM) is generally used for this purpose. A study has been conducted to investi-
gate the effect of replacing gold in plasmonic nanoantennas at mid-IR by heavily
phosphorus-doped germanium on the antenna operation [22]. In this study, how-
ever, carbon nanotube semiconductor material is extended to heavily doped silicon
by iron as common unavoidable contamination in Si. In both cases, the character-
istics of the gold center-fed cylindrical dipole antenna that is used in this study
include L = 0.471, N = 51, and a = 50 nm for A = 10 um, where L is the total length
of the dipole, N is the number of segments, and a is the radius of dipole. In addition
to that, for the delta-gap source, MoM is used to solve Hallen’s integral equation.
An approximate kernel can only be utilized since the ratio a/A < 0.01, and in this
example, a ratio of 0.005 is used which gives an acceptable approximation.

One of the methods used to increase the efficiency of nanoantenna is by
developing the quality of materials that are used to fabricate the nanoan-
tenna. In this work, heavily doped Ge with phosphorous and heavily doped
Si with Fe have been proposed as an alternative to carbon. The value of the
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frequency-dependent dielectric constant of heavily doped Ge with a doping con-
centration of 2.23 x 1019 cm™ has been given somewhere else [23]. On the other
hand, the values of heavily doped Si with a doping concentration of 1 x 1020 cm™
have been obtained by another study [24]. The interaction between Fe and Si has
been studied and reported in [25].

The dielectric constant (e,) has frequency-dependent real and imaginary parts,
in which the metal conductivity (o) at IR wavelengths can be obtained as the fol-
lowing equation [26]:

o =iweg(e, - 1) (1)

The complex form of material conductivity at IR wavelengths is illustrated as
real and imaginary parts in Figures 10 and 11, respectively. Both figures show that
heavily doped semiconductors exhibit considerably high conductivity at a range of
wavelength between 5 and 15 um. Consequently, both of the heavily doped semi-
conductors behave like perfect electric conductor [22].

It is found that the conduction-dielectric efficiencies at the wavelength 10 pm
for both Ge and Si are 100% as what is expected to having the same behavior as the
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Figure 10.
Real and imaginary parts of Ge conductivity versus wavelength [22].
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Figure 11.
Real and imaginary parts of Si conductivity versus wavelength [22].
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perfect electric conductor. In contrast, the relatively low conductivity of gold yield
decreases in the efficiency to around 90% at wavelengths of interest.

7. Conversion efficiency

The figure of merit in solar rectennas is the conversion efficiency, which
depends on several factors related to both the antenna and the MIM diode. The
conversion efficiency, 1, of a solar rectenna can be described as [27].

Ne = NeNsNgNe (2)

where 1, is the antenna radiation efficiency, 1 is the efficiency that related to the
losses inside the antenna, n is the quantum efficiency that is responsible for the rectifi-
cation of the received power, and 1. is the coupling efficiency between the antenna and
the diode. It is worth noting that the term 1,5 in (2) depends on the antenna type and
its characteristics and is referred, in this chapter, to as antenna-dependent efficiency of
solar rectenna. On the other hand, the term ngn. relates strongly to the diode param-
eters and is referred to as the diode-dependent efficiency.

For solar energy conversion, each efficiency factor is required to be optimized
and maximized. Recent works have focused on improving only the quantum effi-
ciency [28] or the diode-dependent efficiency by assuming a perfect antenna (i.e.,
do not include antenna efficiency limits) [4]. The analysis of the complete conver-
sion efficiency in one single work gives the reader a close physical insight on how
the IR solar rectenna works, including the parameters that affect its performance.

In the following sections, we will investigate each term of (2) individually with a
detailed description of its main parameters and how to compute them. After finding
the optimum values of each efficiency term in (2), the overall conversion efficiency
will then be calculated and plotted.

7.1 Antenna-dependent efficiency

As mentioned in Section 7, the antenna-dependent efficiency is represented by
the term n,n,. This section demonstrates how to find this efficiency numerically,
which depends totally on antenna parameters. The calculation of antenna efficiency
should take into account the losses that relates to reflection, conduction, and dielec-
tric inside the antenna. The reflection losses will be represented by the coupling
efficiency, nc, and will be discussed in details in the following section. Thus, this
section will be dedicated to the calculation of the conduction and dielectric losses
inside the antenna structure. Since it is very difficult to compute and separate these
losses individually, they will, therefore, be lumped together to form the conduction-
dielectric efficiency, cd, which can be defined as [29].

R, .
Nco :m, (3)

where R, is the radiation resistance of the antenna and R; represents the
conduction-dielectric resistance, which can be written as [29]

R =2LR; 4)
where L is the antenna length, P is the cross-section perimeter of the wire

antenna of radius a, and Rs is the conductor surface resistance that can be calculated
as follows

12
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R, =42k, (5)

where  is the angular frequency,  is the free-space permeability, and ¢ is the
metal conductivity. It is worth mentioning here that Eq. (4) is valid for the case of a
uniform current distribution.

Before starting the calculation of the conduction-dielectric efficiency, it is
important to recall that metals are no longer perfect electric conductors at optical
and infrared frequencies [30]. Consequently, the DC bulk conductivity of metal
cannot be utilized in (5). Instead, the frequency-dependent conductivity at optical
frequencies should be calculated.

7.2 Diode-dependent efficiency

The two terms of the diode-dependent efficiency are the coupling efficiency,
N, and quantum efficiency, ng. In this chapter, we will set 5, = S hw/e, where S
is the MIM diode responsivity, which will be explained more explicitly later in this
section, % is Plank’s constant, and e is the charge of the electron. In contrast, the
coupling efficiency can be written as [5].
4R,Rp/(R, + Rp)*

TIL‘ = 2 (6)
R.Rp
1 + <(D<Ra . RD) CD)
where R, is the antenna resistance, o is the angular frequency, Ry, is the diode
resistance, and Cp, is the diode capacitance. For simplicity of analysis, the reactance
of the antenna was assumed to be negligible; however, for the antenna in this work,
this approximation is more realistic for the wavelength between 8 and 12 pm where

alow reactance part of the impedance is noticed. The value of Rp depends on the I-V
characteristics of the MIM diode, whereas the Cp, can be given by

CD _ E0Eyrp ; (7)

K

where ¢, represents the relative permittivity of the insulator layer of the MIM
diode, & is the free-space permittivity, A is the diode junction area (overlapping
area), and s is the thickness of insulator layer. It is clearly evident that the MIM
diode parameters play a significant role in determining the entire conversion
efficiency of solar rectennas.

Figure 12 shows the total conversion efficiency (solid line) for an IR solar
rectenna versus the wavelength. Moreover, we have added the diode-dependent
efficiency (dashed line) to the same graph to show the role that the antenna plays
in shaping the conversion efficiency. The total conversion efficiency has been
calculated based on the terms of (2), where every single term is calculated individu-
ally and all terms are then combined together. The main reason behind this low
efficiency is the mismatch between the resistance of the designed MIM diode, Rp,
and the antenna resistance, R,,. This mismatch led to a lower coupling efficiency
in (6), where one of the conditions to achieve unity efficiency is to have Rd = Ra.
Although the diode characteristics have been optimized, the coupling efficiency
still needs further improvement. However, this value of efficiency demonstrates an
enhancement to recently reported conversion efficiencies of (1, ~ 1077-n,~107%)
[31]. It is worth mentioning that the antenna efficiency is very high and the diode
responsivity is acceptable; however, the total conversion efficiency is quite low due
to the poor coupling efficiency between the antenna and the diode. Recent studies
are paying attention and efforts to increase coupling efficiency. Once the coupling
is improved, we would expect a high conversion efficiency, which makes solar

13
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Figure 12.
Total conversion efficiency and the diode-dependent efficiency of a typical IR solar rectenna [8].

antennas a promising alternative to conventional solar cells and a great addition to
the renewable energy sector.

The promising features of solar rectennas have motivated the researcher recently
to come up with new approaches and ideas in order to improve the total conversion
efficiency. Examples of these approaches include improving the impedance match-
ing and the coupling between the antenna and rectifier [32, 33]. Another approach
is to use metasurface absorbers to enhance the performance of solar rectenna [34].
In addition, light concentrators represented by adding a layer of micro lenses lead to
increase the captured electric field as demonstrated in [35] or design dual-polarized
nanoantennas [36] and/or multiband nanoantennas [37] to get benefits of all
received spectrum. The approach was even extended to include harvesting thermal
energy at infrared wavelengths from hot bodies [38], which sometimes focuses on
preselected narrow frequencies in the infrared region [39].

8. Conclusions

Researchers worldwide pay attention and effort to reduce the cost of conven-
tional solar cells and increase their efficiency by using new materials and different
approaches. However, there is no significant improvement in their conversion
efficiency, which is still quite low. Breakthroughs in designing efficient nanoan-
tennas led to rapid development in solar rectenna for harvesting solar radiation.
Efficient nanoantennas were designed for receiving the solar energy as an AC signal
and coupling it to a nanodiode to convert it to DC power.

The focus of this chapter was to highlight different types of nanoantennas that are
commonly used in this application. The design and simulation results of four types of
nanoantennas have been presented, and a comparison is made to find the best candi-
date. The figure of merit in the selection process was the captured electric field at the
feed gap of the antenna, which is a key factor in calculating the harvested energy. As
aresult of the comparison, it was found that the spiral nanoantenna exhibited better
performance at resonance. Furthermore, it was found that the captured electric field
at the feed gap could be increased by coupling many elements in one structure.

Finally, this chapter highlighted the most important factors that influence the
conversion efficiency of solar rectennas with the aim to improve and optimize it.
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It was shown that even when optical antennas couple thermal radiation efficiently,

the total conversion efficiency is still low. This is due to the poor matching between

the diode and the antenna, where a very high diode resistance is obtained compared

to the low antenna resistance, albeit the diode characteristics have been optimized.
As a summary, solar rectennas are an attractive option to replace PV cells in

harvesting solar energy; however, this technique requires further developments in
the rectification process.
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