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ABSTRACT

This work presents investigations about the realisa-
tion and modelisation of rectenna solar cells. Rectennas
are antennas coupled with a rectifier to convert the alter-
native current originating from the antenna into direct
current that can be harvested and stored. By reducing
the size of the antennas to the nano-scale, interactions
with visible and near infrared light become possible. If
techniques such as nano-imprint lithography make possi-
ble the fabrication of sufficiently small plasmonic struc-
tures to act as optical antennas, the concept of rectenna
still faces several challenges. One of the most critical
point is to achieve rectification at optical frequencies.
To address this matter, we propose to use molecular
diodes that can be self assembled on metallic surfaces.
In this paper, we present basic rectenna theory as well
as optical simulations of plasmonic structures and first
experimental results of samples fabrication.

Keywords: Rectenna, Nano-Antennas, Surface Plas-
mon, Molecular Electronics, Solar Energy

1 INTRODUCTION

As predicted by Shockley and Queisser in the 60’s,
the photoconversion phenomenon involved in mono junc-
tions solar cells has an upper limit of 33% [11]. Other
concepts, such as high efficiency tandem solar cells de-
signed to perform under concentrated light have been
developed to overcome this limitation [3], but this tech-
nology remains expensive and difficult to process to an
industrial scale. The concept of optical rectennas goes
back to the 70’s when Bailey proposed that a nano-scale
antenna coupled with a rectifier could harvest electro-
magnetic waves in the visible and infrared region [2].
Later, Joshi and Moddel built a photon assisted theory
and predicted conversion efficiencies close to 100% for a
monochromatic rectenna in the visible range. As for the
performance under a realistic sun illumination, it was
found to be 44% for a single polychromatic rectenna
geometry [8]. Unlike the Shockley-Queisser limit, this
44% limit does not rely on the material, but strongly
depends on the rectenna geometry. This feature makes
rectenna arrays good candidates for tandem-like struc-
tures based on several antennas sizes and shapes, result-

ing in a promising low cost process.

Today, nano-imprint lithography (NIL) technologies
enable the fabrication of sufficiently small 3D structures
to act as optical antennas. As for the rectifier element,
metal-insulator-metal (MIM) structures with a very small
RC time could be a suitable solution [7], as well as or-
ganic molecular electronics which recently shown state
of the art rectification ratio R = Hgiggl‘ up to 103[12].
Both of these solutions offer the benefit of enabling de-
position of very small diodes on the top of each nano-
antennas, either by atomic layer deposition (ALD) for
the MIM structures [10], or by self assembled mono-
layer (SAM) for the molecules. A recent work has al-
ready demonstrated power production originating from
optical rectennas [10], but research in this field remains
at stage of proof of concept. In this work, we study
and develop rectenna solar cells composed of plasmonic
nano-antennas associated with rectifying self-assembled
molecular diodes. First we describe the theoretical prin-
ciple of rectennas and discuss the state of the art con-
cerning analytical modeling. Then we present results of
finite difference time domain (FDTD) simulations that
are aimed to develop plasmonic structures to enhance
local electric field originating from visible and infrared
light. Finally we present first results of back electrodes
fabrication and deposition of SAMs of rectifying molecules,
which are the firsts steps toward a complete rectenna
sample.

2 BASIC RECTENNA THEORY

An optical rectenna is the combinaison of a nano-
antenna and a circuit designed to convert the AC oscil-
lation of electrons into DC current that can be sent to
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Figure 1: Equivalent electrical circuit of a rectenna



a load as in the case of a standard solar cell. This con-
version is carried out by both a diode and a DC filter,
as shown Fig.1 in the equivalent electrical circuit.

Rectifying a signal at optical frequencies (up to 103 THz)

requires very fast diodes that cannot be provided by reg-
ular semiconductor technology. To overcome this limita-
tion, we propose to use ferrocene alkanethiol molecular
diodes which consist in single carbon chains terminated
by a ferrocene unit. This molecules have been exten-
sively studied in the past ten years and their robust
rectifying ratio [12] make them serious candidates for
diverse molecular electronic application. Further infor-
mations and results about ferrocene alkanethiols will be
discussed in Section 4.

In first approximation, the rectifying phenomenon
can be understood by modeling the antenna-molecule-
back electrode structure by a MIM tunnel junction [6].
In Fig.2 we represent the three configurations of applied
bias. This highlights that a junction constituted by two
different work function metals will favor tunnel current
under one bias direction (here, positive bias) because of
the reduction of the tunneling distance between the left
and right electrode. This phenomenon results in a rec-
tification behaviour in the dark. If an external electric
field such as visible and infrared light contribute to an
additionnal V,; alternative bias, the tunnel current en-
hancement would even occur at 0 bias and opposite bias
direction (here, negative bias). When the I(V) charac-
teristic has positive current values for a positive applied
bias, the rectenna act as a detector in the first quad-
rant. When the I(V) characteristic starts having values
of positive current for negative bias, we enter the power
production mode in the second quadrant.

Up to now, several attempts to quantitatively model
the behaviour of rectenna solar cells have been made. In
particular, S.Grover and G.Moddel presented a quan-
tum theory to describe the phenomenon of rectifica-
tion operating at optical frequencies within an MIM
structure [6]. Recently, a model integrating ferrocene
alkanethiol molecules sandwiched between two metallic
electrodes has been presented [4]. Despite all those ef-
forts, understanding the behaviour of electronic charges
within a molecule remains a challenge, as recently out-
lined by Garrigues [5], who suggested to use experimen-
tal datas to find fit parameters that can be applied to the
classical Landauer formula to obtain the current density
as a function of applied bias, in the particular case of no
external illumination.

3 PLASMONIC STRUCTURES FOR
ELECTRIC FIELD
ENHANCEMENT

According to Fig.2, entering the second quadrant un-
der illumination requires a sufficient V}, alternative bias.

V= OV c)

Viias> OV

a) Vi <OV b)

d)

Figure 2: Schematic potential energy level diagram. V,
denotes the additional bias induced under illumination,
¢ and ¢, denote the left and right electrode work func-
tions a) at negative bias b) at 0 bias c) at positive bias
d) corresponding I(V) curve for both dark (black solid
line) and illumination (dotted red line) situations.

The threshold voltage of the molecular diode is condi-
tionned by the work functions of both electrodes it is
connected to. To fix ideas, let us assume that a ferro-
cenyl alkanethiol molecular diode has a threshold volt-
age V; = 0.5V, which is consistent with values reported
in the litterature [13]. In this case, power production
from the rectenna device is conditionned by V,;, > 0.5 V.
Considering that the typical size of a molecular recti-
fier such as ferrocene alkanethiol is about d,,,; = 2 nm,
this results into a required electric field of magnitude
E = % = 25108 Vm~!. Yet, even if we consider
a polychromatic nano-antenna device able to catch the
whole solar spectrum, the expression of Pointing vec-
tor for an irradiance of Pjgn = 1000 W/m? yields to
an electric field of magnitude Ejgn = 8.7 102 Vm 1,
which is still five orders of magnitude below the required
value. Thus, two solutions are left to enable rectification
in the second quadrant : engineering the work functions
of the metal electrodes to reduce the threshold voltage,
and enhancing the local electric field collinearly to the
molecular diode. This section presents a nano-scale ge-
ometry designed to address the latter option.

FDTD simulations were performed using the FDTD
module of Lumerical ® software. Our simulation work
was driven by the objective of finding a geometry of
nano-antennas that would be easily printable using nano-
imprint lithography technology. This would result into
a low cost process: printing periodic arrays of nano-
antennas into a plastic sheet to obtain a nano-textured
substrate that could be easily metalised via e-beam evap-
oration or sputtering deposition. Fig.3 shows one lattice
of such a 3D nano-antennas array that exhibits a local-
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Figure 3: a) 3D rendering of one lattice of the simulated
nano-antennas array covered with gold. b)c) results of
FDTD simulation in the (z, z) plane showing b) electric

0.2

field enhancement factor IlEi(l) for a 1850 nm illumination,
¢) direction of the enhanced electric. White plain line
symbolise the free space / gold interface, white dotted
line symbolise the gold / molecules interface

ized electric field enhancement of a factor 10 at 1850 nm.
In Fig.3.c) we observe the direction of the localized elec-
tric field which corresponds to a surface plasmon oscilla-
tion with direction normal to the antenna surface, thus
colinear to the molecular diode that would be self assem-
bled upon this metallic surface. As highlined earlier, an
enhancement factor of 10 remains too small to expect
electrical rectification in the second quadrant unless the
work functions of the electrodes are designed to produce
a threshold voltage V; < 0.5 V. Further efforts in this
two directions are therefore still needed to achieve power
production from a rectenna device.

4 SAMPLE REALISATION

Our fabrication process is divided into the following

steps : nano-imprint of the rectenna array into Poly(methyl

methacrylate) (PMMA) ; deposition of the bottom elec-
trode ; deposition of a SAM of ferrocene alkanethiols
; deposition of the top electrode. Fig.4 shows the re-
sult of gold deposition (30nm) on the nano-imprinted
PMMA substrate using e-beam evaporation. We ob-

Electric field enhancement factor

Electric field enhancement factor

serve a conformal deposition which preserves the shape
of the antenna and the periodicity of the lattice. Then
a SAM of 11(Ferrocenyl)undecanethiol, (Ci;HssFeS)
purchased from Dojindo Molecular Technologies, was
deposited by immersion of the samples into a 3mM ethano-
lic solution for 24 hours. In order to get a direct proof
of the adsorption of the molecules on the nano-textured
gold substrate, we performed cyclic voltammetry mea-
surements with an aqueous 1.0 M HCIO,4 solution as
electrolyte. The voltammograms are shown Fig.5 for
several voltage sweep rates and display typical poten-
tial peaks for oxydation and reduction of the iron unit,
thus proving the presence of the molecules on the nano-
antenna array.

Next step will consist in electrical measurements at
a microscopic scale to detect rectification both under
dark and illumination conditions. Finally, the deposi-
tion of a top electrode should permit the collection of
charges and macroscopic scale electrical measurements.
This last step has been reported as being challenging
due to the fragility of the SAMs, and is known to intro-
duce electrical shorts [9][1]. As a consequence it requires
the fabrication of a significant number of samples to get
statistical results that can lead to conclusions.

5 CONCLUSION AND FURTHER
WORK

In this work, we presented a theoretical analysis of
basic principles that rule the operation in an optical
rectenna device. In particular, to achieve power produc-
tion at visible and infrared frequencies, we highlighted
the necessity to act both on the difference of work func-
tion of bottom and top electrode and on the electric field
enhancement within the nano-antennas array. To ad-
dress the latter point, we worked on FDTD simulation
of printable solutions of nano-antennas array that ex-
hibit surface plasmon resonnance within the visible and

Figure 4: Electron microscope image of a PMMA nano-
textured substrate covered with 30 nm of gold
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Figure 5: Voltammogram of 11-ferrocene-1-
undecanethiols self assembled on a nano-textured
gold substrate

infrared range. Amplification ratio of magnitude 10 was
found at 1850 nm for a pyramidal structure, with elec-
tric field components directed normal to the pyramid
surface, thus collinear to the molecular diode orienta-
tion. Finally, results of the two first steps of the exper-
imental process have been presented : successful depo-
sition of gold on PMMA nano-structured substrate and
self assembly of ferrocene alkanethiol molecular diodes.

Further work will consist in the optimization of the
nano-antennas’ shape to achieve greater electric field en-
hancement and both microscopic and macroscopic elec-
trical measurement to detect rectification in dark and
illumination conditions.
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