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Abstract—Thermo-electrical nanoantennas have been
proposed as an alternative option for conversion solar energy
harvesting applications. In this work, the response of a spiral
broadband antenna has been obtained from numerical and
theoretical simulations perspectives. The results show that this
device exhibits a responsivity of 20mV/W under 117W/cm’, for a
single-frequency radiation. We discuss strategies for enhanced
efficiency.

Index Terms— nanoantennas, Seebeck effect, solar energy
harvesting.

L. INTRODUCTION

Nano-antennas are resonant metallic structures that confine
the optical energy into small volumes in an efficient way by
inducing a high-frequency current in its structure [1-3]. Due to
the high light-absorbing efficiencies reached by these
structures, nano-antennas have gained considerable attention
over the last years for the engineering of novel photovoltaic
devices at visible and infrared wavelengths [4-8].

However, a successful implementation of these elements
for photovoltaic applications has not been achieved yet due to
the lack of an efficient harvesting mechanism of the optical
energy. In this context, nanoantennas coupled to high-speed
rectifiers based on tunnel barriers, also known as “rectennas”,
has been extensively explored during the last years as a way to
convert the optical power into dc power [9-13], nonetheless,
these devices exhibit low efficiencies due to the poor
performance of those rectifiers at optical frequencies [14].

In this work, thermoelectric Ti-Ni nanoantennas are
proposed as an alternative strategy to recover the optical
energy coupled to them. These devices are based on the very
basic principle of a thermocouple operating by the Seebek
effect, where a voltage drop is induced all along the structure
by locally increasing the temperature of the bi-metallic
junction [15]. In must be pointed out that here, the heating of
the junction is optically induced when the optical radiation
impinges the structure, causing a non-uniform Joule heating
generated by the resonant current along the nanoantennas [16,
17]. In this work, the responsivity and the optical-to-electrical

conversion efficiency of these types of devices is evaluated
numerically by using COMSOL Multi-Physics.

II.  METHOD

A sketch of the proposed antennas structure is shown in
Fig. 1. We choose a broadband square spiral-antenna tuned to
absorb at thermal-infrared wavelengths, designed using two
symmetrical arms composed by seven elements of 200nm wide
and 200nm thick, as defined in [3]. The arms of the spiral
antenna were built of titanium and nickel, metallic materials
that combine both a low thermal conductivity with
considerably thermo-power properties [18]. The structure was
placed on a semi-infinite SiO, substrate and a 10.6pum
wavelength plane-wave was used for far-field illumination (of
arbitrary irradiance W=117W/cm?®), whose polarization
matched the circular polarization of the square spiral
nanoantenna.
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Fig. . Geometry of a two arms square spiral antenna tuned to absorb the
thermal infrared wavelengths at 10.6pm.



The numerical analysis was performed by using a multi-
physics approach where both the electromagnetic and thermal
domains are fully integrated. The numerical model was built
using all the optical, thermal and thermo-electrical properties
of materials reported at 10.6um wavelength [18, 19].

As a first step the optically-induced heat along the structure
was evaluated by considering the computation as a full-optical
problem, since heat is generated by Joule effect. For this, the
power density g(r) was evaluated inside the volume of the
nanoantennas by [20]

G(F)antenna = (1/2) (@) |[E(P)f° (1)

where o(w) is the conductivity of the material at the
frequency of the incident wave and E(r) the distribution of the
electric field inside the nano-antennas when illuminated.

The power density was then used as a source of heat into
the solver in order to perform numerical simulations of the
steady-state temperature distribution T inside and outside the
resonant metallic structures. The temperature changes are
calculated by solving the heat transfer equation

V[KVTr] =—-q(r) 2

by taking g(r) as q(F)anema and 0, inside and outside the
nanostructures, respectively. The effective temperature
increase of the bi-metallic junction AT was found and the
voltage response of the antenna was evaluated by using the
Seebeck effect relationship [17]

Voc = (Sti-Sni) AT 3)

where St; and Sy; are the Seebeck coefficients for the nickel
and titanium taken at bulk (St;=7.2uV/K and Sy; =-15uV/K).
Finally, the responsivity exhibited by the thermo-electric nano-
antennas was evaluated by

SRV = VOC/Pinc (4)

where P;, is the power contained by the incident wave.

In spite that the thermal-optical analysis is performed by a
classic treatment (neither thermal nor electric contribution
arising from interfaces are taken into account), this method has
shown to give accuracy results for thermal-optical analysis of
nanoantennas coupled-bolometers [21, 22].

III. RESULTS

The distribution temperature of the Ti-Ni square spiral
nano-antenna at the steady-state is shown in Fig. 2 (a) and (b).
As expected, an important locally heating of the bi-metallic
interface is achieved due to the strong built electric resonant
current exhibited by the spiral nano-antennas at the mid-point.
The temperature asymmetry of arms arises from the difference

in thermal conductivities of used metals what causes one arm
to conduct faster the heat to the substrate.
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Fig. 2. Electro-thermal simulation showing the temperature distribution in a
thermocouple-based spiral nanoantenna composed of a Ti-Ni bimetallic
junction a) plane parallel to the nanoantenna and b) plane transversal to the
nanoantenna.

By the other hand, the transversal trace shown in Fig. 2
indicates that a considerable quantity of the optical-induced
heat is dissipated toward the substrate and environment,
reducing this way the effective temperature increase of the
thermocouple junction.

Using the temperature increase of the nano-antenna
(~130mK) the Seebeck voltage all along the structure was
estimated to be 2.9uV and the responsivity 20mV/W. This
value is higher than several reported responsivity values for the
counterpart antenna-coupled high-speed rectifiers.



IV. CONCLUSIONS

The response of thermoelectric Ti-Ni broadband nano-
antennas to convert the optical power of wavelengths at
10.6pm into dc power was evaluated by using thermal
numerical simulations, showing that devices represent an
alternative way to harvest free-propagating optical energy (by
exploiting the optical energy naturally dissipated as heat). The
response of devices can be increased by reducing the effective
thermal conductivity of the substrate. This can be achieved by
suspending the device on air above its substrate. Moreover,
engineering of large phase-arrays of nano-antennas acting as
series thermocouples arrays can be implemented to increase
responsivity of devices.
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