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Abstract. Seebeck nanoantennas, which are based on the thermoelectric effect, have been pro-
posed for electromagnetic energy harvesting and infrared detection. The responsivity and fre-
quency dependence of three types of Seebeck nanoantennas is obtained by electromagnetic
simulation for different materials. Results show that the square spiral antenna has the widest
bandwidth and the highest induced current of the three analyzed geometries. However, the geom-
etry that presented the highest temperature gradient was the bowtie antenna, which favors the
thermoelectric effect in a Seebeck nanoantenna. The results also show that these types of devices
can present a voltage responsivity as high as 36 μV∕W for titanium–nickel dipoles resonant at
far-infrared wavelengths. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JPE.6.024501]
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1 Introduction

Optical antennas and resonant structures provide electrical field enhancement that can be used in
several nanophotonic applications.1,2 These types of devices have been used in several fields of
science and technology due to their advantages in terms of polarization sensitivity, tunability,
directionality, and small footprint.3

In the last decade, thermoelectric or Seebeck nanoantennas have been proposed as potential
solar energy harvesters due to their tunability and the possibility of harvesting the electromag-
netic portion of the solar spectrum, which cannot be converted into electrical energy through
current photovoltaic technology.4,5 The theory of operation of Seebeck nanoantennas consists of
converting thermal energy induced by Joule heating in the nanoantenna into electrical energy by
generating a voltage proportional to the difference in temperature between hot and cold bimetal-
lic junctions.4 Numerical simulation predicts that this technology can harvest solar energy with a
higher efficiency than direct rectifiers coupled to optical antennas.6 Also single-metal Seebeck
nanoantennas have been proposed, which would simplify the fabrication process and allow the
large-scale production of these devices using fabrication technologies such as nanoimprint
lithography.5,7

Even though there have been numerous reports on the design and characterization of thermo-
electric nanoantennas by several groups, a key figure of merit for these types of devices, the
responsivity, has not been reported yet. In this work, a numerical evaluation and comparison
of the responsivity for three types of Seebeck nanoantennas using different materials and geom-
etries is presented.
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In Sec. 2, we briefly describe the method and procedure used to evaluate the response of
Seebeck nanoantennas. Section 3 presents the main results regarding geometrical and material
parameters, including a useful comparison between the proposed cases. Finally, Sec. 4 summa-
rizes the main conclusions of the paper.

2 Method

The induced current in the nanoantennas was calculated using finite element simulations. These
types of simulations have been used successfully in several nanophotonic applications, including
the evaluation of the performance and capabilities of Seebeck nanoantennas.4,6 The analysis was
made using a multiphysics approach by solving electromagnetic and heat transfer equations in
order to obtain the increase in temperature due to electromagnetic incident energy. COMSOL
Multiphysics, commercial software that solves partial differential equations using the finite
element method, was used in this work due to the possibility of combining several physical
effects in the same simulation. The numerical simulation procedure consisted of performing
first an electromagnetic simulation in order to obtain the induced current across the antenna
structure. Using the multiphysics capabilities of COMSOL, the obtained induced current
was used as a Joule heating source in order to calculate the temperature in the antenna structure.
Heat transfer is commonly described by three mechanisms: radiation, convection, and conduc-
tion. In our case, radiation is considered negligible because of the small temperature difference
produced by the incoming wavefront.8 Convection is also not considered as far as our analysis
has been done in vacuum. Therefore, only conduction is taken into account, as has been done to
model similar devices.9

The open circuit voltage of the Seebeck nanoantenna can be obtained as4

EQ-TARGET;temp:intralink-;e001;116;447Voc ¼ ðSA − SBÞΔT; (1)

where ΔT is the difference in temperature between the center (hot spot) and the open ends of the
antenna (cold spots) where the minimum temperature is located, and SA and SB are the Seebeck
coefficients of the metals used.

The electromagnetic simulation was performed by launching a linearly polarized electromag-
netic plane wave with a polarization state matching the polarization of the antenna, and con-
sidering the antenna structure at vacuum. The electric field amplitude of the plane wave is
set at a specific value, and the induced current in the antenna as a function of the plane
wave’s frequency is evaluated by integrating the current density over the cross-section of
the antenna at its feed point, where this current density reaches its maximum value at the resonant
wavelength.

The optical properties of materials used for the simulations were obtained from data reported
in the literature and take into account the dispersion at the frequencies simulated.10,11

3 Results

In this section, the response of different types of Seebeck nanoantennas is evaluated. First, a
simple dipole geometry is used to calculate the induced current as a function of frequency
and the length of the dipole structure. Then, the results are compared to the theoretical resonance
predicted by classical antenna theory. In a second series of simulations, a parametric study with
different materials commonly used in Seebeck nanoantennas is performed for a resonant dipole
antenna, and finally, a comparison between three different geometries of optical antennas
(dipole, bowtie, and square spiral) is presented. These results can be used to obtain an optimized
design of Seebeck nanoantennas.

An estimation of the responsivity of these devices is reported using the experimentally
obtained collection area of these types of antennas.12

3.1 Dipole Length Study

For comparison purposes, the response of a gold dipole antenna as a function of frequency is
analyzed for different dipole lengths (Fig. 1). Results show that the deviation from the expected
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resonant frequency from classical antenna theory increases with frequency. This happens due to
the increase in the resistivity of gold at optical frequencies; this effect also allows the electro-
magnetic wave to penetrate within the resonant structure. This effect can also be modeled using
an effective length for the resonant dipole.13

Table 1 shows the calculated resonant wavelength for five different dipole lengths. The res-
onant frequency was obtained by calculating the frequency at which the maximum current was
induced in the whole dipole structure. The current responsivity was calculated as the ratio of the
induced current and the optical power incident on the antenna. The optical power was obtained as
the product of the irradiance and the receiving area of the antenna, which can be approximated by
the resonant wavelength squared (λ2res), according to the experimental measurements.14

This discrepancy in the optimum length of the dipole for a given wavelength is of importance
when designing resonant elements at infrared and visible frequencies. This scaling factor has to
be revised when considering the effect of the substrate on the resonance of the element. When
Seebeck nanoantennas are designed to scavenge thermal radiation coming from moderate tem-
perature radiators (thermal engines, intercoolers, and so on), the temperature of the radiating
element fixes the optimum wavelength of operation through the Wien displacement law:
λmaxT ¼ 2898 μm·K. Therefore, this parametric study allows us to select the optimum dipole
length for a given radiation temperature. When considering the resonant wavelength given in
Table 1, we find that thermal radiator temperature ranges from room temperature to 760°C.

3.2 Effect of Materials

In the case of Seebeck nanoantennas, the chosen materials affect the responsivity in two ways,
the first due to the Seebeck coefficient of the materials used and the second by the ability of the

Fig. 1 Induced current as a function of frequency for gold dipoles with different lengths.

Table 1 Shift in resonance and current responsivity for different gold dipole lengths.

Dipole
length (μm)

Resonant
wavelength (μm)

Resonant shift
from theory (λ∕2)

Induced
current (nA)

Current responsivity
(nA∕W)

1 2.9 45% 14.9 328.83

2 5.2 30% 49.7 611.69

3 7.6 27% 70.0 589.47

5 12 20% 119.9 639.47

7 15 7% 134.4 573.44
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material to induce currents due to the radiant flux incident on the nanoantenna. A parametric
study involving different metals and a single dipole geometry was performed (see Fig. 2). In this
case, the length of the dipole was fixed at 3 μm, and several simulations were performed using
different materials.

Table 2 shows the resonant wavelength and current responsivity of a 3-μm dipole for five
different materials. In this table, we see that the resonant wavelength varies according to the
optical properties of the material used for the fabrication of the antenna, and therefore its respon-
sivity. Again, an appropriate selection of materials is of importance to optimize the signal
obtained from a Seebeck nanoantenna.

3.3 Analysis of Different Antenna Geometries

Several geometries can be used for fabricating Seebeck nanoantennas. Their performance is
strongly related to their dimensions and how the electric field and currents are generated.
The final choice of the geometry will be related to the desired polarization selectivity and
the level of the signal obtained from each geometry.

Figure 3 shows the induced current density for three different types of nanoantennas.
From these results, we can see that the bowtie and square spiral nanoantennas show the
highest induced current density in comparison with the dipole nanoantennas. Also, in
Fig. 3, we can see how the bowtie configuration concentrates most of the induced current
in the feed of the antenna, leaving the ends of the antenna arms almost without current. This
uneven current distribution favors the Seebeck effect by concentrating the heat generated by

Fig. 2 Induced current by a linearly polarized plane wave on gold, copper, silver, titanium, and
nickel dipoles as a function of frequency.

Table 2 Resonance and responsivity of a 3-μm dipole for different materials.

Materials
Resonant

wavelength (μm)
Resonant shift

from theory (λ∕2)
Induced

current (nA)
Current

responsivity (nA∕W)

Au 7.6 26.5% 70 589.47

Ag 7.3 20% 101.0 850.53

Cu 7.3 20% 98.6 830.32

Ti 8.82 47% 275.5 2320.00

Ni 7.6 26.5% 58.8 495.1
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Joule heating in a small area, where the hot terminal can be placed, and a region without
current where the cold terminal could be placed.

Table 3 shows the total induced current in the antenna for the three different geometries and
the current responsivity taken as the induced current divided by the incident optical power.

Figure 4 shows the induced current for the three geometries considered as a function of
the frequency of the incident plane wave. From Fig. 4, it can be seen that the square
spiral configuration has the widest bandwidth and the highest induced current of the
three geometries. However, Fig. 3 shows that the geometry that can generate a higher temper-
ature gradient is the bowtie geometry, which favors the thermoelectric effect in a Seebeck
nanoantenna.

3.4 Thermal Analysis and Seebeck Responsivity

Once we have analyzed the role of the geometry, material, and shape in the response of optical
antennas, we combine different metals in order to obtain their thermal response when the res-
onant structure is illuminated under optimum conditions. As we know, the key factor in Seebeck
nanoantennas is the difference in temperature between the hot and cold junctions. In this section,
we will pay special attention to the analysis of bimetallic antennas and their thermal behavior
when a given irradiance is impinging on them. Therefore, an analysis of the best bimetal com-
bination is necessary to propose the fabrication of devices.

Fig. 3 Induced current density (A∕m2) due to an incident plane wave on a (a) dipole nanoantenna,
(b) bowtie nanoantenna, and (c) square spiral nanoantenna.

Table 3 Resonant frequency, induced current, and current responsivity for different antenna
geometries.

Geometry
Resonant

frequency (THz)
Resonant

wavelength (μm)
Induced

current (nA)
Current

responsivity (nA∕W)

Dipole 39 7.6 70.0 589.47

Triangular 31 9.6 146.1 974.00

Square spiral 25 12 520.6 2776.53
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Even though from the previous section, we see that the bowtie geometry is the one that
generates a higher temperature gradient and would be the ideal geometry to enhance the thermo-
electric effect on Seebeck nanoantennas, the material analysis was made with dipole antennas
due to the simplicity of the simulations and the fact that the results obtained with these geom-
etries would apply to any geometry.

Figure 5 shows the temperature increase as a function of the length of the antenna structure
for different combinations of materials. Nickel was always chosen as one of the materials since it
is the only one that has a negative Seebeck coefficient. Therefore, this material combined with
another with a positive Seebeck coefficient would give the highest voltage output [Eq. (1)].

Table 4 shows the difference in temperature calculated between the bimetallic junction
and the open ends of the dipole antenna. The voltage response of the antenna was
evaluated by using the Seebeck effect. The Seebeck coefficients were taken as bulk
(SAg ¼ SAu ¼ SCu ¼ 6.5 μV∕K, STi ¼ 7.2 μV∕K; and SNi ¼ −15 μV∕K). Table 4 also
shows the voltage responsivity of the Seebeck nanoantennas. The values given in Table 4
can be used to make a first-order approximation of the efficiency of these devices calculated
as the power that can be extracted by a current flowing through the antenna due to a voltage

Fig. 4 Induced current by a linearly polarized plane wave on gold dipole, bowtie, and square spiral
nanoantennas as a function of frequency.

Fig. 5 Distribution of temperature across the dipole nanoantennas for different metals analyzed in
this work.
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difference given by VOC. The value of the efficiency obtained, considering a 100-Ω resistive load,
which is a good match to the input impedance of a dipole antenna, would be around 1 × 10−9%,
which is within the same order of magnitude as the efficiency obtained for antennas coupled to
metal-insulator-metal diodes.6

From Table 4, it can be seen how the combination of Ti and Ni produces a Seebeck signal that
is the largest for the studied combination.

4 Conclusions

Responsivity is a key figure of merit in the characterization of optical detection devices. It is
defined as the ratio of the output current, or output voltage, and incident optical power. Even
though thermoelectric devices based on nanoantennas (Seebeck nanoantennas) have already
been proposed as possible energy harvesting devices, until now, no value of their responsivity
has been reported. In this work, a numerical evaluation and comparison of the responsivity of
three types of Seebeck nanoantennas using different materials and geometries is presented. The
geometry analysis shows how the square spiral geometry has the widest bandwidth and the high-
est induced current of the three geometries. However, the geometry that can generate a higher
temperature gradient is the bowtie antenna, which favors the thermoelectric effect in a Seebeck
nanoantenna. In addition, the analyzed results show the way to propose improved designs,
including optimized geometry and the effect of the surroundings and auxiliary elements.

From the numerical results, it can also be seen that these types of devices can present a
voltage responsivity as high as 36 μV∕W for titanium-nickel nanodipoles resonant at far-infrared
wavelengths. This value encourages the use of Seebeck nanoantennas as energy harvesters
working with thermal radiators at moderate temperatures.
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