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Abstract: In this letter, the authors develop an optimized Seebeck nanoantenna design suitable
for IR harvesting applications. The design is optimized via the so-called particle-swarm-
optimization algorithm (PSO), an evolutionary algorithm able to drive the morphology of a
nano-object towards an optimum. Along with the so-called nanoloading technique, efforts are
subsequently addressed to understand the physical mechanisms behind the wave energy to voltage
conversion, from both numerical and theoretical perspectives. In particular, the thermal and
intrinsic impedance are considered to be the key issues beneath the device’s response.
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1. Introduction

In the recent decades, important efforts have been addressed to improve the efficiency of
photovoltaic devices since their worldwide demand has been growing steadily, mainly due their
significant impact on the energy sector as well and their commercial applications [1]. These
efforts have led, for instance, to the design and fabrication of a wide variety of semiconductor
hetero-structures [2,3], which can harvest - into DC power - the optical energy of both the UV-Vis
and the near-infrared bands (0.4 µm to 2.5 µm [4,5]). In this way, the crystalline silicon solar
cells are the most commercialized photovoltaics devices thanks to their remarkably low-cost
[6]. Nevertheless, multi-junctions cells with higher efficiencies and cost find more sophisticated
applications [7].

Despite the maturity of the photovoltaic technologies, drastic limitations arise when their use
as harvesters is extended to the mid-wavelength (3 µm to 8 µm) and long-wavelength (8 µm to 15
µm) infrared bands. These limitations are linked to the band gap of the semiconductor materials,
which blocks the absorption of low-energy infrared photons (<0.4 eV, or wavelengths above 3
µm) [8]. Recent efforts are being conducted to develop semiconductor heterostructures whose
band lies in the middle of the gap, allowing therefore such transitions [9–11]. However, these
devices require sophisticated fabrication tools and their design is still under development [12,13].
Thus, in order to recover the energy of the long-wavelength (LWIR) bands, other harvesting
mechanism should be explored.
On the other hand, thermocouples are quite simpler devices which recently re-appeared as

promising candidates to cover the lack of a LWIR harvest technology, by gathering heat into DC
power [14–16]. Thanks to the simplicity of their design, they can be taken to the nanometer
scale for adopting the shape of standard LWIR resonant nano-antennas [17–19]. At that scale,
thermocouples will match the infrared energy into a resonant ACmode (by the antenna-like effect)
and will generate a Seebeck voltage thanks to the thermoelectric properties of their metallic
interfaces [17,19,20]. In contrast to their rectennas counterpart, these devices exploit as a source
the heat generated by Joule effect (due to the resonance modes), leading to efficiencies of interest
for harvesting applications [15,18].
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The success of the practical application of Seebeck nanoantennas relies on the implementation
of the antenna architecture with high conversion efficiency. With this aim, several types of antenna
designs, widely used in RF applications, have been scaled-down to infrared frequencies with
the purpose of evaluating their performance as harvesters [20,21]. Despite this, the significant
improvement of these devices lacks of a clear understanding of the physical mechanisms behind
their performance, and calls for an efficient schema to propose interesting designs.

In this letter, the authors introduce an effective computational tool in order to obtain a Seebeck
antenna design suitable for IR harvesting applications. From this, the authors conduct efforts to
understand the underlying physical mechanisms, from both numerical and theoretical perspectives.
In particular, the thermal and intrinsic impedances are here considered to be the key issues
beneath the devices response. To this end, the authors make use of the so-called particle-swarm-
optimization algorithm (PSO), an evolutionary algorithm able to drive the morphology of a
nano-object towards an optimum, through several cycles that mimic social rules [22,23]. Since the
geometry of the Seebeck antennas strongly affects their resonance modes (and thus their receiving
properties) as well as their thermal behavior (via their steady state heat distribution), the PSO
algorithm appears a suitable tool due to its ability to simultaneously target multiple-objectives.
The authors consider the use of the so-called tapered dipole geometry, a key element that

allows us to advance on the purposes of this letter. The tapered dipole is a type of nano-antenna
design recently introduced for harvesting applications, in which the arms forming the dipole
decrease stepwise [24,25]. In contrast to other relevant antenna designs, this geometry exhibits a
multi-resonance behavior; hence several current paths could be defined through its resonance
modes. These properties can be tuned via the geometrical parameters, they are here thereby
exploited to optimize the Joule heating and, subsequently, the DC output of the antennas.
Following this introduction, we present in section (2) a strategy to obtain the impedance of

tapered bimetallic dipoles and hereupon evaluate their resonant properties in a correct manner.
A description of the thermal effects that the light induces on these types of structures, as well
as the evaluation of the Seebeck voltages, are resumed in section (3). Subsequently, in section
(4), a particle swarm optimization algorithm (PSO) is strategically used to find the geometrical
parameter that optimizes the Seebeck response of the antenna. Finally, in section (5) and section
(6), we present an analysis for determining which parameters affect the most the Seebeck voltage,
with stress aimed at unveiling the physical mechanism behind it.

2. Intrinsic and input impedances of emitting bimetallic dipoles

In order to address the above issues, the authors introduce a LWIR tapered dipole composed of
two short-circuited arms of dissimilar metals, as shown in Fig. 1. The tapered design consists of
a conventional half-wave dipole with two additional steps of smaller size inserted in each arm.
Therefore, its geometrical description requires the use of a seven-dimensional space, defined by
the length (L1, L2, L3), the width (W1, W2, W3) and the thickness T of the tapered sections.

To begin our study we have chosen a set of dimensions (L1= 600 nm, L2= 300 nm, L3= 100 nm,
W1 = 200 nm, W2= 150 nm, W3= 100 nm, and T = 100 nm), properly adjusted to recover the
wavelengths around ∼10.6 µm (∼28.3 THz). These dimensions define a dipole with a total length
L= 2 µm. The left and right arms of the dipole are made of nickel and titanium respectively,
defining thus a thermocouple interface at the antenna center. These metals are chosen because
of the high difference in their Seebeck coefficients, as well as their low thermal conductivities
[26,27]. The dipole lies on the surface of a silicon dioxide wafer (SiO2 semi-infinite) that acts as
a good thermal and electric insulator [28,29], while the upper half-space is air.

To advance on this study, we must first analyze the receiving properties of the short-circuited
bimetallic dipole hereby proposed. We would like to highlight that, contrary to the several
relevant contributions reported on the properties of one-single metal nanometer antennas [30–32],
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Fig. 1. Schematic representation of the three-steps tapered dipole antenna, defining its
geometrical parameters width W, length L and thickness T, for each of the three steps. The
LWIR tapered dipole is composed of two short-circuited arms of dissimilar metals, nickel
(light gray color) and titanium (dark gray color), laying on the surface of a silicon dioxide
wafer (SiO2 semi-infinite), that acts as a good thermal and electric insulator, while the upper
half-space is air.

few efforts have been addressed to the systematic study of the antennas composed by arms of
dissimilar metals.
Similar to the RF antennas, the emitting and receiving properties of the nano-antennas are

entirely determined by their intrinsic impedance Zdip =Rdip - j*Xdip [33–35]. The nature of their
resonance modes and frequencies could be easily determined from their characteristic curve
Zdip= Zdip (fE); with fE being the frequency of the incident electromagnetic wave (for a receiving
antenna) or the frequency of the port (for a transmitting antenna). Therefore, in order to tailor
the resonance modes of the tapered dipole here proposed, we must conduct efforts to find this
fundamental parameter for the first time.

To perform this task, we leverage the concept of lumped nanometer-loads feeding a nanometer
antenna, recently developed by Alu et al. [34], as a means to tune the scattering properties of
nanoantennas in the visible regime [34,36]. This nanoloading technique is extremely suitable for
the impedance analysis of nanodipoles made of dissimilar metals. Their extended use to the case
of Seebeck antennas in the LWIR regime is here thereby considered.

The nanoloading technique is here considered by introducing the open-circuit dipole shown in
Fig. 2(a), featuring an air-gap at its center (G= 50nm), which acts as a nanoload element. The
dimensions and materials of the open-circuit dipole are the same than those of the short-circuit
dipole in Fig. 1, with the exception of the inner step length (L3), which results reduced by the gap.
As sketched in the inset of Fig. 2(a), the input impedance Zin =Rin - j*Xin of the open-circuit
dipole may be interpreted as the parallel combination of the dipole intrinsic impedance Zdip and
the air-gap impedance ZGAP introduced by the gap [33]. In this way, the intrinsic impedance Zdip
of the short-circuit dipole can be evaluated if the input impedance Zin and the gap impedance
ZGAP are known. Below, we introduce the strategies used to obtain both parameters.
The input impedance Zin of the air-gap dipole in Fig. 2(a) can be obtained by driving the

terminals of the antenna with an alternate voltage VAC and subsequently obtaining the current
IAC that flows through the dipole terminals. By this means, the impedance is easily evaluated by
the ratio Zin =VAC/IAC. This procedure cannot be performed by means of receiving simulations
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Fig. 2. Schematic representation (top) and frequency dependence of the characteristic
impedance (bottom) of: (a) the open-circuit dipole bimetallic nano-antenna, loaded with
an air-gap of size G; and (b) the short-circuited dipole bimetallic nano-antenna. R and X
correspond to the real and imaginary parts of the impedance, respectively. The resonant
modes of the antenna are those frequencies for which the reactance R vanishes. The
fundamental (odd) and the harmonic (even) modes are indicated by the circles.

in which the dipole is illuminated by external sources, therefore, we perform simulations in
the transmit mode of the antenna. These simulations are performed by using the COMSOL
Multi-Physics (ver5.4a) software package based on the finite-element method. Thanks to this
package, we can use a lumped port element at the gap of the dipole, marked in blue in the Fig. 2(a),
to drive the arms of the antenna with a sinusoidal voltage of amplitude VAC = 1V; the impedance
of the port Z0 is arbitrary adjusted to 50 Ω. By sensing both, the amplitude and the phase of
the induced alternate current at the port, the software package performs a one-port analysis to
evaluate the input impedance Zin. On the other hand, because of the strong dispersion in metals
at optical frequencies, the numerical model is built by using the dielectric function of materials
reported in literature [37]. Moreover, since the emitting dipole radiates electromagnetic energy
towards its surroundings, which could reflect (at the boundaries of the simulation space) and thus
perturb the sensed current, we have defined the boundaries as perfect absorbers (PML layers).
The graph at the bottom of Fig. 2(a) presents the results obtained for the input resistance Rin
(marked in black) and the reactance X in, of the dipole (marked in blue). These values correspond
to the real and imaginary parts of the input impedance, respectively.
Once the input impedance Zin of the dipole in Fig. 2(a) was evaluated, the current resonance

modes can be easily determined from this plot. In general, the resonances of emitting dipoles are
defined as the frequencies where the reactance goes to zero [38]; consequently, only the real part
contributes to the antenna input impedance. In these cases (when X in = 0), the voltage across the
input port VAC is in phase with the current IAC induced along the dipole. The simulations in
Fig. 2(a) unveil in a clear manner that the tapered dipole holds two resonances, the first one at
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∼28 THz and the second one at ∼43 THz (remarked with open circles). On the one hand, the first
resonance (∼28 THz) is known as the odd mode or as the series resonance (commonly described
by a series RCL equivalent-circuit [33,38]). For this mode, the derivative of the reactance with
respect to frequency is positive, and the impedance exhibits a low value Zin ∼ 50Ω. Consequently,
the current at the port reaches its greatest effective value, and the current distribution exhibits two
nodes at the ends of the dipole. On the other hand, the second resonance (∼43 THz) is known
as the even mode or as the parallel resonance (commonly described by a parallel RCL-circuit
[33,38]). In contrast to the odd mode, the derivative of the reactance for the even mode is negative,
and the impedance exhibits a high value Zin ∼ 286 Ω. Consequently, the current at the port
reaches its minimum value, so, the current distribution exhibit three nodes, two at the ends of the
dipole, and one at the center of the dipole (or port).
Furthermore, we must note that the presence of the air-gap impedance ZGAP, which nature is

entirely capacitive, results in the shift of both the input impedance Zin and the resonance modes
toward lower frequencies [33].
On the one hand, the value of the impedance ZGAP can be tuned by means of the gap size

G [39,40]: shorter gaps induce higher gap capacitances, hence, larger shifts toward lower
frequencies of the input impedance Zin and the resonance mode. This behavior is clearly seen in
the numerical results shown in Fig. 2(b), where the impedance Zin is plotted for two different gap
sizes (10 and 100 nanometers). In this way, a gap with a shorter (longer) length exhibits an input
impedance at lower (higher) frequencies. It must be noted, that only the even resonance mode
shifts towards higher frequencies, in contrast to the odd mode that does not. This fact is clarified
below.
On the other hand (and more important for this study), the value of the impedance ZGAP can

be obtained by means of numerical simulations and then be used to remove it from the Zin, and
subsequently obtain the intrinsic impedance Zdip through the relationship:

Zdip = (Zin ∗ ZGAP)/(ZGAP − Zin) (1)

By doing so, both the resistance Rdip and reactance Xdip, corresponding to the dipole intrinsic
impedance Zdip, have been determined and plotted (in bold line) in Fig. 2(b).

The numerical results clearly show that both the input Xin and the intrinsic Xdip reactance plots
hit the first zero at the same frequency ∼ 28 THz (λ ∼ 10.6 µm). This implies that both dipoles
exhibit (almost) the same odd mode regardless of whether or not a gap is present [33]. The odd
mode is the first available natural resonance of the bimetallic dipole, the so-called “short-circuit
resonance,” which occurs when the intrinsic reactance of the dipole Xdip vanishes, and thus being
(almost) unaffected by any variation of the gap capacitance [34]. At the frequency ∼ 48 THz, the
intrinsic impedance of the bimetallic dipole Zdip shows an even resonance mode, the so-called
“open-circuit resonance,” which holds an important large impedance [34,36]. The non-negligible
gap impedance ZGAP then resonates with the even mode of Zdip, shifting the even mode of the
input impedance Zin, as stated above [36].

It is worth to note that the input impedance of the bimetallic dipole, shown in Fig. 2(a), which
presents a gap, is employed to get the intrinsic impedance counterpart. This impedance Zdip
corresponds to the impedance of the continuous bimetallic dipole shown in Fig. 2(b). Such a
dipole consists of two arms joined together to conform a thermocouple so-called Seebeck dipole
(with a total length of L= 2 µm). Such a structure is able to generate a Seebeck voltage, parameter
evaluated below.

3. Bimetallic receiving dipoles and thermal gradients

Once we have introduced a strategy to get the intrinsic impedance of short-circuited tapered
dipoles Zdip, the next step involves determining (by numerical simulations) the temperature
distribution caused in the devices by the incident light, and so, to determine the Seebeck DC
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voltage that the dipoles generate at their ends. Particularly, we conduct efforts to evaluate the
dipole performance under the illumination of a single monochromatic plane wave of 10.6 µm.
Prior to it, we must note that, similar to the half-wave dipoles the short-circuited tapered dipoles
will respond to linearly polarized light [24,25]; this, because of their linear axes. Therefore, in
order to excite the devices we make use of a monochromatic linearly polarized (LP) plane wave
whose electric field (of arbitrary intensity) is parallel to the dipole axis.

On the other hand, and more important for this study, when the short-circuited dipole in
Fig. 2(b) is illuminated by the LP plane wave, the optical energy can be turned into an alternate
current only by exciting the odd mode. This means that the light only interacts with the odd
mode and not with the even mode [36,38]; this, only in the case of short-circuited dipoles (since
open-circuit dipoles only interact with even modes). To confirm this, we present the numerical
results in Fig. 3(a), plotted by using a bold line. To obtain those results, we have excited the
dipole with a monochromatic plane wave (of a single frequency) and have evaluated the power
dissipated along the device by ohmic losses. We have repeated this procedure for different values
of the plane wave frequency, leading to the results in Fig. 3(a). The figure-of-merit provides
indirect information about the resonance mode of the dipole; in particular, the single frequency
that maximizes the dissipation of power by ohmic losses is expected to be near the frequency
of the odd resonance mode [41,42]. This occurs for a frequency ∼26 THz (∼10.6 µm), which
certainly matches the resonance frequency value obtained by the correct method presented above.

Fig. 3. Thermal response of the short-circuited tapered dipole antenna when illuminated by
an external source. (a) Frequency dependence of the ohmic losses. For comparison with
the nanoloaded antenna, the ohmic losses for different gap sizes are also shown (with dash
lines). (b) Temperature distribution induced by a λ= 10.6 µm incident radiation across the
tapered Seebeck nanoantenna. Top: Map of the temperature (in a plane 50 nm below the
dipole surface). Bottom: Temperature profile (along the antenna axis).

Once we have clarified that the receive dipoles resonate through its odd mode, we conduct
efforts to evaluate the thermal gradients that light induce on the devices. For sake of clarity, we
consider the particular case of a single monochromatic plane wave, with a 10.6 µm wavelength
(∼28.3 THz), as source of excitation. Therefore, we present a quite simple numerical manner to
evaluate the thermal response of the dipoles and a manner to evaluate the Seebeck DC voltage.
The analysis consists in evaluating the temperature distribution induced by the incident

radiation across the devices. From these results, the temperature difference between the center of
the antenna and each open (∆TNi and ∆TTi) can be extracted. Subsequently, the Seebeck voltage
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VOC developed at imaginary electrodes can be easily derived by using the relationship [43]:

VOC = VOC(Ni) + VOC(Ti) = SNi∆TNi + STi∆TTi (2)

The voltage VOC is interpreted as the series combination of the Seebeck voltage across the nickel
arm VOC(Ni)= SNi•∆TNi, and across the titanium arm VOC(Ti)= SNi•∆TNi. It is worth noting that
two different temperature increments should be considered since the end of each arm does not
reach the same steady-temperature due the difference in their thermal conductivity.
The thermal simulations of the receiving dipole are performed in COMSOL Multi-Physics

because it includes a platform where both the electromagnetic and thermal domains are fully
integrated, as required for the analysis. The numerical model was built by considering the
heating of the dipole as a full optical problem [44]. Under this consideration, we first perform
the electromagnetic simulations to evaluate the heat density q [W/m3] due to resistive losses
induced by the single monochromatic PL plane wave (at 10.6 µm). The heat density is found by
using the Joule effect expression q= J•E, where E denotes the electric field distribution inside
the dipole and J the resonant current. Then, we use the heat density to numerically solve the
conduction heat-transfer equation and find the steady-state temperature distribution T(r) of the
thermal system, inside and outside the dipole (this, by imposing that the substrate is thermalized
at room temperature).
The map of the temperature (in a plane 50 nm below the dipole surface) and the temperature

profile (along the antenna axes) induced by the monochromatic plane wave at 10.6 µm, are shown
in Fig. 3(b). Due to its lower thermal conductivity, the titanium arm shows a higher temperature
increment (∆TTi∼ 146 mK) than the nickel arm (∆TNi∼ 143 mK). The Seebeck voltage associated
to the thermal gradient can reach a value VOC ≈ 3.8 µV. Under impedance match conditions (both,
electric and thermal), the antenna can deliver to an external acquisition system a total power ∼
53.1 fW. This value is obtained by using the expression P=VOC

2/4Rint, where Rint refers to the
DC resistance of the tapered dipole, here calculated to be ∼ 68 Ω [45].
It is worth noting that the rise of temperature depends on the intensity of the incident light:

the higher the intensity the higher the temperature increments. In this study, we have fixed the
amplitude of the monochromatic plane wave to the arbitrary value of |E0 | ∼ 29×103 [V/m],
leading to a time-averaged magnitude of Pointing’s Vector of 117 W/cm2, value used in typical
LWIR antennas measurements set-ups [46]. The effects of the irradiance on the efficiency of the
devices are out of the scope of this contribution.

4. Particle swarm optimization of the bimetallic dipoles

Once we have properly determined and analyzed the resonances, and the Seebeck voltage that
tapered dipoles can exhibit, we conduct efforts to find the geometrical parameters that optimize
the thermal gradients of the antennas, and therefore their performance as harvesters.
To achieve this task, we use a particle swarm optimization (PSO) algorithm routine. The

PSO program (implemented in Matlab), communicates with the numerical solver COMSOL
Multi-Physics through the LiveLink MatLab link tool (provided by the COMSOL software
package). The solver obtains both, the power dissipated along the antenna as ohmic losses P
[W], and the thermal gradients ∆TNi and ∆TTi of the given geometry, whose relative relevance is
measured through a proposed fitness function f (see Eq. (3)). The PSO optimizer subsequently
evaluates the value of the fitness function and then updates the dimensions of the nanoantennas
in order to minimize it at wavelengths around 10.6 µm (28.3 THz).

The fitness function here suggested is a quite simple linear combination of the thermal gradients
(∆TNi and ∆TTi) along the dipole, and the wavelength λmax(Q) at which the heat by ohmic losses
is maximum. The expression is given by:

f = −c1 • (SNi∆TNi + STi∆TTi) + c2 • |λmax(Q) − 10.6µm| (3)
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where c1 and c2 are positive constants that equalize the contribution of the two terms of the
expression. On the one hand, the algorithm will tune the maxima of the ohmic losses to the
desired operation wavelength (10.6 µm) by vanishing the second term of the fitness function; this
means the dipoles will resonate around this wavelength. On the other hand, the algorithm will
increase as much as possible the Seebeck voltage by minimizing as much as possible the first
term of the fitness function. The PSO algorithm is a powerful tool that simultaneously minimizes
both terms.

The particle swarm algorithm is configured with 20 particles, 200 generations. The cognitive
and social parameters determine the search speed and the convergence speed, which are selected
as 0.2 respectively. The geometric parameter dimensions to optimize the cost function are subject
to restrictions to ensure its construction and in turn maintain the aspect ratio of the nano-antenna.
The parameters L1, L2, L3, W1, W2, W3 and L must be greater than 10 nm. W1 must be greater
than W2 and this greater than W3 (W1>W2>W3). To keep the total antenna length limited, the
parameter L1 is calculated in function of L2 and L3 (L1=L-L2-L3−20 nm). In order to accelerate
the execution of the optimization, the COMSOL simulation of a one particle is run when all
the restrictions established above are met; otherwise, the particle is considered with a poor
performance.
The PSO algorithm was ran by taking as initial conditions the geometrical parameters of the

dipole geometry shown in Fig. 1. The algorithm proposed a total amount of 4000 geometries and
only explored seventeen hundred eighty-five different dipole geometries (fulfilling the constraint)
during the minimization of the fitness function. The evolution of the fitness function, shown in
Fig. 4(b), is arranged in a decreasing manner, with respect to the number of total dipoles that were
tested. The geometry proposed by the PSO algorithm, which reduces the best the fitness function,
is shown in Fig. 4(a). Its dimensions are W1= 80 nm, W2= 120 nm, W3= 200 nm, L1 = 50 nm,
L2 = 200 nm, L3 = 700 nm and T= 200 nm.

To unveil the improvement obtained via the proposed fitness function, the expected Seebeck
voltage is plotted in Fig. 4(c). First at all, the voltage does not change continuously with the
minimization of the fitness function f, instead, it arranges in well-defined lines with positive
slope. By regarding the frequencies at which the explored dipoles resonate (indicated by the
labels next the lines) we can remark that lines appear because the numerical simulations were
based on a discrete frequency sweep (with steps of 0.5 THz). Particularly, each line contains
the structures whose resonances are equally far from the target frequency (∼28 THz). As sated
above, the dipoles meet the desired resonance frequency only by vanishing the second term of
the function f ; however, the changes of this second term are discrete. Secondly, once the desired
resonance frequency is reached, the algorithm reduces the fitness function by increasing the
magnitude of the Seebeck voltage up to ∼10.4 µV.

To highlight the importance of these results, we must state that conventional half-wave dipoles
typically exhibit Seebeck voltages around ∼3.2 µV under the same irradiance conditions [47].
Hence, by using the here optimized tapered dipole, the performance of the antennas as harvesters
can be increased by 220%.

It is worth to mention that other optimization concepts have been explored elsewhere in order
to increase the performance of the long-wavelength infrared-regime antennas (LWIR), such as
the thermal isolation of devices from the substrate (air-bridge technology), which is intended to
avoid the flux of heat towards the substrate [47]. For the case of conventional half-wave dipoles
(in the LWIR regime) such a strategy increases the performance of the devices by a factor 400%.
Even though the air-bridge technology substantially improves the efficiency of the nano-antennas,
it adds more difficulties on their manufacture, so, other closely related concept for improvements
were then considered.
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Fig. 4. PSO optimization of Seebeck nanoantennas. (a) Schema representing the dipole
antenna geometry optimized through the fitness function. (b) Evolution of the fitness function
respect to the number of antennas tested. (c) Seebeck voltage corresponding to each tested
geometry.

5. Geometrical trends

As shown by the results, the PSO algorithm is an accurate tool to optimize the response of the
Seebeck dipole. To unveil and understand the physical mechanism behind the response of the
optimized dipole, we analyze the effects of each geometrical parameter on both, the Seebeck
voltage and the fitness function. At the light of the geometrical trends, we will be able to identify
and measure the contribution of the possible mechanisms. It is worth noting that one of the main
advantages of the optimization algorithm used is the search for solutions in multidimensional
spaces, so all parameters are changed at once. This can give us an idea of the real impact of each
of the parameters on the cost function by analyzing the results because multiple parameters are
explored at the same time.

Throughout Figs. 5(a)–5(f), we can follow the evaluation of the Seebeck voltage with respect to
the size of each parameter tested during the optimization process. We use a color map plot, where
blue (yellow) indicates low (high) values of the fitness function; those are associated to dipoles
with optimal (poor) performance. For clarity, the results for the proposed initial dipole geometry,
the optimized geometry, and the worst dipole proposed by the algorithm, are highlighted by
square, asterisk and diamond markers in red, respectively. From these results, we can remark that
well-defined paths indicating the evolution of the optimization appear on the figure. In this way,
it is easy to see that both parameters, the fitness function and the Seebeck voltage, increase as the
width of the tapered sections (W1, W2, W3) is reduced.

By comparing the size of the three different widths required for the best dipoles, we remark
that the two steps closer to the center of the antenna (or the bimetallic junction) are the most
important parameters; the narrower the steps W3 and W2 the higher the Seebeck voltage. In
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Fig. 5. Evolution of the Seebeck voltage with respect to the size of each parameter tested
during the optimization process. W1, W2 and W3 are the widths of the tapered sections; L1,
L2 and L3 are the lengths of the tapered sections. Red squares highlight the dimensions of
the initial geometry; asterisks indicate the dimensions of the optimized geometry; diamonds
stand for the dimensions of the worst dipole geometry. The color bar is associated to the
value of the fitness function, which the PSO algorithm look to minimize.
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particular, W3 tends to zero while W2 reaches a dozen of nanometers (W3 <W2). This means
that tapered dipoles with a well-defined sharp tip at their center will exhibit a better performance
as harvesters.
Furthermore, the results bring out a remarkable dependence of the Seebeck voltage on the

length of the outermost tapered section L1, the longest length being required. Complementary,
the lengths of the internal sections L2 and L3 must be as short as possible; it must be noted
that the step closer to the center is larger than the middle step (L3 > L2). As a consequence, the
optimized tapered dipoles resemble sharp-tip conventional half-wave dipole loaded with a simple
short filament [36]. All these results support the idea, somehow expected, that the performance
of devices as harvesters depends on the local geometry around the bi-metallic interface (i.e. the
center of the antenna).

6. Intrinsic impedance versus thermal impedance of bimetallic dipoles

Once we have unveiled the geometrical trends required by the optimal dipoles, we make an
analysis of the physical reasons behind it. As stated above, the best antennas look like sharp-tip
conventional half-wave dipoles loaded with a simple short filament. The local geometry around
the bimetallic interface defined by those geometries, mainly affects the intrinsic impedance of
the dipole Zdip, and its thermal impedance Zth. We therefore evaluate the contribution of these
two mechanisms to the response of the device.
It has been well-stablished that the intrinsic impedance of a tapered dipole (at optical

frequencies) depends on its geometry [24]. In contrast to the impedance value of conventional
half-wave dipoles (∼60 Ω), the impedance of a tapered antenna can be tuned from few dozens
to few hundreds of ohms by adjusting its geometry [24]. According to the antenna theory [48],
the impedance of the antenna affects the power that can be transmitted to its center (and so the
heating of the bimetallic interface). The optical power P (in watts) that receiving antennas collect
and transmit to their center (or load) can be evaluated by means of the relationship:

P = Zdip • |ISC |
2 (4)

where Zdip and ISC correspond to the intrinsic impedance and the short-circuit resonance current
at the center of the antenna, respectively [48]. The impedance of a tapered dipole can change by
several orders of magnitude, hence a strong dependence on this parameter could be expected. To
clarify this point, we evaluate, by using the method described in section two, the real Rdip and
imaginary X dip parts of the intrinsic impedance of the dipoles explored by the PSO algorithm.
The obtained plot is shown in Fig. 6(a). The impedance is plotted for the desired operation
frequency ∼28 THz. The results clearly show that the impedance of the optimized dipoles is
consistently ∼ 60 Ω. This means that heat due to ohmic losses is similar for all the geometries.
The impedance dispersion exhibited by the first explored geometries (the non-optimized ones), is
expected since they do not resonate at the desired frequency, so, their reactance does not vanish.
All these results indicate that the mechanism beneath the optimized tapered dipoles does not rely
on the optical and electrical behavior.

At the light of these results, we then analyze how the thermal behavior depends on the dipole
geometry. Because the paths of heat conduction are different for each explored geometry, their
thermal gradients will be too. To get insight on this concern, we evaluate the thermal impedance
of the geometries. This parameter accurately reflects the heat-dissipating capability of thermal
engines and accounts for all the interfacial effects and heat conduction paths.
The impedance of a thermal engine Zth is defined as the temperature rise ∆T per watt of

dissipated power P, passing through the interface. It is simply calculated by the relationship [49]:

Zth =
∆T
P

(5)
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Fig. 6. (a) Evolution of the intrinsic impedance respect to the number of antennas tested,
with R (red dots) being the real and X (blue squares) the imaginary parts of the impedance.
(b) Impedance of the equivalent thermal engines.

indicating that the higher the thermal impedance, the lower the heat flux through the interface,
and so, the higher its temperature.

For the case of the tapered dipoles, which are composed by arms of dissimilar metals, the total
impedance Zth can be interpreted as the parallel combination of the nickel arm impedance Zth(Ni)
and the titanium arm impedance Zth(Ti). Therefore, the impedance Zth of the Seebeck dipoles can
be obtained (if the thermal impedance of each arm is known) through the relationship:

Zth =
Zth(Ni) • Zth(Ti)

Zth(Ni) + Zth(Ti)
(6)

At this concern, the thermal impedance of the arms can be obtained by driving the bimetallic
interface of the tapered dipole with a surface heat-source P (by means of numerical simulations),
and by obtaining the temperature increment induced in each arm ∆TNi and ∆TTi. By this means,
Zth(Ni) and Zth(Ti) are obtained by simply using the relationship (5), and Zth from the relationship
(6).

The thermal impedance obtained via simulations, for the total amount of explored dipoles,
is shown in Fig. 6(b). In contrast to the intrinsic impedance, the thermal impedance exhibits a
strong dependence on the geometry, ranging from a few dozen to a few hundred of kilo kelvins
per watts. Regarding this, we can remark that the thermal impedance arranges in vertical lines
with positive tendency, analogous to the Seebeck voltage curve in Fig. 4(c). Results show in a
clear manner that the geometries with the highest impedance are those that exhibit the highest
rise of temperature, and thus the highest Seebeck voltage. We can note that this is true even if the
dipoles do not resonate at frequencies around 28.3 THz (10.6 µm).
All these results unveil that the main mechanism beyond the performance of the optimized

dipoles is their thermal impedance and not the intrinsic impedance of the dipoles (or the optical
properties).

7. Conclusions

A three tapered Seebeck nano-antenna architecture was investigated as an efficient design to gather
energy in the infra-red band. First, the multi-resonant behavior of this design was evaluated by
implementing the so-called nanoloading technique. The ohmic losses, related to the conversion
of electromagnetic energy into induced AC currents, where then used as a figure-of-merit; its
frequency dependence being thus determined. Subsequently, from the heat density associated to
the resistive losses, the temperature gradients across the devices were evaluated; and thus the
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Seebeck voltage of the antenna was calculated. The particle swarm optimization PSO algorithm
was then implemented in order to obtain the antenna dimensions that optimize the thermal
gradients, and hence the retrieved Seebeck voltages. Further, the geometrical trends, meaning
the influence of each geometrical variable on the resulting voltage, were analyzed. The results
strongly indicating that the most inner steps of the tapered dipole lead the performance of the
devices as optimal harvesters. Moreover, by evaluating the evolution of the thermal impedance
for all of the antenna geometries it was found that this parameter is the one determining the
ultimate thermoelectric response, overriding the intrinsic (electric) impedance.
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