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Abstract. The electric currents induced by infrared radiation incident on optical antennas and

resonant structures increase their temperature through Joule heating as well as change their elec-

tric resistance through the bolometric effect. As the thermo-electric mechanism exists throughout

a distributed bolometer, a multiphysics approach was adopted to analyze thermal, electrical, and

electromagnetic effects in a dipole antenna functioning as a resonant distributed bolometer. The

finite element method was used for electromagnetic and thermal considerations. The results

showed that bolometric performance depends on the choice of materials, the geometry of

the resonant structure, the thickness of an insulating layer, and the characteristics of a bias circuit.

Materials with large skin depth and small thermal conductivity are desirable. The thickness of the

SiO2 insulating layer should not exceed 1.2 μm, and a current source for the bias circuit enhances

performance. An optimized device designed with the previously stated design rules provides a

response increase of two orders of magnitude compared to previously reported devices using the

same dipole geometry. © 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.JNP.7.073093]
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1 Introduction

The use of metallic structures resonating at optical frequencies is drawing a great deal of atten-

tion within the nanoscience and nanotechnology communities. These structures have paved the

way for new kinds of optical elements able to modify the spectral, polarization, and phase char-

acteristics of an incoming optical wavefront, allowing the emergence of the area of resonant

optics. Besides, these structures can be used to enhance the electric field by several orders

of magnitude while maintaining a high spatial resolution. Very interesting applications have

appeared in a variety of areas: infrared antenna-coupled detectors, biomedical applications, pho-

tonic materials, field enhancement, and energy harvesting.1–8 Their response is intrinsically

selective to frequency, incidence conditions, and state of polarization of the incoming electro-

magnetic wavefront. The performance of these devices, which we name here as optical nano-

antennas, is strongly dependent on their geometry, as it happens with their low-frequency

versions. However, metals at optical frequencies stop behaving as perfect conductors and

their dispersive characteristics begin to play a decisive role.

When used as optical detectors in the visible or the infrared,3,9–11 the electric currents gen-

erated by the incoming electromagnetic field are rectified by nonlinear rectifying elements, such

as metal–oxide–metal or metal–insulator–insulator–metal junctions,12,13 or dissipated as heat

within the structure and surrounding media. In this contribution, we focus our attention on

this last type of dissipative transduction mechanism, where the Joule effect produces a change
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in temperature that varies the resistance of the materials. This behavior is known as the bolo-

metric effect.

Most micro-bolometric antenna-coupled detectors are configured as having a resonant

element, or a radiation collector, that redirects the heat transfer towards a nanometer-size bolom-

eter. In most cases, the bolometric material is different than the material used for the antenna or

collecting structure. This nanobolometer usually presents a good thermal isolation, a high re-

sistance and also a large value of the temperature coefficient of resistance (TCR). This nano-

bolometer is in-chip connected to the signal extraction lines and also receives the currents

generated by the resonant structures. However, when analyzing the bolometric constant of

the material typically used with this configuration, we find that the values of the available metals

used both for the antenna and nanobolometer are very similar. Therefore, some advantages can

be taken from an approach where the whole antenna structure works as a bolometric element.

This has been called a distributed bolometer configuration.11 This approach allows a simpler, and

cheaper, fabrication method where only one material is used both for the resonant structure and

the bolometer, avoiding two-material devices that are prone to fabrication errors due to miss-

alignment and lack of homogeneity.3,11 The price paid for simplicity in distributed bolometric

devices is a lower response thancan be obtained from a two-material device composed of a nano-

bolometer coupled to an antenna.

The design procedure of optical antennas typically uses numerical electromagnetic software

packages for the simulation of the involved structures. Computational electromagnetics offers a

wide variety of methods that the designer has to evaluate to choose the best one for the given

problem. In this area, the similarity between the results obtained in the simulation and those

obtained by testing the fabricated devices is quite remarkable and increases the reliability of

the proposed designs. In the case of distributed bolometers, the devices must also be analyzed

from the thermal point of view. Therefore, the analysis of the results obtained from the simu-

lation packages have to be properly interlinked to faithfully represent the given case. Then, the

simulation of these devices becomes a multiphysics problem. Researchers and engineers have

been using several computational electromagnetics packages such as HFSS, CST Microwave

Studio, and COMSOL Multiphysics.14 Our choice for the current problem is the Finite

Element Method software COMSOL Multiphysics. It provides a good multiphysics platform

where both the electromagnetic and thermal domains are fully integrated. After obtaining

the results for the temperature change produced by the optical radiation, the analysis should

focus on how the device converts this difference into a change in the electric signal. Then,

the final output produced by the device also depends on the electric wiring and circuits

used to extract the signal. All these parameters, optical, thermal, and electrical have to be com-

bined to increase the performance of the proposed devices. Our simulation considers a plane-

wave inciding normally on the antenna structure with a polarization state that is parallel or

perpendicular to the dipole orientation. The results obtained here can be extended to simulate

other conditions of incidence.15,16

In this paper we have considered most of the elements contributing to the signal, ranging

from the choice of the metal used to fabricated the resonant structures, to the values of the re-

sistance of the electric circuit that delivers the output signal. Some previous papers have analyzed

the role of the geometry of optical antennas and the effect of the substrate.16–19 However, as far as

we know, there are no interlinked analyses of the various subsystems around a working antenna-

coupled bolometer. Section 2 presents the physical mechanisms involved in the analysis of the

performance of distributed bolometers coupled to optical antennas. These devices are fully con-

sidered in Sec. 3 where we have described the geometry and surrounding elements of the device,

along with the definition of the main parameters that are optimized along the analysis. Section 4

shows the results of the optimization and suggests several strategies to obtain a more efficient

design. Finally, Sec. 5 summarizes the main conclusions of this paper.

2 Multiphysics Approach

When an electromagnetic wave interacts with resonant metallic structures such as those analyzed

in this paper, there are several physical mechanism that trigger the signal or response of the
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device. For a nanoantenna working as a distributed bolometer, electromagnetism and heat trans-

fer will play the most significant roles in the description of the element.11,20 This double con-

tribution, thermal and electromagnetic, combines into a multiphysics model. In some areas of

interest this multiphysics approach is expanded to include mechanical vibration.21

From the electromagnetic point of view, the antenna couples the incoming electromagnetic

radiation into the metallic structure. The first effect is to build electric currents up that flow

through the device, concentrate on the feed point of the antenna and, consequently, increase

its temperature.

This increase in temperature follows a spatial distribution that depends on the material prop-

erties, both from the electromagnetic and thermal domains, and the geometry. In a previous

contribution we reported that the simulated results agreed with the experimental data for

two different kinds of dipole antennas.11

Once the temperature changes, the bolometric effect induces a change in the resistivity that is

finally detected by an external circuit.

We begin this description within the thermal domain. The heating of the device is described

by the Joule effect. The power dissipated by the antenna structure is seen as a heat source.11,22,23

The total heat produced after excitation is given by the following relation:

Q ¼

Z

v
qðx; y; zÞdv ¼

Z

v
σωj~Eωðx; y; zÞj

2
dv; (1)

where σðωÞ is the conductivity of the metal at the frequency of the incident wave, ~Eωðx; yzÞ is the
spatial distribution of the electric field of the electromagnetic wave, and v is the antenna volume.

The electric field distribution, ~Eωðx; y; zÞ, is obtained after solving the following wave equation:

∇ ×

�

1

μr
∇ × ~E

�

− k20

�

ϵr þ i
σðωÞ

ϵ0ω

�

~E ¼ 0; (2)

where the imaginary term, σðωÞ∕ðϵ0ωÞ, is related with the absorption of the metal, ko is the

wave-number, and μr is the relative magnetic permeability.

To find out the change in temperature of the metal structure we need to use the heat transfer

equation:

dCp
∂T

∂t
¼ ∇ðκ∇TÞ þ q; (3)

where d is the mass density, Cp is the heat capacity, κ is the thermal conductivity and

q ¼ qðx; y; zÞ is the power heat density (W∕m3), which is related with the power dissipation

given in Eq. (1). The detection set-up of a bolometric optical antenna uses a modulated optical

signal (mechanical or electronically driven) with modulation frequencies in the range of the

KHz. Because of the small mass associated with the size of the optical antenna, the thermal

inertia is quite low and the system quickly reaches a stationary regime. This fact makes possible

to neglect the left-hand side of Eq. (3). Therefore, in this study, the mass density, d, and heat

capacity, Cp, are not of importance.

The change in temperature causes a change in the resistance of the device. This change is

described by the following equation:

ΔR ¼

Z

L

−L

ραΔTðlÞ

S
dl; (4)

where S is the cross-section of the device, ρ is the resistivity at a temperature T0, α is the TCR,

andΔTðlÞ is the distribution of the temperature change along the length of the device. The length

used in this calculation is 2L because we take into account the length of the load lines that extract

the signal toward an external circuit.
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3 Optical Antennas as Distributed Bolometers

As we have seen in the previous section, optical antennas can produce a signal using the bolo-

metric effect. Typically, a bolometric optical antenna contains a nanobolometer located at the

feed point of the antenna. The material of the bolometer is typically selected as having the maxi-

mum available value of α, along with good conductive behavior. This configuration has been

proved and demonstrated experimentally in the infrared. However, this approach requires two

e-beam lithographies involving two material deposition along with tight spatial alignment con-

straints. A proposal to ease the fabrication of bolometric optical antennas has been made. It takes

advantage of similarities in value of α among the metals typically used in the fabrication of

optical antennas. Then, the whole resonant structure works as a distributed bolometer. In

this case, the simulation needs both the thermal and electromagnetic domain to fully describe

the device.

The main parameters of the design can be classified in two different categories: geometric

and material parameters. From the geometric point of view, the main factors are the spatial

dimensions together with the shape of the antenna, and the load lines extracting the signal.

The optical and thermal constants of the materials used to fabricate the system are also of

great importance. Besides, the surroundings of the resonant element play a decisive role

both from the electromagnetic and thermal domains. The parameters of the surroundings are

also the materials and the thickness of the insulator layers used in the device.

The geometrical set-up to connect the antenna to the load line is important when considering

the electromagnetic resonance of the device. For example if the antenna is aligned to the load

lines, the geometry is more of a resonant wire. This configuration shifts the resonance towards

lower frequencies. In this paper we have selected a geometry where the antenna is perpendicular

to the load lines. In our case, we can decouple the electromagnetic resonance from the spurious

and parasitic resonance of the load line just by aligning the electric field along the dipole.

Figure 1 shows the main spatial dimensions of a dipole optical antenna. These geometrical

parameters are the length of the dipole, l, its width, wd, and thickness, t. The geometry of the load

lines is also given by its length, L, and width, wl. We assume that the thickness of the load lines is

equal to the thickness of the dipole. This is because the fabrication is made with the same dep-

osition process. The value of L has been fixed to 15 μm for all the devices considered in

this paper.

From a material point of view, the dipole is fabricated with a metal having a complex index of

refraction, nðωÞ þ ikðωÞ, being ω the angular frequency of the optical radiation. Electromag-

netically, the metal also shows a high frequency conductivity, σðωÞ. These parameters are related

by the following equation:

½nðωÞ þ ikðωÞ�2 ¼ ϵrðωÞ þ i
σðωÞ

ϵ0ω
; (5)

where εr is the real part of the relative dielectric permittivity of the material.22An important value

of the material is given by the penetration depth:

Fig. 1 Spatial dimensions of dipole antenna.
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δðωÞ ¼
c

ωkðωÞ
:

Depending on the value of δ we can optimize the thickness of the dipole, t, to accommodate

better the currents flowing within the material.

Besides the electromagnetic characteristics, the thermal properties of the materials are mainly

described by the thermal conductivity κ, its specific heat, Cp, and the mass density, d. In Sec. 2,

we have seen that the system behaves as stationary. Therefore, Cp and d are not included as

design parameters. Figure 2 shows the spectral variations of the skin depth for several metals.

We can see that Ti shows the largest value of skin depth. This means that the electric field pen-

etrates deeper into the metal, building up electric currents within it. This property will be fully

exploited when simulating the overall response of devices fabricated in Ti. On the contrary, Au is

the metal showing the thinnest skin depth. On the other hand, skin depth will also affect the

optimum resonant length of the dipole. It is known that the length of the dipole, l, at which
the maximum response is obtained, loptimum, depends on the value of the index of refraction

of the surrounding materials. This has been demonstrated by Novotny24 using the concept of

effective wavelength, λeff . This is the wavelength at which the antenna resonates, and follows

the linear relation:

λeff ¼ n1 þ n2
λ0

λp
; (6)

where n1 and n2 are constants derived from material and geometric characteristics, λp describes

the plasmon resonance, and λ0 is the wavelength in vacuum. The concept of effective wavelength

can be also described classically when the resonant structure is between two media, as it happens

with the elements considered in this paper. In this case, the effective wavelength is given as

λeff ¼
λ0
ffiffiffiffiffiffiffiffiffiffiffiffiffi

ϵSiO2þϵ0

2

q ; (7)

where ϵSiO2
and ϵ0 are the dielectric permittivity of SiO2 and vacuum respectively. However,

when simulating the response of the device we can parameterize it with respect to the skin

depth of the material. The result (see Fig. 3) shows that shorter dipoles are better for a larger

skin depth, as expected from previous published results.8,11 Because of manufacture tolerances,

this effect seems a disadvantage when considering Titanium as a construction material for optical

antennas. However, as we will see in the next section, the resonant length and the total response

of the device also depends on the antenna thickness, which can be tailored according to the

material’s characteristics.

The thermoelectric behavior will be governed by electric resistivity at low frequencies, ρ, and

the TCR parameter, α. Table 1 summarizes the electromagnetic and thermal parameters for sev-

eral metals of interest analyzed in this paper.25–27

Fig. 2 Spectral dependence of the skin depth of the metals analyzed in this paper.
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The previous discussion dealt with the characteristics of the resonant element. Now we are

interested in knowing how the surrounding may affect the performance of the device. We have

already seen how the optical properties of the SiO2 layer changes the value of the effective wave-

length [see Eq. (7)]. Optically, the thickness of this layer is a fraction of the wavelength and

produces multiple beam interferences that determine the distribution of light at the plane of

the antenna. Besides, this material is a good thermal insulator that diminishes the leakage of

heat from the resonant element to the substrate, allowing the temperature to increase.

Another important subsystem of a bolometric optical antenna is the external circuit used to

extract the signal generated by the device. If a voltage source is used to bias the device, the

external circuit takes the form of a voltage divider (see Fig. 4). The bolometric antenna, having

a resistance R, is in series with an additional resistance caused by the in-chip connection, Rin-chip.

Besides, an external resistance, Rext, completes the voltage divider. Actually, Rext can be varied to

locate the bias voltage at the working point and also to limit the DC current flowing through the

bolometer. The DC voltage obtained from the divider is

Vout ¼ Vbias

Rþ Rin-chip

Rþ Rin-chip þ Rext

; (8)

where Vbias is the voltage given by the bias source, and Vout is the DC voltage obtained from the

device. As far as the incidence of light will change the resistance of the antenna, R, the response
of the device to the incoming radiation is a change, ΔVout, in the value of Vout, that is given as

Fig. 3 Optimum resonant length, loptimum of a dipole antenna as a function of the skin depth. The

antenna is assumed to be on a Si wafer coated with a SiO2 layer of tSiO2
and having a thickness

t ¼ 100 nm.

Table 1 Electromagnetic and thermal properties of metals.

Metal δ (nm) σ (kS∕m) k ðW∕m · KÞ ρ ðΩ · μmÞ TCR % (α)

Ag 30.7 2440.7 429 0.15e-1 0.38

Al 34 3474.6 237 2.65e-2 0.39

Au 24.01 2571.35 317 2.2e-2 0.34

Ni 42.9 930 91 0.69e-1 0.6

Pt 41.9 1450.9 71.6 1.05e-1 0.4

Ti 80 251 0.21 4.2e-1 0.4
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ΔVout ¼ Vbias

Rext

ðRþ Rin-chip þ RextÞ
2
ΔR; (9)

where we can see how the in-chip and external resistance are of importance in the final signal of

the device. This equation is valid when ΔR ≪ R. This condition is fulfilled in the case of the

distributed bolometer treated here.

At the same time, the electronic set-up can be simplified to include a current source [see

Fig. 4(b)]. In this case, the signal becomes

ΔVout ¼ IbiasΔR; (10)

where Ibias is the current delivered by the source and ΔR is given by Eq. (4). This case will be

analyzed more deeply in Sec. 4.

4 Results

In this section, we focus our attention on the optimization of the behavior of the bolometric

optical antenna as a function of the selected material and the geometric parameters involved

in it. The response of the devices is produced when a plane wave is incident normally to

the wafer, having a polarization oriented along the direction of the dipole, and with a power

density of 100 W∕cm2 at a wavelength of λ0 ¼ 10.6 μm.

4.1 Density Current Distribution

An interesting result of this analysis is presented in Table 2, where we have calculated the power

absorption for optical antennas fabricated with different materials and having an optimum

dimension in length (see Fig. 3). Table 2 shows that Ti, having the largest skin depth,

Fig. 4 Schematics of two possible biasing circuits: voltage bias (a) and current bias (b). The

antenna is denoted as R. R in-chip is the resistance of the signal extraction lines included in the

chip. Rext is the resistance used to fix the bias voltage in the voltage source configuration.

Table 2 loptimum and power absorption.

Metal loptimum (μm) Power absorption (W%)

Ag 2.86 0.78

Au 2.93 0.45

Al 2.83 1.12

Ni 2.65 1.0

Pt 2.69 1.12

Ti 2.15 1.4
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shows the highest power absorption because the electric field is able to penetrate deeper into the

structure and generate currents within a larger volume than other materials. We can also conclude

that when metals show similar skin depth values, the metal showing the largest electric conduc-

tivity performs better. We have already checked how the resonant length of the optimum dipole

antenna, loptimum, depends on the choice of the material (see Fig. 3). However, in addition, the

thickness of the dipole changes the length for an optimum response. In this case we find that the

length should be longer as the thickness increase. Figure 5(a) shows this dependence for the case

of Titanium. Besides, Fig. 5(b) shows the transversal distribution of the current density for a

plane located at the feed point of the antenna. The current density fills better a thinner device.

From Tables 1 and 2, we may see that when the skin depth, δ, is similar, then the absorbed power

is larger as the conductivity, σ, increases.

4.2 Temperature Distribution

From the thermal point of view, we have seen that the main physical parameter is the value of the

thermal conductivity, κ. In our analysis we have seen that Ti shows the smallest thermal con-

ductivity among the studied metals (see Table 1). This fact produces a stronger concentration of

heat in the optical antenna and its surroundings, including the load lines. In Fig. 6(a), we show

the temperature profile for the geometry given in Fig. 1, for different optical antennas having a

length that has been optimized (see Table 2). Au shows an almost flat temperature profile due to

its large value of the thermal conductivity. This behavior can be of great interest when applying

resonant structures for localized heating of biological or micromechanical structures.21,28 At the

same time, due to the thermal conduction of the load lines we have analyzed the dependence of

the temperature difference as a function of the width of the load lines [see Fig. 6(b)]. As

expected, a wider load line resulted in a lower temperature difference, producing a weaker signal

in the output circuit. At the same time, Table 3 shows the change in signal produced by a Ti

antenna having an optimized length, loptimum, and a thickness t ¼ 0.1 μm as a function of the

width of the load line, ωl.

Fig. 5 (a) Dependence of the resonant length of a Ti dipole antenna as a function of the thickness.

(b) Distribution of the transversal current density at the feed point of a Ti antenna for three values of

the thickness of the device: 100, 200, and 350 nm. A darker map means a larger value of the

current density, J .
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4.3 TCR Parameter

We have seen that the temperature difference causes a change in the resistivity of the device,

which is sensed by the external circuit. As far as the resistivity changes linearly with changes in

temperature, the signal obtained from the device is linearly proportional to the value of the TCR

of the material. However, this proportionality only holds when considering the same temperature

difference. As we have seen previously, this temperature difference, and its distribution along the

device, changes with the geometry and the material selected for the structure. Therefore, it is not

possible to ensure that a material with 50% larger value of the TCR than another material, will

perform with an output signal 50% higher.

Fig. 6 Temperature distribution along the load lines for a dipole optical antenna having an opti-

mum resonant length of the dipole, loptimum as a function of the material used to fabricate the res-

onant structure (a), and (b) as a function of the width of the load line, ωl , for an Al antenna having

the optimum length.

Table 3 ΔV out versus ωl .

ωl (μm)l loptimum (μm) ΔV (μV)

0.2 2.15 21.3

0.4 2.34 7.93

0.6 2.46 3.9

0.8 2.58 2.42

1.0 2.83 1.44
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4.4 Insulating Layer

The thickness of the SiO2 layer plays an important role from the electromagnetic and thermal

point of view. It produces constructive or destructive interferential effects depending on the rela-

tion between the wavelength of illumination, the thickness, the angle of incidence, and the state

of polarization for non-normal incidence conditions. For the wavelength of resonance, and nor-

mal incidence conditions, the effect on the absorption is periodic with respect to the thickness. At

the same time, SiO2 is a thermal insulator and, for our case, the thicker the layer the better the

insulation is, and a larger temperature difference is observed because heat cannot flow through

the substrate. These two effects can be seen in Fig. 7 where the power absorption of the device

and the temperature distribution along the load lines are plotted as a function of the thickness of

the SiO2 layer. From the thermal point of view, we have found that after a thickness of

tSiO2
¼ 1.2 μm, no improvement is observed by having a thicker layer, because the oscillation

in the absorbed power due to optical multiple-beam interferences are more significant. Besides,

there are limits for a reliable fabrication of layers thicker than 2 to 3 μm.

4.5 Biasing Circuit

Another important issue related to the practical use of bolometric optical antennas is the choice

between a voltage source or a current source. Although voltage sources have been typically used

in most laboratory systems, current sources are a better choice when all the electric parameters

are set and an improvement in the performance and reliability of the signal is desired.

For a voltage source an interesting result is obtained when considering the dependence of the

signal versus the value of the in-chip resistance, Rin-chip. This value depends on the material

choice as well as the actual geometry of the load lines and signal extraction lines from the device

to the external circuit. Therefore, we may see how this auxiliary feature is affecting the value of

the final signal. Figure 8(a) shows this dependence when different materials are used. We can see

Fig. 7 (a) Dependence of the power dissipated by the device as a function of the thickness of the

SiO2 layer, for a dipole fabricated in Al. (b) Temperature distribution along the load line for an Al

antenna as a function of the thickness of the SiO2 layer.
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that Ti behaves better for lower values of Rin-chip, and Ni produces a larger signal when Rin-chip is

higher than 400 ohms. At the same time, we have analyzed in Fig. 8(b) the dependence of the

signal with respect to the resistance of the external circuit, Rext. Using Eq. (9), we have calculated

the signal as a function of Rext for different materials. Again, Ti provides a larger signal when the

external resistance is larger than 1500 Ω. The parameters fixed in this analysis have been the

geometry of the device, and the SiO2 thickness. Figure 8 shows that there exist an optimum value

of the external resistance providing the largest response for a given material. The value of this

optimum resistance fixes the voltage applied to the device. This voltage needs to be below a

damage threshold value to avoid the destruction of the device.29

In Table 4 we compare the response ΔVout of different antennas fabricated with different

materials but having an optimum length of the dipole. The width of the load lines and thickness

are the same for all the devices: ωl ¼ 0.2 μm and t ¼ 0.1 μm. The thickness of the SiO2 layer is

also 0.2 μm. The three columns represent three biasing situations: a voltage source at

Vbias ¼ 5 V, a voltage source producing the same value of the DC current flowing through

an optimized Au antenna, and a current source with the same value of the DC biasing current

than the previous case. We may see how the Ti antenna provides the strongest signal for a bias

current configuration.

4.6 Optimization

We have analyzed how the parameters of the system can be selected to optimize the performance

of the device at λ0 ¼ 10.6 μm. Taking into account the results obtained here the optimum struc-

ture is a Ti antenna with 2.2 μm in length, 0.1 μm in thickness and 0.2 μm in width. The load line

should be perpendicular to the antenna and having a width of 0.2 μm. The value of λ0 ¼ 10.6 μm

is taken for practical manufacture considerations. Considering the typical configuration of Si

Fig. 8 (a) Response of the device as a function of the in-chip resistance, R in-chip, for different

materials. (b) Response of the device as a function of the external circuit resistance,Rext, for differ-

ent materials.
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wafers, the insulator layer should be made of SiO2 and having a thickness of 1.2 μm. The bias

circuit should use a current source. Table 5 compares the optimized structure with a gold dis-

tributed bolometer.3,9,11,15 The change in temperature for the optimized structure is significantly

higher than the temperature of the gold structure, presenting a bolometric response almost 3

orders of magnitude larger.

5 Conclusions

In this contribution, we have demonstrated that, in order to make a complete representation of an

optical antenna, a multiphysics simulation approach is needed to combine the effect of the

electromagnetic wave building currents within the resonant structure, and the heat transport

along it. The change in temperature also induces a change in resistivity that is finally sensed

by dedicated electronic circuitry. The case treated here is a distributed bolometer where the bolo-

metric effect is not confined at the feed point of the antenna, but is distributed along the whole

resonant structure and load lines. The results obtained here, although obtained in the infrared,

can be properly extended to the visible range, just by considering the metal properties at visible

frequencies along with the substrate materials supporting the devices.

We have analyzed how different metals can be chosen taken into account the results obtained

from simulation. We have identified the main geometric parameters of the design and how these

are changed according to the material choice. From this multiphysics analysis we could check

how the behavior of optical antennas differs from the classic response for perfect metal antennas.

Some of the parameters considered here (load line geometry, isolation layer thickness, bias-

ing circuit) are seldom treated. However, a fine tuning of their values can improve the overall

performance of the device. As far as multiphysics simulation can be considered as a reliable

design method, very precious time and resources are saved by a sound numerical simulation

approach. However, we should not forget that the results obtained from real fabricated devices

are the final proof of any analysis.

Summarizing the main findings of this contribution, we may say that to obtain a stronger

response from a distributed bolometric optical antenna, we should select a material having a

large value of the skin depth. In this case, the field penetrates deeper within the antenna and

the currents generated there dissipate better as heat. We have checked that the optimum resonant

length of the dipole is shorter when materials with a larger skin depth are considered. This opti-

mum resonant length also increases proportionally to the thickness of the device. When the

Table 4 Comparison for three cases of biasing points.

Metal

ΔV out ΔV out ΔV out

Voltage Source V bias ¼ 5 V Voltage Source Ibias ¼ 1.25 mA Current Source Ibias ¼ 1.25 mA

Ag 0.35 0.34 0.36

Au 0.27 0. 27 0.28

Al 0.78 0.79 0.82

Ni 2.11 2.25 2.47

Pt 2.05 2.28 2.62

Ti 4.83 7.50 12.02

Table 5 Comparison in performance for two different antennas.

Metal Bias circuit ωl μm tSiO2
μm ΔT K ΔV out μV

Au V bias ¼ 5 V 0.3 0.2 0.023 0.27

Ti Ibias ¼ 1.25 mA 0.2 1.2 0.721 130.04

Cuadrado, Alda, and González: Multiphysics simulation for the optimization of . . .

Journal of Nanophotonics 073093-12 Vol. 7, 2013

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Nanophotonics on 04 Aug 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



values of the skin depth are alike, the driving parameter is the electric conductivity, σ. Selecting a

material with larger conductivity increases the power absorption of the device. This absorption

also occurs when the antenna is much thicker than the skin depth. The analysis in the thermal

domain suggests that the response is higher for materials having a smaller thermal conductivity.

The load lines, auxiliary to the device, should be narrow to concentrate the heat around the feed

point of the antenna, producing a larger change in temperature. The insulating layer behaves as

an optical coating showing a periodic behavior with thickness. From the thermal point of view, a

SiO2 layer thicker than 1.2 μm is not advantageous. The biasing circuit for improved perfor-

mance should use a current source. For a voltage source, as those used in some previous experi-

ments, there exist a value of the external resistance that maximizes the response. At the same

time, the lower the resistance of the in-chip connections, the stronger the signal is.

Finally, we have obtained an optimized device that produces an output signal ×485 stronger

than a reference Au dipole of the type used in previous experiments.
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