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Featured Application: The spectral selectivity of plasmonic resonances combined with the
bolometric effect generates an alternative transduction strategy to measure changes in the
refractive index of an analyte. Moreover, our proposed system provides an opto-electronic
read-out to facilitate detection. It works under normal incidence conditions and may characterize
tiny analyte’s volumes (e.g., human tears). Our device is tuned to sense variations in the index
of refraction of aqueous media, and it can be tailored to measure at other ranges of the index
of refraction.

Abstract: The bolometric effect allows us to electrically monitor spectral characteristics of plasmonic
sensors; it provides a lower cost and simpler sample characterization compared with angular and
spectral signal retrieval techniques. In our device, a monochromatic light source illuminates a
spectrally selective plasmonic nanostructure. This arrangement is formed by a dielectric low-order
diffraction grating that combines two materials with a high-contrast in the index of refraction.
Light interacts with this structure and reaches a thin metallic layer, that is also exposed to
the analyte. The narrow absorption generated by surface plasmon resonances hybridized with
low-order grating modes, heats the metal layer where plasmons are excited. The temperature
change caused by this absorption modifies the resistance of a metallic layer through the bolometric
effect. Therefore, a refractometric change in the analyte varies the electric resistivity under resonant
excitation. We monitor the change in resistance by an external electric circuit. This optoelectronic
feature must be included in the definition of the sensitivity and figure of merit (FOM) parameters.
Besides the competitive value of the FOM (around 400 RIU~!, where RIU means refractive
index unit), the proposed system is fully based on opto-electronic measurements. The device is
modeled, simulated and analyzed considering fabrication and experimental constrains. The proposed
refractometer behaves linearly within a range centered around the index of refraction of aqueous
media, n ~ 1.33, and can be applied to the sensing for research in bio-physics, biology,
and environmental sciences.

Keywords: plasmonics; nanophotonics; bolometer; transduction

Appl. Sci. 2020, 10, 1211; doi:10.3390/app10041211 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-1157-7422
https://orcid.org/0000-0001-6277-2426
https://orcid.org/0000-0001-7043-3256
https://orcid.org/0000-0003-4978-9113
http://dx.doi.org/10.3390/app10041211
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/4/1211?type=check_update&version=2

Appl. Sci. 2020, 10, 1211 20f9

1. Introduction

Nanophotonic structures can increase the performance of plasmonic sensors by controlling light
propagation and interaction with the environment at subwavelength resolution [1,2]. More precisely,
they can also promote the excitation of surface plasmon resonances (SPR), hybrid Fano responses,
guiding modes, and grating coupling. These phenomena generate a wide variety of spectral responses
that improve the sensitivity, Sg, and figure of merit (FOM) of the sensors [3-5]. The spectral line shape
and the spatial and spectral location of the resonances depend on: (i) the dimensions of the nanostructure
as well as, (ii) the optical properties of the chosen materials. Therefore, depending on the application,
we can adjust the geometry and material choice to optimize sensitivity and FOM. The design can be
tailored to work as filters, perfect absorbers, or perfect mirrors [6-11].

Plasmonic resonances are widely employed to enhance the performance of refractometric
sensors; they are usually revealed by monitoring the spectral response (spectral interrogation),
or by modifying the angle of incidence (angular interrogation) [12,13]. Kretschmann and Otto
configurations—well-known techniques—require reflectance to be measured angularly under oblique
incidence conditions [14-16]. These configurations employ a dielectric prism to direct the radiation
towards a metallic/dielectric interface to generate SPR, assuming that the wave vector matching
condition is fulfilled [17,18]. A plasmonic sensor incorporating nanophotonic structures provides
tuneability for applications in biosensing, gas and liquids refractometers, and so forth [19-21]. It is also
possible to considers normal incidence excitation through the substrate, while maintaining the sensor’s
performance competitive with some other previous strategies [3,4,12]. Furthermore, this could allow
the integration of the sensor at the tip of an optical fiber. However, this convenient set-up still needs of
spectral measurement techniques.

In this contribution, we model and simulate an alternative measurement technique that exploits
the bolometer effect, which is triggered by the absorption of the electromagnetic radiation [22,23].
This way, we avoid costly spectral measurement systems because the output signal is electrical by
definition [24]. In fact, the bolometric effect is responsible for the variation in resistivity caused
by a change in temperature. This mechanism has been widely used in antenna-coupled detectors
in the infrared [22,23,25,26]. In a nutshell, our device works under normal incidence conditions
and a spectrometer is unnecessary because we measure an electrical signal directly related with the
sensed property. A monochromatic laser source eases integration with off-the-shelf driving and signal
acquisition electronics, both for illumination and signal retrieval. Our sensor is based on a dielectric
grating that couples radiations into a dielectric/metal interface where the SPR are excited. The shape
of the resonance is described best as a hybrid-Fano resonance between the pure SPR and a wider
response generated by the grating [4]. The resonance strongly depends on the index of refraction of
the analyte, which is in contact with the metal layer. At the resonant wavelength, the metal absorbs
most of the incident radiation and works almost as a perfect absorber. This absorption increases the
temperature in the metal layer, that consequently changes its electric resistance through the bolometric
effect. This mechanism is parameterized by the Temperature Coefficient of Resistance (TCR) of the
material. This optically induced variation in resistance can be measured as a voltage change by an
external circuit biased with a voltage or current source (see Figure 1a).

To simulate the device we have used a multiphysics package, Comsol Multiphysics, that evaluates
the interaction between electromagnetic and thermal domains.
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Figure 1. (a) Schematic representation of the physical phenomena (optical, thermal, and electronic
responses) present in the proposed device. At the resonant wavelength, the excited plasmons (optical
response) enhance absorption within the metal which increases its temperature (thermal response).
This temperature increase also changes the electric resistivity of the metal layer, through the bolometric
effect, which is read by an external circuit (electric response). (b) Geometric and material arrangement
of our structure.

2. Design and Optimization

The proposed device has a SiO, substrate with an extruded GaP grating of period P, and with
a rectangular profile (GW is the width and GH is the height). This nanostructure is overfilled with
MgF, for a total thickness of t;, (being t;, > GH). From a fabrication point of view, the MgF, layer can
be spin coated to generate a flat surface. On top of this layer, we find a gold coating of thickness ¢,
to generate the surface plasmon resonances. As long as the metal is connected to an external circuit,
a thin isolation layer of SiO; (tup in thickness) must be placed between the metal and the analyte to
maintain reliable electric connections. The arrangement of these layers and structures is shown in
Figure 1b. The dimensions of the layers and the structure, along with the optical and thermal constants
of the material used in the design are presented in Table 1. The analyte is considered as an aqueous
medium having a purely real index of refraction, n, = 1.33.

Physically, Fano resonances appear when a discrete and narrow spectral resonance interferes
coherently with a broadband background. In our case, the narrow peak is caused by an SPR appearing
at the metal/dielectric interface; and the broadband spectral background (compared with the very
narrow SPR), is produced by the radiation scattered from the grating structure, that is illuminated by
the same source [4]. The total aborption spectrum of the structure is linked with the SPR, which complies
with the wave vector matching condition [27,28]:

27Ttm _w EmEoff )
P ¢\ em+ e

where P is the grating period, m represents the diffraction order, w is the angular frequency, ¢ the
speed of light, €, is the real part of the dielectric permittivity of the metal, and e is the effective
dielectric permittivity of the effective media where the plasmon propagates. This effective medium
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combines both the analyte and the SiO; layer, and it is related to the propagation distance of the SPR
in the analyte.

Table 1. Dimensional and material constants of the device. The optical constants are given
at Apg = 1.35 um.

Material Dimensions [nm] n k [W/mK]

SiO; (substrate) tup = O nsio, = 1.447 1.3

GaP GW =350 nGap = 3.14 110
GH = 550
P = 1000

MgF, t, = GH + 50 = 600 nygr, = 1.372 27

Au tym =35 nay = 0411 4i9.185 310

Si0, tup = 10 ngio, = 1.447 1.3

Aqueous medium (analyte) t; =00 n, =1.33

Our goal is to increase as much as possible the temperature of the gold layer. To do so, we must
enhance absorption at the metal layer which, in combination with the nanostructure, we consider
as an almost-perfect absorber. Figure 2a shows the spectral absorption of an optimized structure
(see parameters in Table 1) with an absorption maximum of 0.999 at Ares = 1.351 pm. The resonant
wavelength can be tuned by adjusting the periodicity P in Equation (1). The magnetic field maps
of the device for several wavelengths are shown in Figure 2b. As far as the amplitude of the
incoming wavefront is Hy = 1 A/m, these maps can be interpreted as Field Enhancement, FE maps
(FE(x,y,z) = |H(x,y,z)|/Hp). We have also represented the magnetic field enhancement when the
system is detuned from the resonance at both sides of the resonance (A = 1.3 ym and A = 1.4 um) [4].
The results show how the magnetic field enhancement is significant in a large volume of the analyte
near the nanostructure for the resonant wavelength. This also improves the sensitivity of the device
for variations in the index of refraction of the analyte.
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Figure 2. (a) Spectral absorption of the structure showing the resonance peak at A = 1.351 pm.
(b) Magnetic field enhancement maps for several wavelengths (A = [1.3,1.351,1.4] pum).

The physical linked mechanisms can be described as follows. The relative change in electric
resistivity of materials is linearly proportional to the change in temperature through the bolometric
constant (temperature coefficient of resistance (TCR) «), as:

% = aAT. )

The value of the TCR for gold is « = 0.0036 K~! . The temperature variation, AT, is also
proportional to the absorbed power, and this absorbed power can be calculated as:
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V- (kVT)=Q, (©)]

where k is thermal conductivity, and Q is the heat power density which is related to the spatial
distribution of the electromagnetic power absorbed by the metal layer. Therefore, Equation (3) links
the electromagnetic and thermal domains, and Equation (2) translates the thermal results into electric
properties.

3. Results and Discussion

We consider an optical irradiance of 100 W/cm? and an initial temperature of 293.15 K. In this
case Figure 3a shows the maximum temperature in terms of the wavelength of the illumination source.
As expected from our design, the maximum response appears at Ares = 1.351 um. For this case,
the temperature reaches a maximum of 294.9 K. Figure 3b represents the temperature maps at 1.351
um and 1.4 pm wavelengths, resonant and non-resonant respectively. To isolate the environmental
changes in temperature from those caused by a change in the refractive index, we can use a Wheatstone
bridge where our sensor is combined with a dummy element that responds to the environmental
temperature but it is not exposed to the analyte. This approach has been previously used with bolometric
antenna-coupled detectors [29].
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Figure 3. (a) Maximum temperature reached at the structure in terms of the wavelength.
(b) Temperature distribution within the structure for the resonant (A = 1.351 um) and non-resonant
(A = 1.400 um) wavelengths.

To read out the device’s response, the metal layer is connected to an external electric circuit
(e.g., a voltage divider). The output from the bolometric element—the gold layer—also depends
on the value of the resistance of the thin metal layer, Ry. This value depends on the geometry as
Ry = poL/(tm x w), where p is the resistivity of the metal at room temperature, L is the length,
and the denominator contains the transversal section as the product of the thickness, t;;, and the
transversal width, w. For generality, we may approximate this value as Rg = 10 ). The proposed
device uses a 35 nm-thick layer of gold with resitivity pa, = 2.2 X 1078 O.m [30]. As an example,
an element with width w = 10 um, and length L = 160 um, generates a resistance of Ry = 10.05 Q2.
Therefore, we can see that the proposed element is small enough to allow a very compact design
of the sensor, which is desiderable to measure tiny volumes of analyte, like human tear samples.
In these conditions, the spectral variation of resistance also shows the peak at the resonant frequency
(see Figure 4a). Therefore, by considering the physical mechanisms involved in the sensor, we obtain
an electric signal related with the variation in the index of refraction of the analyte. As an example,
we have calculated the spectral variation in resistance, AR(A), for two values of the index of refraction
of the analyte, 1,1 = 1.33, and 1,5, = 1.34. We show how the resonant peaks move from A; = 1.351 um
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to Ay = 1.361 pum respectively. Figure 4b shows the change in resistance for a fixed value of the optical
excitation at A = 1.351 um; while the index of refraction of the analyte varies from 1.33 to 1.34.
The response is symmetric when moving towards a lower index of refraction. For a practical operation
of the device, as a bolometric system, its requires a connection to an external biasing source. Depending
on the biasing strategy (voltage bias or current bias), the voltage change, AV, due to a change in

resistance, AR, is given as:
Rext

(RO + Rext)2

for a voltage bias, Vjyias, that sources a voltage divider with an external resistance Rext, and

R, 4)

AVout,Vbias = Vbias

AVout,lbiaS = IpiasAR, )

for a current bias I;,s. In both cases, the signal AV, is proportional to AR. The plots in Figure 4
represent the dependence of AV with respect to the wavelength (see Figure 4a), and with respect to
the index of refraction (Figure 4b). This dependence allows to define the sensitivity, Sp, and the figure

of merit (FOM) of this sensor [31,32]:

d
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Figure 4. (a) Variation of the resistance of the structure as a function of wavelength. (b) Variation of the
resistance with the index of refraction of the analyte when the structure is illuminated on resonance
(A = 1.351 um). The linear fitting in the interval n, € [1.331,1.336] defines a value of sensitivity,
Sp = 10.45 Q)/RIU (where RIU means refractive index units). (b) Variation of the sensitivity, Sg,
as a function of the index of refraction of the analyte, 1,. (d) Dependence of the FOM in terms of 7,.
The open circles in (b—d) denote the evaluated values, and the solid lines represent an interpolation
of these dependences. The vertical dotted lines in (b—d) show the range in the index of refraction, n,,

where the system is linear.

These expressions have been adapted from previously reported contributions where the change
in the refractive index is caused by other parameters than wavelength (spectral interrogation) or
angle (angular interrogation) [33-36]. For comparison, we model a Kretschmann’s design that uses a
glass prism of refractive index 1.447 working at A = 1.351 nm with a metallic gold layer 35 nm thick.
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This system provides an angular shift of 0.6°: when the refractive index of the analyte changes from
1.331 to 1.336. In reflectance, the full width at half maximum of the spectral line shape is 0.68 nm.
This results in a sensitivity of Sg = 120 deg/RIU and a FOM=176 RIU~! (RIU means refractive
index units). When necessary, full optimized results of angular interrogated devices are reported by
Huang et al. [37]. Figure 4c,d show the sensitivity and FOM defined in Equations (6) and (7). We can
see how Sp reaches a maximum value of Sp max = 12.4 QO/RIU at n, = 1.3335, and FOM . = 398.2 at
n, = 1.3360. So, this would be best for aqueous samples. All these values are competitive with recently
reported devices [24], plus it is based in a simpler physical mechanism [38]. Also, from Figure 4b we
can make a linear fit of AR within a given range in the index of refraction. This fit reveals an almost
linear dependence when n, € [1.331,1.336] and sensitivity Sg = 10.45 Q)/RIU. This range in the
index of refraction of the analyte (marked between vertical dotted lines in Figure 4a—c) corresponds
with a variation around n, = 1.333, which is the index of refraction of water in the visible. Actually,
this index slightly decrease when moving towards longer wavelengths. Therefore, this system seems
appropriate to monitor parameters of substances in aqueous media. If necessary, the design can
be tuned to perform at other ranges in the index of refraction by slightly modifying the geometry
of the arrangement, for example, by changing the periodicity of the subwavelength grating, P [3].
In fact, a potential application of this design is the sensing of human tear with a refractive index
Ntear = 1.33698 £0.001 at A = 589 nm [39,40], or the salinity of water with an index of refraction
ranging from 1.33 till 1.35 [41,42].

4. Conclusions

We have shown a bolometric readout mechanism to extract the signal from a refractometric sensor
based on SPR excitation caused by a nanostructured rectangular grating. Our approach exploits the
metal, where the surface plasmon is originated, as part of an electric read-out circuit to measure a change
in the index of refraction of the analyte. Its response is based on the narrow spectral absorption due
to the excitation of plasmon resonances in the dielectric/metal interface. The absorbed power heats
the metal and increases its temperature. This variation in temperature also modifies the resistance
of the metal layer, and this change in resistance can be read-out by an external circuit. The main
advantage of this structure compared to conventional refractometric sensors is its simplicity and signal
acquisition robustness. The electric signal delivered by the sensor provides information about the
index of refraction of the analyte. This allows for a compactness and integration, useful for applications
where spectral or angular interrogation techniques are impossible. Also, the system can work as a
refractometer for aqueous media. Both the sensitivity and the FOM can be adapted to the optoelectronic
interrogation method, and the numerical results in the FOM are competitive with existing technologies.
Although the values are not extremely high (FOM is in the few hundreds), the main advantage of
this design is its capability to deliver the signal as an electric voltage, and that it works in normal
incidence conditions, with a compact illumination source. Due to the micrometer size, it can measure
tiny volumes of analyte, as happens in the analysis of human tears.
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