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Abstract: Surface enhanced infrared absorption (SEIRA) spectroscopy and surface plasmon
resonance (SPR) make possible, thanks to plasmonics nanoantennas, the detection of low
quantities of biological and chemical materials. Here, we investigate the infrared response of
2,4-dinitrotoluene deposited on various arrays of closely arranged metal-insulator-metal (MIM)
resonators and experimentally show how the natural dispersion of the complex refractive index
leads to an intertwined combination of SEIRA and SPR effect that can be leveraged to identify
molecules. They are shown to be efficient for SEIRA spectroscopy and allows detecting of the
dispersive explosive material, 2,4-dinitrotoluene. By changing the in-plane parameters, a whole
spectral range of absorptions of 2,4-DNT is scanned. These results open the way to the design of
sensors based on SEIRA and SPR combined effects, without including a spectrometer.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Spectroscopy is a widely used technique to identify molecules thanks to their absorption
wavelengths, which, each associated with a given bandwidth, are a unique and recognizable
fingerprint of the molecules [1]. These absorption bands can be further increased if the molecules
are placed in the neighborhood of a metallic surface or a resonant nanostructure that increases the
electric field surrounding the targeted molecules [2]. This is referred in the community as surface
enhanced infrared absorption spectroscopy (SEIRA), and its sensitivity not only depends on the
molecule absorption peak and bandwidth, but also on its amplitude [3]. Chemical databases
provide the absorption peaks and bandwidths for most molecules in the infrared, but not their
amplitudes, which are paramount to the electromagnetic prediction and interpretation of SEIRA
characterizations. Besides, variations of the refractive index are related to these absorption
peaks through the Kramers Kronigs relations [4]. The refractive index itself is used to identify
molecules thanks to surface plasmon resonance effects (SPR) [5], but targeted molecules have
either a constant refractive index or a low-dispersion [6]. Another challenge that has restrained
the practical use of SEIRA, is to identify a given molecule without an infrared spectrometer, for
instance with a limited number of wavelengths.

One of the main focus of SEIRA studies has been to develop nanoantennas with the highest
enhancement possible [7,8]. Many structures of various geometry exhibiting very high electric
field enhancement have been developed: nanorods [9-12], optical split-ring [13], fan-shaped
antennas [14], crosses-shaped antennas [15,16]. Nevertheless, these high enhancement factors
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are concentrated at the antennas’ tips and only have a small spatial extension in hot spots,
whereas both the enhancement and the volume of interaction are of importance. In contrast,
metal-insulator-metal (MIM) resonators can enhance light on larger volumes. These MIM
antenna have been widely studied in the past decade, a wide variety of shapes and materials have
been investigated [17-20]. For instance, MIM nanoslits have been used to increase the SEIRA
signal of the commonly used Octodecanethiol (ODT), a self-assembling molecule monolayer
with a thiol group that binds to a metallic surface [11,21]. Buried plasmonic cavities were shown
to achieve absorption variations up to 20% and sub-10 nm nanogaps have recently been shown
to achieve similar results with a 5 nm thick silk fibroin molecules [22,23]. MIM nanopatches
have also been used to enhance the SEIRA signal of dodecanethiol, a molecule with properties
close to ODT [24]. This geometry main advantage is its simplicity of fabrication, but the SEIRA
signal remains below 5%.

In this paper, we study the infrared response of 2,4-dinitrotoluene deposited on various arrays
of closely arranged MIM resonators, and experimentally show how the natural dispersion of the
complex refractive index leads to an intertwined combination of SEIRA and SPR effect that can
be leveraged to identify molecules. First, this specific resonator geometry exhibits a high and
homogeneous enhancement factor in the whole volume of its slits, which can be increased as
well as the resulting SEIRA signal without significant change of the enhancement factor. The
experimental study of the resonator shows a near total absorption with a good angular stability.
Then, the structure is applied to the detection of a nitrosaromatic molecule, 2,4-dinitrotoluene
(2,4-DNT). A model of permittivity of this molecule is developed in order to simulate the response
of the system. Finally, we also take advantage of the ability to adjust the resonant wavelength by
simply changing the in plane parameters of the MIM resonator to introduce a multiple resonator
device, which could be used in a more sophisticated sensor to increase the specificity of detection,
thus decreasing false alarms.

2. Computational study
2.1. Enhancement factor computations

The structure is depicted in Fig. 1(a), it is based on a gold-silica-gold stack where only the top
metallic layer is periodically patterned in one direction (period d). MIM resonators are usually
well separated to avoid near-field coupling and take advantage of their large cross section [25-27].
Here, we use ribbons which are closely arranged so that the system can be viewed as a periodic
array of slits (height i; and width wy) above the dielectric layer (height /). The bottom gold layer
is thick enough to be optically opaque. Light is incoming on the structure with a polarization
such that the magnetic field component H, = 0, which corresponds to the TM-polarization for a
null azimut angle (¢ = 0°).

Maxwell’s equations are solved using a B-splines modal method [28] which have also been
compared with a rigorous coupled wave analysis method [29]. The material used in the metallic
parts is gold whose permittivity is given by the following Drude model in agreement with
experimental data in the infrared range: €4,(1) = 1-1/(2,/A(1,/A + iy)) with 4, = 159 nm and
v = 0.0075 [30]. The computational results are made in TM polarization and at normal incidence
: 0 =¢ =0 °. Thus, as shown in Fig. 1(a), the magnetic field is oriented along the slits.

Figure 1(b) shows the spectrum of the mean enhancement of the electric field intensity
inside the slit volume for a resonator whose geometric dimensions are: d = 1.5 um, #; = 60 nm,
wg = 50nm, &, = 50 nm and whose cavity is filled with a dielectric of constant permittivity €, = 2.
The highest mean enhancement is reached at A, = 6.82 um and reaches |E/Eo|? = 1.07 x 103. As
shown on the map of the electric field intensity on Fig. 1(d) at A,, this mean value is actually very
close to the enhancement factor anywhere in the slit. In fact, the magnetic field is enhanced in
the dielectric layer (data not shown), so the resonance is not due to the slit alone. These closely
arranged MIM can be described as an LC resonator: the electric field is concentrated in the slit
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Fig. 1. (a) 3D-scheme of the MIM resonator (period d), made of a slit (height iy, width wy)
atop a dielectric layer (height /) and a gold mirror. The structure is invariant along the
y-axis. (b) Mean enhancement spectrum inside the volume of the slit, at normal incidence in
TM polarization, of a resonator whose dimensions are: d = 1.5 um, &g = 50 nm, wy = 50 nm
and /;, = 60nm and with a constant permittivity of the dielectric layer: €, = 2. (c) Mean
enhancement in the slit volume at the resonance wavelength of a MIM resonator as a function
of its slit width wy and height As. The other parameters are: d = 1.5 um, /4; = 60 nm and
€, = 2. A normal-incident wave with TM-polarization is used. (d) Map of the electric field
intensity inside the structure whose spectrum is shown on (b) at the resonance A, = 6.82 um.

which acts like a capacitor and the magnetic field is in the dielectric cavity that can be considered
like an inductance. All the geometric parameters have an influence on the resonance wavelength,
so that various sets of geometric parameters can lead to the same resonance wavelength.

Although the enhancement of the electric field is lower than those reported in the literature
[14], it is homogeneous in a large volume and not only in hot spots. The enhancement reached
is similar to those observed in tip-to-tip dimer nanoantennas with gaps of the same size [31],
but which are not infinite along one direction, thus limiting the enhancement volume. It is also
of the same order as the intensity in gold cross antenna, whose, spatial extension is limited to
the gap between the cross arms (approximatately 40 x 40 nm?) [15]. Moreover, a relatively high
enhancement factor, higher than 560, is reached on a large spectral range, with a full width at half
maximum of FWHM = 1.05 mum. This enables the enhancement of spectrally close vibrational
absorption lines with only one resonator. Both the spatial and the spectral extensions of the
electric field enhancement are particularly appealing when it comes to sensors application as the
effective area and bandwidth are widely increased.

The influence of the volume of the slit on the enhancement factor at resonance is now
investigated. The impact of both the width and the height are shown on Fig. 1(c), whereas
the other parameters are set to d = 1.5um, A, = 60nm and €, = 2. As the slit is tightened,
the enhancement soars, which can be attributed to the funneling effect [25,27,32—-34]: all the
incoming light goes through the narrow aperture which induces a d/w enhancement factor. For
the tightest case (wy = 5nm), almost a 4 x 10* enhancement is reached. On the opposite, the slit
height has nearly no influence on the enhancement value. Typically, when the slit height & is
increased from 30 nm to 100 nm, it leads to a 10% decrease. Thus, the enhancement intensity
can be driven by the slit width, and since the enhancement is homogeneous in the slit, its volume
can be tuned with its height without impairing the enhancement.
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2.2. Absorption study

The reflectivity of the previous structure is shown on Fig. 2 (blue line). It exhibits a total
absorption at A, = 6.82 um. Its slit is then filled up with a material of complex permittivity in
order to model its dispersive optical behaviour. The permittivity of this material is based on a
Drude-Lorentz oscillator model:

2
wo,n
€(w) = €x + A . . 1
(w) Z T ) i (1)

Each absorption is modelled by an oscillator defined by its amplitude A4,, its eigenfrequency wq
and its damping factor y,. For the sake of simplicity, only one absorption line will be considered
here. Hence, n = 1, and the parameters are chosen as €, = 2.18, A} = 1072, v1 =20 cm™!,
wo,1 = 1348 cm™!. The response of the MIM resonator whose slit is filled with this material
is also shown on Fig. 2 (red curve). First, it is red-shifted compared to the empty case. It can
be understood as a SPR effect due to the real part of the permittivity. Also, the absorption that
matches the resonance appears, which characterizes the SEIRA phenomenon. The response
of the resonator to molecules can be separated between the SPR effect and the SEIRA effect.
To illustrate this, the response of the resonator where € is set to one is shown (purple curve),
as well as the case where only the real part of the permittivity is taken into account (orange
curve). In the first case, the resonance wavelength is not shifted and both curves are similar apart
from the absorption dip at 4 = 7.5 um. In the latter case, only the SPR effect remains and the
resonance curve is shifted from A1 = 520 nm. In molecules, both effects are combined, and near
an absorption of the molecule, the real part of the permittivity is dispersive. To identify a given
molecule, not only have these effects to be accounted for, but they can be used to improve this
identification.
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Fig. 2. Reflectivity spectra of the resonator (d = 1.5um, wy = 50nm, A; = 50nm,
hp = 60nm and €, = 2) whose slit is filled with materials of different permittivity, either with
complex or real value. The incident light is normal to the surface and TM-polarized. The
constant values are defined as: € = 2.18,4; = 1072, wp,1 = 1348 em~!and y; =20 cm™1.
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3. Experimental demonstration

In order to demonstrate experimentally the ability of the large volume enhancement resonators to
be used for SEIRA, we designed structures whose resonance matches the so-called fingerprint
region between 5 um and 10 wm, which contains the main vibrational absorptions. The cavity
layer of the resonator is filled with SiO;, whose permittivity is known from a Brendel-Bormann
model [35].

The fabricated resonator consists of a stack of a gold layer and a SiO; layer (60 nm) separated
by a thin chromium adhesion layer of 5 nm. Then, the 95 nm patterned top gold layer (with a
5nm chromium adhesion layer) was obtained by an electron beam lithography and a lift-off.
Thus, the total height of the slit is 100 nm. Two SEM (Scanning Electron Microscope) images of
the sample are shown on Fig. 3(a).
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Fig. 3. (a) SEM images of a sample whose resonator dimensions are d = 2.0 um,
wg = 125 nm, h;, = 60nm, Ay = 95 nm, filled with SiO, and with 5 nm chromium adhesion
layers. (b) Experimental response of a resonator (blue line) compared to its simulation
spectrum (grey line). The incoming light is TM-polarized with incident angles between
12° and 24°, for all planes of incidence (¢ between 0° and 360°). (c-d) Experimental and
theoretical reflectivity map of the ribbon resonator as a function of the incident angle in TM
polarization.

The experimental characterization is performed with a Bruker Vertex 70 Fourier Transform
Infrared (FTIR) spectrometer, coupled with a Bruker Hyperion 2000 microscope with a Cassegrain
objective (NA = 0.4). The measurements are done using the internal mid-infrared source of the
spectrometer and an InSb photodetector. A square area of 100 um x 100 um is imaged and the
incident beam is linearly polarized with the magnetic field along the slits.

The experimental reflectivity spectrum is presented on Fig. 3(b). The main resonance appears
at 4, = 6.97 um with a nearly total absorption of light. A fair agreement is found between
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experimental data and simulation of a resonator under a beam focused by a Cassegrain objective.
It is practically modelled by integrating calculations for TM-polarized incident light, with incident
angles between 12° and 24°, for all planes of incidence (¢ between 0° and 360°) and as in
the experimental protocol, divided by the reflectivity of a gold layer with the same integration
parameters. The chromium permittivity is modeled following a Brendel-Bormann model [36].

Finally, Figs. 3(c) and (d) shows experimentally and theoretically the angular dependence of
the resonance, The experimental angular pattern is obtained using a goniometer setup coupled to
the FTIR source, and is in very good agreement with the theoretical one. The main resonance
at A4, = 6.97 um appears to weakly depend on the incident angle of the incoming wave and its
absorption is almost total up to 60°. This angular stability is very appealing when it comes to the
integration of such a resonator in a whole optical set-up.

4. Permittivity model of 2,4-DNT

These large volume enhancement resonators are now applied to detection of 2,4-dinitrotoluene
(shortly 2,4-DNT). This molecule is a precursor of the widespread explosive 2,4,6-trinitrotoluene
(TNT). Thus, the detection of traces of 2,4-DNT indicates the presence of TNT [37]. The
main techniques studied for the detection of this material are ion mobility spectroscopy and
mass spectroscopy, which are limited by their cost and the selectivity they offer [38]. Optical
techniques such as cavity ringdown spectroscopy [38] and Surface Plasmon Resonance (SPR)
sensing [39] have also been developed. Here, we propose to study the ability of SEIRA to detect
2,4-DNT. Unlike, self-assembly monolayers of octodecanethiol that are often used as proof of
concept in SEIRA studies [40,41], 2,4-DNT does not have specific affinity with the gold surface.
This feature makes its use and detection quite challenging.

We first develop a model for the dielectric permittivity of 2,4-DNT in order to know the optical
features of this material. It is based on the Drude-Lorentz model described by Eq. (1). In order
to find the set of parameters (wo,, An, ¥n) and €, absorption spectra of 2,4-DNT have been
measured.

Table 1. Set of parameters (wq,n, An, vn) for the Lorentz model of permittivity of 2,4-DNT, obtained
by fitting experimental data.

n wo, (cm™) Ap Yu(em™)
1 1037 4.88 x 1074 15
2 1067 7.25%x 1074 10
3 1135 2.83x 1074 11
4 1151 478 x 1074 9
5 1205 2.63%x 1074 15
6 1268 3.17x 1074 12
7 1348 1.0x 1072 20
8 1383 58%x1074 15
9 1397 54%107* 15
10 1440 136 x 1074 10
11 1455 1.13x 1074 10
12 1474 3.5%x107° 10
13 1522 3.1x1073 23
14 1538 7.4 %1073 22
15 1603 7.8x 107 15

16 1610 1.68 x 1073 15
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The experimental data are collected thanks to a Fourier transform infrared spectrometer (FTIR,
Bruker 70v). A few milligrams of solid 2,4-DNT are dissolved in acetonitrile. Some droplets of
the solution, of a total volume of a tenth of microliter, are then dropped off on a gold mirror thanks
to an air displacement pipette. The acetonitrile evaporates in a minute so only 2,4-DNT remains
on the surface. The sample is studied in a reflection setup, in the both Transverse Magnetic (TM)
and Transverse Electric (TE) incident polarizations, for different incident angles 6 between 13°
and 60°. All the absorptions are identified and associated to the vibration of a molecular group
thanks to [37,42]. The match between computations and experimental data is made thanks to the
method of the least squares. The thickness of the 2,4-DNT layer is estimated at # = 1.9 um. The
valuation of the set of parameters (wo », Ay, V) is reported in the following Table 1. We estimate
€o = 2.18.

Thus, a permittivity model for 2,4-DNT is established. The both real and imaginary part of
the refractive index, as 7 = n + iK, are shown on Fig. 4. Many absorptions are visible in the
5 — 10 um range. We will focus on the most intense, namely w7, w14 and wyg, between 6 um and
8 um. They do not overlap with the absorptions of SiO; between 8 — 12 pm.

Wavenumber (cm™1)

2000 1667 1429 1250 1111 1000
1.6

1.4

1.2

1.0

5 6 7 8 9 10
Wavelength (um)

Fig. 4. Real (n) and imaginary (k) part of the refractive index of 2,4-DNT as a function of
the wavelength, based on experimental data.

5. Detection of 2,4-DNT

A droplet of 5 uL of the solution of 2,4-DNT in acetonitrile was put on the resonator. After
evaporation of the acetonitrile, 2,4-DNT is filling the slits, and there is an homogeneous 2,4-DNT
layer on top of the metallic ribbons. The response was measured thanks to the Bruker Vertex
70 FTIR spectrometer with the Hyperion microscope, in the same experimental conditions as
previously.

Figures 5(a)-(i) shows experimental spectra of nine different resonators of different dimensions
(blue lines). As they were fabricated on the same wafer, the layer thicknesses are the same for
every resonator: /i, = 60 nm, i, = 95 nm and a 5 nm chromium layer is used for adhesion. The
resonance wavelength is tuned with the in plane parameters (w, and d) so that the whole spectral
range between 6 um and 8 um is covered.

As the 2,4-DNT material is deposited on the resonator, two phenomena can be observed on the
red curves on Figs. 5(a)-(i). The first one is the redshift of the absorption of the resonator. It can
be explained by a change of the real part of the refractive index inside the slit of the resonator,
which is higher than 1 (shown on Fig. 4). Besides, as the resonance of the samples matches with
2,4-DNT vibrational absorptions, these absorptions appear on the spectrum of the structure. It
illustrates the SEIRA mechanism that occurs here. The three main absorptions w7, w14 and wie
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Fig. 5. (a-i) Experimental reflectivity response of nine different resonators without (blue
line) and with 2,4-DNT in TM polarization. Layers heights are constant : s, = 60 nm
and Ay = 95 nm. The dielectric layer is made of SiO; and surrounded by 5 nm chromium
adhesion layers. The periods d are : (a-d) d = 2.0 um, (e-g) d = 2.5um, (h-i) d = 3.0 um,
and the slit widths wy : (a,h) wg = 440 nm, (b,e) wy = 345 nm, (c,f,i) wy = 230 nm and (d,g)
ws = 125 nm. (j) Difference of reflectivity of the 9 structures (a-i) at the main absorption
wavelengths of 2,4-DNT.
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can be seen in Figs. 5(a)-(g). It shows that the detection of 2,4-DNT with SEIRA is possible
even though the molecule has no affinity with the surface and no functionalization was used.
However, the spectra Fig. 5(i) are identical as they do not overlap any high intensity absorptions.
The broadband feature of these structures that has been pointed out above can also be seen, with
the enhancement of different absorptions on Figs. 5(a)-(d).

It is important to avoid the use of a spectrometer to reduce the size and price of a sensing
device. Thus, we can think of measuring the reflectivity difference between the both without
and with 2,4-DNT configurations at the absorption frequencies of the molecule, for panel of
resonators covering the range of its absorptions. This is shown on Fig. 5(j) for the nine resonators
of Figs. 5(a)-(i). This array shape makes it possible to detect both the SEIRA and SPR effects,
and allows identifying it. On closer inspection, w7 appears to be better detected by resonators (f)
and (g), w14 by (a-c) and w¢ by (b). Each column offers a different response, insuring to bring
specific information. Note that some resonators do not detect some lines: w14 for (a) and w4 for
(b). Nevertheless, these main three absorptions are detected by other resonators with spectraly
close resonance, with AR intensities that can be very high : for (f), whose resonance matches
with w7, AR = 0.12. We must emphasize that these large differences are not obtained after a
post-treatment of measurements but from direct comparison of the signals, backgrounded by
a gold reference signal. Finally, as it has been pointed out before, the absorptions from w; to
we are not visible, as they overlap the absorption of SiO; and have a weak intensity. This array
setup paves the way to the design of a cheap and portable devices, by adding a few additional
resonators. It echoes the molecular barcoding proposed by Tittl and co-authors [43].

These data can difficultly be compared with the literature as 2,4-DNT and other explosive
materials have not been investigated in SEIRA set-up so far. They can be approached by
computations thanks to the permittivity model shown above. The slit must be filled with 2,4-DNT.
The quantity of molecules in the active area of the slit is estimated at the picogram range for an
extension along the y-axis of 30 um. The material put on the ribbon is not taken into account as
its contribution to the SEIRA signal is negligible. Nevertheless, this value does not represent the
detection limit of our device as high differences of reflectivity are observed. Our work shows that
an application of such a technique to the detection of traces of explosive materials is possible,
with a simple experimental setup.

6. Conclusion

As a conclusion, we demonstrate the use of closely arranged MIM resonators to detect 2,4-DNT.
The geometry considered offers very high enhancements, in the whole volume of the slits. These
enhancements are of the same order of magnitude as the ones reported in the literature for
the same spatial extension, but add a component along the y-axis. They can be increased by
tightening the slit, but a trade-off between enhancement factor and effective section must be made.
The resonators have been fabricated, and their characterization points out a very good angular
stability, on a range of incidence angles up to 60°. They are finally applied to the detection of
2,4-DNT, whose optical response is investigated. By varying the in-plane parameters, an array
of resonators covering the range of molecular absorptions can be made. Thus, scanning few
frequencies that matches 2,4-DNT absorptions makes possible to identify the molecule, analysing
both of the SEIRA and SPR effects. This setup offers a sketch for a sensor of dispersive materials
based on SEIRA spectroscopy, combined to SPR and without including any spectrometer. It
broadens the range of possibilities for the application of SEIRA-based sensors, allowing the
detection of many different chemical and biological materials with a cost-reduced device.
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