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The experimental study of a gold slot waveguide cavity is presented. The resonance of this cavity working in the telecom wavelength
range is highly dependent on the refractive index of the medium located in or around the slots array, because of the high confinement
of the electromagnetic field in the structure. We will demonstrate the application of this structure to local refractive index sensors at
the nanoscale. The measured sensitivity of this device is S = 730 nm/RIU (refractive index unit). The structure has been optimized by
adding another array of slots cascaded with the first one. The consequence is an improvement in the time efficiency of the experiments.
A discussion about the effect of the volume of liquids used and the filling percentage of the slots by the liquids is also presented as

parameters affecting the measurements and the sensitivity of the sensor.
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1 INTRODUCTION

In optical sensing, refractive index (RI) detection [1] is a
straightforward method used in various applications [2], for
which a variety of structures has been studied [3]-[7]. Follow-
ing recent advancements in technology, the development of
miniaturized devices is becoming increasingly prevalent for
the exploration of compact and complex systems. Consider-
ing the miniaturization, subwavelength nanostructures allow
the detection of highly localized RI variations. Photonic crys-
tal [8] and plasmonic [9] based sensors are examples of lo-
calized sensors. Nanostructured metallic devices exhibit the
ability to confine and enhance the electromagnetic field in vol-
umes smaller than the diffraction limit. The field localization
enhances the light-analyte interaction in the case where we
want to probe very small volumes. This is useful to investigate
localized biomolecular interactions in medicine and pharma-
ceutical research. Besides miniaturization, a planar sensor like
the one herein presented is integrable with different optical
parts and fluidic components and allows multiplexing.

2 PRINCIPLE AND EXPERIMENT

2.1 Design

The proposed structure is a waveguide-based sensor com-
bined with a periodic metallic slot array nanocavity. Previous
studies of this variety of nanostructures were done by Dionne
et al. [10] and Veronis and Fan [11] who provided a new in-
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sight on subwavelength slots and generation of plasmonic
guidance in a few tens of nanometers in metal-insulator-metal
(MIM) cavities [12]. In a previous work [13], we have shown
theoretically and experimentally how the geometrical para-
meters of this structure affect the behavior of light in the cav-
ity. Moreover we have proved theoretically the potential ap-
plication to refractive index sensing of this device. It is in-
deed well known that a variation of the refractive index of the
medium surrounding and inside the cavity changes the po-
sition of its resonance. The simplicity of the chosen structure
permits the study of the effect of the different parameters (ge-
ometrical or environmental) and to tune the resonance easily.
In this paper, we propose the experimental measurement of
the calculated sensitivity (726 nm/RIU (refractive index unit))
[13] obtained by Finite Difference Time Domain Calculation
[14]. In addition, we discuss the effect of the infiltration of the
liquid inside the slots and the role played by the amount of
analyte used. An optimized structure which is composed of
two cascaded arrays of slots allows a higher contrast.

The device is presented in Figure 1(a). It is composed of a clas-
sic dielectric ridge waveguide (510, /Si/SiO,) on top of which
an array of slots has been fabricated in a 20 nm-thick gold
layer. The cavity is called Slot Waveguide Cavity (SWC) and
its geometrical parameters are a period p = 500 nm, a slot
width w = 30 nm, and a length I = 700 nm.

To fabricate the device, a wet oxided Si wafer is coated with
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FIG. 1 (a) SEM image of the SWC structure using the mixing of the SEM signals from the
upper (SEI detector - red) and the lower (LEI detector - green) secondary electron image
sensors. The right inset shows the details of the SWC; (b) Scheme of the experimental

setup for the characterization of the transmission through the SWC.

amorphous Si (by Low Pressure Chemical Vapor Deposi-
tion, LPCVD) and SiO; (using sputtering). E-beam lithogra-
phy, gold deposition and lift-off method [15] are employed
to draw the cavity. The wafer is spun with the e-beam resist
ZEP500A (Zeon Co.) and the pattern is exposed using a Vistec
EBPG5000 e-beam pattern generator at the acceleration volt-
age of 100 kV. The gold layer is deposited by means of e-beam
evaporation. The resist and the gold excess are sonicated and
washed away in an acetone bath. The ridge waveguide is fab-
ricated by means of photolithography and reactive ion etching
(RIE).

2.2 Experimental setup

The scheme of the experimental setup used for the charac-
terization of the device is presented in Figure 1(b). The light
is coupled to the cavity thanks to the evanescent wave com-
ing from the dielectric waveguide. The SiO; layer above the
waveguide acts as a spacer, which allows us to optimize the
coupling. Note that only TM polarized light (magnetic field
perpendicular to the plane of the slots) is affected by the cav-
ity. The response of the structure is a resonant dip which is
observed in the transmission spectrum at the output of the
waveguide. In the rest of the paper we will denote as A, the
spectral position of this resonance.

Light coming from a supercontinuum source (Koheras Su-
perK Extreme) is injected into the ridge dielectric waveguide
and then the light is collected at the output and sent to an
Optical Spectrum Analyzer (Ando AQ-6315B). This technique
allows us to obtain the spectral response of the structure from
A = 1200 nm to A = 1700 nm in one single measurement.
Each transmission spectrum through the cavity has been nor-
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FIG. 2 (a) Experimental transmission spectra related to isopropanol, methanol and
distilled water. Solid thick lines are the measured spectra, thin solid lines are the
corresponding filtered curves, and dashed lines corresponds to the first derivatives.
(b) Calibration curve of the sensor made by measuring the position of the resonance

for 11 analytes. (¢) Zoom-in on the data corresponding to the salt-water solution.

malized by the spectrum through a waveguide without a cav-
ity on top. We can then avoid a part of the background light,
the spectral fluctuation of the white light source and the spec-
tral profile of the waveguide. After normalization, only the ef-
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fect of the slot waveguide cavity remains on the transmission
spectrum.

2.3 Measurement of the sensitivity

The device has been designed to be a refractive index variation
sensor for liquids. The aim of this section is to quantify the
sensitivity of the structure to the change of refractive index by
using different liquids as analyte. For each liquid, a droplet is
deposited on the device, then four measurements are recorded
and finally the sample is cleaned.

The results are presented in Figure 2. Figure 2(a) illustrates
how the shift of the resonance is determined. First the mea-
sured spectrum (thick solid line) is filtered using Fast Fourier
Transform low-pass filtering (thin solid line). The first deriva-
tive (dashed line) is then calculated in order to determine the
position (Af) of the inflection point of the resonance dip. Note
that this method is more convenient than simply measuring
the position A; corresponding to the minimum of the dip. In-
deed, the quality factor of the resonance is low and the min-
imum can be difficult to determine. This is shown for three
analytes: isopropanol (1 = 1.363), methanol (n = 1.328) and
distilled water (n = 1.318). We can see on these graphs that the
dip shifts to the higher wavelengths when the refractive index
of the medium filling and surrounding the slots increases.

The measurements have also been done for ethanol
(n = 1.3542) and acetone (n = 1.3513). The characteris-
tic positions (Af) of the resonances have been reported on the
graph in Figure 2(b) in function of the refractive index of each
analyte. We obtain then a calibration curve of our device.

In order to increase the number of experimental points cor-
responding to a smaller variation of the refractive index, we
have also performed the measurements using different solu-
tions of salt (NaCl) in water. Indeed, the refractive index of the
solution depends on the concentration of salt. The measured
data is presented in Figure 2(c) for mass concentration of salt
of 0,10.0, 12.5, 20.0, 25.0, 35.0 and 37.5 g /L.

Considering a linear relation between the shift of the reso-
nance (AA) and the variation of the refractive index (An), we
have measured a sensitivity S = AA/An = 730 £ 10 nm/RIU.
This value is in very good agreement with the theory, which
predicted a sensitivity of 726 nm/RIU.

We can finally remark that the response of the sensor is lin-
ear over a wide range of refractive index (from n = 1.318 to
n = 1.363, here). It corresponds to the refractive index of most
of the mixtures based on water, which is ideal for biological
applications.

2.4 Cascaded slot waveguide cavity

In order to optimize the shape of the dip, i.e. to increase its
amplitude, we have compared the single slot waveguide to
the cascaded cavity. It is composed of two arrays of slots
(w =20nm, i = 30 nm, | = 700 nm, and p = 500 nm) sep-
arated by a distance of d = 300 nm. In this case, the modes
propagating in the first array are coupled to the second and
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FIG. 3 (a) SEM picture (mixed signals) of the cascaded slot waveguide cavity; (b)
Theoretical spectra, calculated by FDTD, of the cascaded SWC compared to the classical
single SWC; (c) Measured transmission spectra of the cascaded slot waveguide (SEM

picture) when filled with ethanol.

the consequence is an increase of 50 % of the contrast of the
dip observed in the transmission spectra.

Figure 3(a) shows the SEM picture of the fabricated structure
and Figure 3(b) is the calculated transmission spectra for one
and two arrays of slots. Measurements have been performed
on the sample with different analytes and the transmission
spectrum when ethanol is filling and covering the cavity is
presented in Figure 3(c).

We have obtained an increase around 40% of the amplitude of
the dip, which corresponds to theory and makes its observa-
tion easier. Nevertheless, the sensitivity of this sensor remains
the same as in the case of the single slot array. The improve-
ment of signal-to-noise ratio tends to facilitate the determina-
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FIG. 4 Measured losses in the waveguides without cavity in function of the wavelength.

tion of the resonance and the time efficiency during the exper-
iments.

3 DISCUSSION AND RESULTS

The effect of the geometrical parameters on the resonance po-
sition have been detailed in our previous work [13]. It explains
mainly the variations between the experimental and the theo-
retical curves. In addition to the geometry of the cavity itself,
some parameters may influence the shape and position of the
resonance. We propose to discuss here three of them: the losses
in the waveguide, directly linked to the amplitude of the res-
onance; the size of the droplet of the liquid deposited on the
sensor; the percentage of infiltration of the liquids inside the
slots.

3.1 Losses in the waveguide

In order to characterize the losses in the waveguide, we have
measured the transmission through waveguides without cav-
ity and having different lengths (2.5 mm, 3.5 mm, 5.5 mm, and
10.5 mm). The results are summarized in Figure 4. It corre-
sponds to an average value of several measurements made on
the four different waveguides.

One can see that the average loss value is around -4 dB/cm,
which is common for this type of waveguide [16]. Never-
theless, the waveguides have been designed to be optimized
around the resonance wavelength of the cavity (A ~ 1400 nm),
for which the losses are reduced. It is obtained by adjusting
the thickness of the slab Silicon waveguide (hg; = 220 nm)
and the thickness of the cladding SiO; layer (ksio, = 80 nm).
Note that this last layer plays also the role of a spacer to op-
timize the coupling of the evanescent wave into the cavity,
which means that a compromise had to be found.

3.2 Effect of the size of the droplet

A major difference between the tested liquids is their wet-
tability. Indeed, to draw the calibration curve, we have per-
formed the measurements using solvents and salt-water solu-
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FIG. 5 Influence of the amount of analyte deposited on the sample: measurement of

the resonance shift.

tion. While organic solvents completely wet the surface, wa-
ter forms a well-defined droplet with a contact angle around
0 = 22° [17]. In order to evaluate the effect of the size of the
droplet on the response of the cavity, we have performed a se-
rial of measurements with different volume of water on top of
the cavity and observed the variation of the resonance.

Figure 5 shows the result of the experiment. It can be seen
that the resonance shifts to higher wavelength as the droplet
increases. This effect can be interpreted as the combination of
two phenomena, i.e. 1) a modification of the optical mode in-
side the waveguide leading to a change in the resonance of
the cavity and 2) a bigger droplet forcing liquid into the slots
preventing air pockets and increasing the infiltration.

To verify the first phenomenon, we have performed FDTD cal-
culations considering different droplet sizes. A volume of wa-
ter corresponds to a particular length of wet waveguide. This
distance depends on the contact angle between the liquid and
the substrate. Note that in our simulations, it was not possible
to consider droplets as big as in the experiments, principally
due to the calculation time and volume. The results are pre-
sented in Figure 6 with the scales (volume and wet distance).
One can see that for very small droplets, which are not com-
pletely covering the cavity, the size of the droplet has an ef-
fect: the resonance position is shifted to higher wavelengths.
However, when water completely covers the cavity this effect
is considerably reduced and tends to disappear for droplets
having a volume corresponding to a length of wet waveguide
larger than 1um. The experiment has been done with bigger
droplets. We can conclude that even if the wet distance of the
waveguide affects the mode (inside the dielectric waveguide),
it does not affect the resonance position.

In the next section, the second hypothesis will be verified.

3.3 Effect of the infiltration

The problem of the infiltration of the analyte inside the
slots has been theoretically solved by performing FDTD
calculations and considering different percentage of the slot
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device: calculation of the resonance position.

filled with water. Due to the size of the structure, we have
neglected the shape of the meniscus inside the slots. The
results are shown in Figure 7.

For 0 %, 25 %, 50 %, 75 % and 100 % of the volume of the
slots filled, one can observe a perfect linear dependence be-
tween this volume and the position of the resonance, which
is shifted to the higher wavelengths: the more the liquid in-
filtrates the cavity, the higher the resonance wavelength will
be. Note that these calculation have been made for water only
and we can make the same remark as for the size of the droplet
and conclude that the infiltration will depend on the nature of
the analyte. A shift of 100 nm is observed between the two
extreme cases.

3.4 Sensitivity and limit of detection

Two important parameters have to be taken into account
while characterizing a sensor. The first one is the sensitivity
of the device, which is an intrinsic parameter of the struc-
ture. It will principally depends on the design, the geometri-
cal parameters, and the overlap between the electromagnetic
field and the analyte. Typically, the enhancement of the field
overlap in the detection medium increases the sensitivity of
the resonator based sensor. Our sensor has a measured sensi-
tivity of S = 730 &£ 10 nm/RIU. The second parameter is the
limit of detection [18], which depends mainly on the equip-
ment used to perform the measurement. In our case, we have
used as a detector an optical spectrum analyzer. Its resolution
is ¢ = 50 pm. We can then achieve (theoretically) with our
setup a limit of detection of LOD = ¢/S ~ 10~° RIU, which
is a common value for devices like ring resonators [19, 20]. In
this paper, the smallest observed variation was 10~ RIU.
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FIG. 7 Calculated response of the device in function of the infiltration of the liquid in

the slots (a); Spectral position of the dip versus the percentage of infiltration (b).

4 CONCLUSION

In this paper we demonstrated experimentally that a slot
waveguide cavity can act as a refractive index sensor for lig-
uids over a wide range using a very small amount of analyte,
which is of great interest for biosensing applications. We have
established the calibration curve of the sensor and determined
a sensitivity of 730 nm/RIU. In this study we have taken into
account several parameters such as the losses, the amount of
analyte or the infiltration, which play a crucial role on the sen-
sitivity or the limit of detection of the sensor. Based on these
facts, we have been able to define the optimum working con-
dition. Moreover, we have demonstrated the potential offered
by the cascaded SWC in order to increase the contrast of the
measurements and thus to facilitate the resonance detection.
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