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Abstract: A highly sensitive photonic sensor based on a porous silicon ring resonator was
developed and experimentally characterized. The photonic sensing structure was fabricated
by exploiting a porous silicon double layer, where the top layer of a low porosity was used to
form photonic elements by e-beam lithography and the bottom layer of a high porosity was
used to confine light in the vertical direction. The sensing performance of the ring resonator
sensor based on porous silicon was compared for the different resonances within the analyzed
wavelength range both for transverse-electric and transverse-magnetic polarizations. We
determined that a sensitivity up to 439 nm/RIU for low refractive index changes can be
achieved depending on the optical field distribution given by each resonance/polarization.
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1. Introduction

Optical ring resonators (RRs) are probably the planar photonic structures mostly employed
for the development of sensing devices due to their structural simplicity, compact size and
high sensitivity. Many research groups and commercial companies have demonstrated strong
activity in the development of RR arrays for the highly sensitive and multiplexed detection of
analytes for different applications [1-6]. Nowadays, a traditional Silicon-on-Insulator (SOI)
RRs can provide sensitivities up to around 160 nm/RIU (Refractive Index Units) [7].
However, the performance of traditional planar photonic sensing structures based on a
configuration with a high refractive index (RI) contrast is limited by the fact that only the
evanescent field propagating outside of the photonic structure is used for sensing purposes,
while the majority of the optical field distribution associated with the guided mode propagates
within the structure itself. Novel RR configurations have been proposed to overcome this
limitation, as those based on slot waveguides [8], on ultra-thin SOI substrates [9] or on sub-
wavelength waveguides [10]. Another option to increase the sensitivity, which is considered
in this work, is the use of porous silicon (PS) for the development of the sensing structures.
The high potential of porous silicon for sensing purposes, what has been demonstrated in
several works [11-18], comes from the possibility of infiltrating the target analytes directly
into the pores in order to obtain a significantly improved sensitivity [19]. Additionally, PS is
characterized by a very high surface-to-volume ratio [20], what allows immobilizing a
significantly larger amount of bioreceptors over the inner walls of the pores for the better
detection of biorecognition events. Moreover, PS can be formed simply, quickly and
inexpensively since it is the result of the electrochemical etching of a silicon substrate.

In this work, we study the sensing performance of a porous silicon ring resonator (PSRR)
sensor for transverse-electric (TE) and transverse-magnetic (TM) polarizations. In case of
each polarization, we measured the sensitivity for every resonance within the analyzed
wavelength range, which is determined by the optical field distribution of the PSRR resonant
mode and its interaction with the medium filling the pores. Experimental results obtained by
flowing several ethanol-water dilutions over the porous structure provided a sensitivity up to
439 nm/RIU for the low ethanol concentrations when working with TE-polarized light.

2. Fabrication of the PSRR

First, we selected the RI profile of the double-layered PS to be used, aiming at having a
strong light confinement in the top layer, where the photonic sensing structures will be
patterned. To reach this goal, the RI contrast between the top and bottom layers of PS needs
to be as high as possible when water is infiltrated into the pores. However, there is a
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limitation in the maximum reduction of the RI of the bottom layer since it implies increasing
the porosity of this PS layer, what compromises the stability of the photonic structure. Taking
these considerations into account, we selected porosities of the top and bottom PS layers of
35% and 65%, respectively. By using the Bruggeman equation [21], we determined the RI of
the PS layers for these porosities, being Nyp-water = 2.67 and Nieyaer = 1.95 when considering
water-filled pores, and nyop-ir = 2.56 and nyc,ir = 1.7 when considering air-filled pores.

The designed double-layered PS was fabricated by an electrochemical etching of a single-
side polished boron doped (resistivity of 0.01 — 0.02 Q-cm) <100> Si wafer, in a solution of
48% hydrofluoric acid and 99% ethanol mixed in a 1:2 volume ration. Just before the etching
process, the silicon wafer was cleaned from possible organic residues using a piranha solution
(volume ration H,SO4:H,0, = 3:1) and then immersed into aqueous solution of HF (5%) to
remove SiO, from the surface. After each cleaning step, the wafer was rinsed in deionized
water (DIW). The top layer with high RI was formed by applying a current density of 5
mA/cm’ for 100 seconds and the bottom layer of 45 mA/cm’ for 110 seconds. The cleaning
procedures and the electrochemical etching were performed at room temperature. The
fabricated PS sample was washed with acetone, isopropyl alcohol and DIW to remove
residual surface impurities. Finally, an O, plasma was applied for 6 minutes, in order to
improve the hydrophilicity of the PS surface.

The fabricated PS sample was cleaved into two parts: one for the physical characterization
of the PS layers and the other one for the fabrication of the photonic structures. Field
emission scanning electron microscope (FE-SEM) was used to study the thickness and the
uniformity of both PS layers as well as the average pore diameter of the top PS layer. Figure
1(a) shows a FE-SEM image of the cross section of the double-layered PS, where the
different porosities of both layers are clearly distinguished. The measured thicknesses for the
top and bottom PS layers were around 800 nm and 4350 nm, respectively. Refractive indices
of the double-layer were calculated from Fresnel coefficients under the Transfer Matrix
Method approach using reflection measurements of the porous structure [22, 23]. In this
respect, the refractive indices obtained were Nyopqir = 2.48 and nyc;; = 1.75 for the air-filled
pores, what corresponds to porosities of 38% and 63%, respectively. These porosities are
practically identical to those previously selected in the design phase, thus indicating a good
control of the PS fabrication procedure. Additionally, the ImageJ software [24] was used to
analyse a top-view FE-SEM image, shown in Fig. 1(b), in order to obtain the average pore
diameter of the sensing structure, which was determined to be around 12 nm.

Fig. 1. FE-SEM images of (a) cross section and (b) top-view of the PS structure.

Finally, a lithographic process was used to create the planar photonic structures in the top
PS layer. Designs were patterned into a PMMA positive resist layer using e-beam lithography
with an acceleration voltage of 10 keV and a dose of ~87 uC/cm?. Then, after developing the
resist, the pattern was transferred to the top PS layer by inductively coupled plasma (ICP)
etching. The fabricated design consisted of a 20um-radius RR coupled to a coupling
waveguide. Several sets of this structure were fabricated using different widths of the
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coupling and the RR waveguides (800, 1000 and 1200 nm) and different coupling gaps
between the coupling waveguide and the RR (150, 200, 250, 300 and 350 nm). In order to
ease the butt-coupling characterization of the photonic structures, the coupling waveguide
was tapered to a width of 10 um at the edges of the chip. Figure 2 shows several FE-SEM
images of the fabricated structures.

Fig. 2. FE-SEM images of the fabricated PSRR chip. (a) 60°-sectional image of the 10um-
wide access waveguide. Thanks to the vertical cut of this sample edge, the vertical orientation
of the pores can be observed. (b) Cross-sectional image of the 10um-wide access waveguide.
Thanks to the non-vertical cut of this sample edge, the sponge-like morphology of the PS and
the boundary between the two PS layers can be clearly observed. (c) Top-view image of the
top and bottom PS layers in the access waveguide region, where the porosity difference
between them can be clearly observed. (d) Top-view image of the RR and the coupling
waveguide.

3. Experimental setup and static characterization of the PSRR

An opto-fluidic setup, which is shown in Fig. 3, was developed to carry out the optical
characterization of the PSRR and the RI detection experiments. The optical part of the setup
consisted in a horizontal coupling interrogation platform where the light from a continuous
sweep tunable laser (Keysight 81980A) was coupled to the access waveguides in the PSRR
chip using a lensed fiber. The polarization of the input light was adjusted using a polarization
controller (Thorlabs FPC562) before injecting it into the chip. The light coming out from the
PSRR chip was collected with an objective (20X Olympus Plan Achromat, 0.4 NA) and
passed through a polarizer (Newport RM25A) in order to measure the signal level for the
selected polarization using an infrared (IR) camera (Xenics Xeva-1.7-320). The interrogation
platform was controlled using a software programmed in LabVIEW able to synchronize the
continuous sweep of the laser with the image acquisition of the IR camera via a trigger signal
in order to obtain the spectrum of the photonic structure with the desired spectral resolution.
Regarding the fluidic part of the setup, a microfluidic delivery system made in
polydimethylsiloxane (PDMS) was placed on top of the chip in order to flow all the solutions
over the sensing structure. A Finetech flip-chip tool was used to properly align the fluidic
microchannel with the PSRR structures. When the experiments were carried out, the target
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solutions were flowed using a syringe pump working in withdraw mode and set to a constant
flow rate of 20 ul/min. By working in withdraw mode, the liquid flowed through the PDMS
channel can be easily changed by simply changing the vial at the end of the tubing.

Fig. 3. Pictures of the fiber-to-camera horizontal interrogation setup. The PDMS microfluidic
flow cell on top of the photonic chip can be also observed.

After characterizing in water environment the TE and TM spectra for all the
configurations included in the photonic chip (i.e., different waveguide widths and coupling
gaps), we determined that the best spectral responses in terms of resonances quality and
optical losses were obtained for the configuration having a coupling waveguide width of 1000
nm and a coupling gap of 200 nm. Figure 4 shows the measured TE and TM spectra, in water
environment, for that PSRR configuration. The average quality factor of the measured
resonances is quite reduced (453 and 512 for TE and TM polarizations, respectively) due to
the higher losses that are produced in the PS-based waveguides compared to typical solid core
ones. The inset images in Fig. 4 represent the light spots acquired with the IR camera at the
10pm-wide output waveguide for each polarization. It is possible to appreciate that a better
confined mode is obtained for TE polarization, while a higher amount of light is going into
the lower cladding for TM polarization.
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Fig. 4. Spectra of the PSRR for (a) TE and (b) TM polarization. The amplitude is represented
in terms of the analog-to-digital units (ADU) measured by the camera (in logarithmic scale).
The inset in each graph shows the measured optical profile at the output waveguide for each
polarization.

The selected waveguide configuration was simulated using the software FemSIM in order
to determine the modes existing on it for a water environment. Two fully propagating modes
were obtained for that waveguide configuration for each polarization, while a third mode also
begins to propagate for both polarizations. The field profiles of those modes are shown in Fig.
5. From the optical profiles measured in the experiments, which were depicted in Fig. 4 we
can see that only the fundamental mode is properly excited and propagated for TE
polarization, while higher order modes are excited and propagated for TM polarization,
leading to a higher delocalization of the optical field.
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Fig. 5. Simulations of the optical modes propagating in the selected PS waveguide
configuration (height = 800 nm and width = 1000 nm) for (a) TE and (b) TM polarization. The
modes are ordered from left to right.

4. PSRR sensitivity characterization

Several RI sensing experiments were performed to determine the sensitivity of the photonic
structure. To this aim, different ethanol-water dilutions were flowed over the sensor while the
transmission spectrum was continuously acquired in order to determine the shift of the PSRR
resonances. The ethanol (EtOH) concentrations in DIW used in the experiments were 10%,
5% and 1%, which correspond to RI changes of 6.6:107, 3.3-10 and 6.6-10~* RIU respect
DIW, respectively. For the spectra acquisition, the tunable laser was swept from 1520 to 1620
nm with a sweeping speed of 10 nm/s (the total time for each sweep is 10 seconds) and the
synchronization with the IR camera provided a spectral resolution of 20 pm. A Lorentzian
fitting of each resonance was then performed in Matlab to determine its position with a higher
accuracy. All the experiments were carried out for TE and TM polarizations.

Figures 6(a) and 6(b) show the time evolution for the most and least sensitive PSRR
resonances within the sweeping range for TE and TM polarizations, respectively. As it can be
observed in these figures, the resonances presented a similar behavior for both polarizations
and only a slightly higher sensitivity is obtained for TE polarization resonances. This is
related to the fact that the sensing occurs mainly inside the guiding structures, where the field
distribution is similar in both cases. However, since a better light confinement is obtained for
TE polarization, as it was shown in the spot images presented in Fig. 4, a higher sensitivity is
provided by this polarization. This is the opposite to what typically happens for evanescent
wave sensors, where TM modes are generally more sensitive because of the presence of a
higher amount of evanescent field over the top surface of the structure. The average
sensitivity of the PSRR sensor (i.e., for all the resonances within the measured range) is
around 350 nm/RIU for TE and 320 nm/RIU for TM when considering the whole range of
refractive index variations that has been measured. The maximum sensitivity value, around
380 nm/RIU, was provided by the resonance located at ~1607.5 nm for TE polarization,
whose quality factor is 513. Such values are more than twice higher than the sensitivity
achieved for a traditional SOI RR. The noise level measured for all the resonances is below 1
pm, reaching values even in the range of 0.1 pm for some resonances as it is depicted in the
inset of Fig. 6(a). Finally, note that the time required by the resonances to reach the plateau
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for each flowed substance (around 1 minute) is determined by the diffusion that is produced
in the input tubing at the interface between the liquids.

Figure 7 represents the spectral shift measured for each resonance for both polarizations,
where an oscillatory-like behavior can be observed as we move towards higher order
resonances. This sensitivity variation indicates that a different interaction between the
resonance optical modes and the target substance is taking place, which might be determined
by the local variations of the pores properties and distribution of the fabricated PS layer
where the RR is created. Besides that oscillatory-like behavior, the average shift also
increases as a function of the wavelength, due to the larger evanescent field of the modes as
wavelength is increased.
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Fig. 6. Time evolution of the resonance shift for (a) TE polarization and (b) TM polarization
when flowing three cycles of EtOH in DIW with concentrations 10%, 5% and 1% (meaning RI
changes of 6.6:107, 3.3-107 and 6.6-10™* RIU respect DIW, respectively) with cycles of DIW
flow between them. The different colors indicate the different resonances within the measured
wavelength range being tracked.
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In Fig. 8, the sensitivity curves of each resonance for TE and TM polarizations are shown.
As it can be observed, the sensitivity behavior of the PSRR sensing structure was not totally
linear. In fact, the sensor exhibited a higher sensitivity for lower RI variations, specifically,
for RI variation of 6.6:10~* RIU corresponding to the EtOH 1% concentration. This is related
with the non-linear variation of the RI of the top porous layer that is produced when changing
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the RI of the solution infiltrated into the pores, as it is shown in Fig. 9. We can see that a
higher variation of the effective refractive index of the top layer is obtained for the EtOH 1%
concentration than for the EtOH 5% and 10% concentrations. For this reason, the PS structure
showed a higher sensitivity for such EtOH concentration. Thanks to such behavior, the
highest sensitivity value provided by the PSRR sensor was 439 nm/RIU for the TE resonance
located at ~1607.5 nm when considering a RI variation of 6.6-10~* RIU.
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5. Conclusions

A highly sensitive PSRR was developed thanks to the formation of a PS double layer with a
high RI contrast and its sensing performance was characterized both for TE and TM
polarizations. The characterization was performed by monitoring in continuum the evolution
of the sensing structure spectrum. The experimental results indicate that the sensitivity of the
PSRR was slightly better for the TE polarization than for the TM polarization. This is because
the sensing occurs in the core of the structure, where the TE polarization plays a major
influence due to the better confinement of the light in the photonic structure. Working with
such polarization, a sensitivity of 439 nm/RIU was achieved for the detection of low RI
variations. The higher light-matter interaction that is produced due to the fact that the sensing
occurs directly inside the structure, together with the possibility of immobilizing the
bioreceptors on the inner surface of the pores, make PS a suitable platform for the
development of new biosensing devices exhibiting a high sensitivity. Finally, note that the
combination of PS substrates with some of the configurations that have been proposed to
increase the sensitivity of photonic structures as slot or sub-wavelength waveguides might
provide even higher sensitivities.
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