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ABSTRACT

This review presents the state-of-the-art of Bio-Chemical nanosensors based on silicon Photonics. SOI (Silicon on
Insulator) technology offers a number of guiding structures such as slot, rib, strip and silicon wire waveguides. We
discuss many sensing principles employed in optical detection, such as absorbance, reflectance, fluorescence,
chemiluminescence, bioluminescence and refractive index (RI) measurement. The integration of ultra high sensitive
photonic waveguides in interferometer architectures (e.g. Mach Zehnder interferometer) and resonant architectures
(e.g. ring resonator, Fabry Perot cavity), allow the detection of ultra low traces of chemical/biochemical analytes and
gases. Sensing performance of photonic nanosensors based on silicon Photonics are very attractive, exhibiting ultra
high sensitivity and low limit of detection (i.e. pg/mL, pmol/L). Intensive research in this field is motivated by broad
applications of photonic sensors in healthcare, environmental monitoring, homeland security, food industry,
pharmaceuticals, which require sensitive and rapid analytical tools.

Keywords: Photonic Nanosensors, Slot Waveguides, Silicon Photonics, Microring Resonators, Bio-Chemical
Sensors, Directional Couplers, Cantilever Based Sensors, Disk Resonators, DNA molecules, Lab-on-Chip.

1. SLOT WAVEGUIDE BASED BIO-CHEMICAL PHOTONIC NANOSENSORS

One of the most important goals of all scientific and industry research efforts is without any doubt the healthcare
improvement. In recent years, the ever increasing demand of rapid and effective diagnosis, treatment, and prevention
of disease, illness, injury, and other physical impairments in humans, have led to explore different approaches with
respect to conventional ones.

In this context, the so called Point-of-Care Tests (POCTS) are defined as any medical test close to the patient [1],
which means that it can be found at the hospital, doctor’s office or patient's home. This last possibility led by
POCTSs, enables the patient to avoid hospital appointments, waiting lists and so on. Obviously an efficient POCT
needs to be portable, user friendly, cost effective and possibly able to provide to the user a simple interpretation of
the measure result. Such requirements perfectly match with actual Lab-On-Chip (LOC) technology.

Taking advantage by both light-matter interaction and electronic signal elaboration capability, Lab-On-Chip is
effectively an autonomous and miniaturized microfluidic laboratory. Microfluidics deals with behavior, precise
control and manipulation of fluids that are geometrically constrained to a small, typically sub-millimeter, integration
scale [2]. The term “micro” stands for small fluid volumes (nl, pl, fl), small size, low energy consumption and micro
domain. Another important aspect dealing with LOCs, is the possibility to perform several different analysis on the
same chip and at the same time (which is sometimes also more important). By this way, Lab-on-Chip POTCs are
expected to invade the market in the next few years.

A basic example of Lab-on-Chip POCT is shown in Fig. 1.
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Figure 1. Example of POCT by IBM Corporation [2].

The device can be schematically divided in several distinguished sections. The first one is a disposable section,
provided by a loading port for the liquid sample. Such a part is included into a “reader”, which is not disposable and
collects all the “intelligence” of the device. The reader contains a unit for sample preparation and processing, a
micro-fluidic network for splitting, moving and mixing sample and reagent, a sensor (which can use receptors for
labeled or label free detection), a transducer (to convert the information generated by the sensor in an electrical
signal), the electronics for signal processing and, finally, a user interface unit for results visualization.

Chemical and bio-chemical sensors, including DNA, proteins, antigens and cells nanosensors, can be classified with
respect to their sensing principle, such as absorbance [3], reflectance [4], fluorescence [5], chemiluminescence [6],
bioluminescence [7], or refractive index (RI) measurements [8], to name a few. Another kind of classification deals
with labeling method. In fact, bio-sensors can be broadly divided into two categories: label-based and label-free
sensors. Label based-sensors can be defined as devices that use biological or chemical receptors to detect analytes
(molecules) in a sample, to provide information on the binding. Fluorescence is by far the most used labeling
method, in which target molecules are tagged with fluorescent dyes and the fluorescence spectrum is detected in the
presence of the targeted molecules. This allows for extremely sensitive detection down to the single-molecule level.
However, quantitative measurements are difficult to be achieved, the process is laborious, and the tags may affect
the function of the bio-molecules.

In contrast, label-free sensors detect targeted molecules in their natural form by attaching those molecules to probe
molecules on the surface of the sensor and measuring the change in the physical properties of the sensor (surface
sensing), or simply measuring the change of the properties of the sensor due to the change of the refractive index of
the medium (homogeneous sensing).

Among all bio-sensors developed and proposed in the last few years, photonics ones have reached a lot of interest in
both scientific and enterprise world. In fact, nowadays Photonics is considered one of the most
promising technology platforms for the realization of micro- and nano-systems, able to make a great leap forward in
improving our living conditions and health. The great technological improvements due to micro and nano-
electronics, have led to an enormous development of photonics sensors, as demonstrated by the large amount of
proposed devices. Ring resonators, surface plasmonics and fiber-optic-based sensors have been proposed and
demonstrated over the last few years [9,10,11]. In particular, great efforts have been made in the field of silicon
photonics, which can be considered, by now, a stand-alone research field. CMOS-compatibility and availability of a
great amount of devices (sources, modulators, passive waveguides, switches, etc.) make Silicon Photonics the best
solution in order to fabricate compact, efficient and low cost micro and nanoscale devices, simultaneously achieving
high integration capabilities with CMOS electronics.

With reference to photonic sensors, the sensing element is typically an optical waveguide, and the sensitive property
is represented by the effective index of the optical mode propagating into the structure. In Silicon On Insulator (SOI)
technology, optical waveguides are realized on wafers composed by a top silicon layer, typically a few hundreds of

403



IJRRAS 11 (3) e June 2012 Passaro & al. e Photonic Structures Based on Slot Waveguides

nanometers thick, a buried oxide (BOX) substrate, 1-2 um-thick and a bottom silicon layer (several hundreds of pm-
thick) which serves as mechanical support for the optical chip. This solution allows to obtain a very high refractive
index contrast (~2 @ 4=1.55 pm), being the refractive index of silicon ng;=3.476 @ A=1.55 um, and the refractive
index of BOX no,=1.444 @ A=1.55 um. The cover medium (cladding) varies depending on the specific application.
It could be typically an aqueous solution, in which the analyte is dissolved (Fig. 2), or simply air.

Aqueous Wi

KN

solution

Figure 2. Example of SOI photonic wire waveguide based bio-sensor.

When light propagates into an optical waveguide, a certain amount of power, carried by the optical mode, travels
into the core, while the remaining part is confined in cladding and substrate regions. The optical field changes its
effective refractive index depending on the concentration of the specific substance, however such a change is related
to the percentage of field interacting with the analyte, and so to the confinement factor in the medium containing the
analyte. The above mentioned sensing mechanisms (i.e. homogeneous and surface sensing) have been analyzed in
detail for optical guided-wave sensors [12].

Homogeneous sensing is very useful to detect a wide variety of gases and chemical species. In order to detect, for
example, glucose or ethanol, the optical waveguide is covered by aqueous solution (n;=1.33 @ A=1.55 um), in which
the analyte is dissolved. The waveguide sensitivity can be evaluated as [12]:

ZnSJ'”E(x, y)rdxdy
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In equation (1), Z, is the free space impedance, ne; is the effective mode index, n. is the solution refractive index, n,°

is the solution refractive index in absence of the analyte, E and H are the electric and magnetic field vector,

respectively and FC' is the optical field intensity confinement factor in the cladding region, defined as follows:
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The integration domain indices, i.e. C and oo, stands for cladding cross section and whole computational region,
respectively.

404



IJRRAS 11 (3) e June 2012 Passaro & al. e Photonic Structures Based on Slot Waveguides

Differently from homogeneous sensing, surface sensing is based on the immobilization of a very thin layer of
receptor molecules on the waveguide surface. Such a layer interacts with the analyte, producing an increase of the
molecular adsorbed layer (adlayer) thickness. According with variational theorem, the effective mode index will
change as [12]:
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where n,, is the refractive index of the molecular adlayer and X represents the surface covered by the adlayer.

Similarly to the definition of sensitivity given for homogeneous sensing, it is possible to define the surface

waveguide sensitivity as [12]:
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where p is the thickness of the molecular adlayer. In this work, we will assume S as homogeneous sensitivity, unless
otherwise specified.

Several kinds of waveguides can be realized in SOI technology. Rib, strip and silicon wire waveguides have been
extensively studied in the last years. To give an example, Fig. 3 shows the TE-like and TM-like power distributions
on the cross section of a single-mode photonic wire waveguide, with H =220 nm and W = 510 nm.

Figure 3. Power distribution on the cross section of a typical single-mode, photonic wire waveguide (H = 220 nm,
W =510 nm) for TE-like (on the left) and TM-like (on the right) polarizations.

It is evident that such a waveguide exhibits a very high power confinement factor in the silicon core for TE-like
polarization, involving a very low interaction between the optical field and the possible chemical substance to be
detected. A better interaction can be achieved exciting the TM-like polarization, whose major electric field
component (E,) exhibits a discontinuity at the interface between the waveguide top and the cover medium, so the
field in the sensitive area is enhanced according to equation (6) below:

2

n
= [_Hj (6)
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In equation (6), E_ is the E,~field component just above the top of the silicon waveguide (i.e. in the low index, cover
region), Ey is the E,-field component just below the top of the silicon waveguide (i.e. in the high index, core region),
n_ is the cladding refractive index and ny is the refractive index of the silicon waveguide core (ny =ng; =3.476 @
A=1.55 pm). These qualitative considerations are confirmed by the optical intensity confinement factor in the
| |

\TE \TM
cladding medium, which is ( °) = 10.33 % for TE-like polarization and ( C) = 24.32 % for TM-like
polarization. Accordingly to equation (1), the homogeneous sensitivity achieved with such a waveguide is S, = 0.14
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for TE-like mode and S, = 0.50 for TM-like mode. This means that, even in the best case of TM-like polarization, a
change of the cladding refractive index An. induced by a well defined concentration of a particular analyte will cause
a change of the mode effective index, of an half of 4x..

A very promising solution, in order to achieve ultra-high sensitivity waveguides, is represented by slot guided-wave
structures, whose basic geometry is sketched in Fig. 4.
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Figure 4. SOI slot waveguide cross section and power spatial distribution for TE-like
fundamental mode.

Differently from conventional rib, strip and photonic wire waveguides, slot waveguides are able to confine light into
a low index region (cladding), simultaneously preserving an optical guiding nature [12,13]. In fact, while the
operative guiding mechanism still remains the total internal reflection (TIR) into the high index medium (silicon
wires), slot waveguide takes advantage by the discontinuity of the electric field normal component (E,) with respect
to the boundary surface between high and low refractive index media, according to equation (6). Although the field
exponentially decreases in the cladding region, if the gap between silicon wires (g) is sufficiently small (~100-200
nm), the optical intensity in the slot region can be very high. By this way, such a waveguide is very attractive for
sensing purposes [14-24], since it enables a very high interaction between light and particles to be detected. Slot
waveguide based microring resonators [14-16,19-23,25] and directional couplers [16,26] have been recently
proposed and demonstrated, using different kinds of material systems, namely SizN4/SiO, [14,19,25,27,28], Si/SiO,
[15,17,20-24,29], TiO,/SiO, [30], polymers [31,32] and group IV material systems (e.g. SiGeSn, GeC, SiGeC,
GeSn) [33,34].

2. MICRORING RESONATOR BASED SENSORS

Microring resonator based sensors use a wavelength interrogation scheme, which is very useful for simultaneously
reducing noise and enhancing sensitivity [35]. A microring resonator sensor consists of a waveguide closed into a
loop (ring) and one or two input/output bus waveguides, coupled to the ring as sketched in Fig. 5.
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Figure 5. Photonic sensor based on ring resonator coupled to one bus waveguide for 1/O signal propagation.
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A comprehensive analysis of such a guiding structure involves, even in 2D case, a challenging numerical solution
[36]. However, a simpler analysis based on the resonance theory still enables to understand the sensor behavior. The
propagation of stationary modes into the ring waveguide only happens for those solutions of Maxwell equations
satisfying the well known resonance condition:

27RN; =MA (7)

where ng; is the modal effective index, R is the ring resonator radius, m is an integer number (i.e. the resonant order)
and A is the resonant wavelength, able to propagate in the resonant cavity. Equation (7) simply states that a
constructive interference at each round trip in the resonator is reached when the optical path length traveled by light
is an integer multiple of its wavelength. By this way, only those wavelengths satisfying equation (7), will add
constructively in the cavity, involving, after a few round trips, the light extinction at the output port of the bus
waveguide, as shown in Fig. 5. The well known transmission function, characterizing the resonant architecture
previously shown, is given by [25]:
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In equation (8), r is the coupling coefficient between bus and ring, « is the loss coefficient of the cavity and L is the
ring resonator total path length, equal to 2zR. When a specific analyte or gas is concentrated in the cladding
medium, the effective index of the propagating mode will change. Such a variation induces a shift of the resonant
wavelength, so a new definition of sensitivity can be given [37]:
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In equation (9), S is the waveguide sensitivity (i.e. homogeneous sensitivity Sy), ng is the group index which takes
into account the wavelength dispersion of ne according to the following equation:

ON4
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An important figure of merit that characterizes a photonic sensor is the limit of detection (LOD). It represents the
lowest quantity or concentration of a component that can be reliably detected with a given level of confidence.
Referring to chemical and bio-chemical sensors, LOD is the lowest detectable concentration of the
chemical/biochemical test sample to be monitored and revealed. Obviously, an analytical definition of LOD will
depend on both sensor overall architecture and transduction principle performance. Anyways, it can be generically
defined as the ratio o/S;, where ¢ is the noise in the transduction signal and S, is the overall sensitivity. Moreover, a
generic definition, suitable for optical chemical detection, can be reviewed as follows:

LOD:%i (11)

A
In equation (11), 4/ is the spectral resolution of OSA (optical spectrum analyzer) to be employed in the
experimental setup and S; is the overall sensitivity characterizing the photonic sensor. A wavelength resolution of 80
pm is standard in ordinary OSA.

Barrios et al. first have demonstrated a SisN4/SiO, slot waveguide based bio-chemical sensor [25,37], using a
wavelength interrogation scheme for the optical readout. The proposed device is composed by a single straight
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waveguide (bus) coupled with a resonator. Both input/output bus and ring resonator are slot waveguides, as sketched
in Fig. 6.
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Figure 6. Scheme of SOI slot waveguide based bio-sensor (left), and corresponding normalized transmitted intensity
@ A = 1.3 ym (right).

Normalized Transmitted Intensity

The device operates at an operative wavelength of 1.3 um (O-band telecomm applications), where water exhibits a
lower absorption coefficient with respect to 2 = 1.55 um. Both homogeneous and surface sensing have been
demonstrated with the proposed device. SisN4 has a lower refractive index (nsisns ~ 2) With respect to silicon at the
operative wavelength 2 = 1.3 pum, allowing a relaxation of requested gap dimension in order to maintain the single
mode operation [25]. Furthermore, referring to homogeneous sensing, a wider gap dimension (g ~ 200 nm [25])
facilitates a complete slot filling by liquid solutions. The proposed device is characterized by a ring radius R = 70
pum, while the thickness of the SisN4 waveguides is set to 300 nm. The transmission spectrum of the sensor has been
measured by varying the ethanol concentration in the aqueous solution. Depending on that, the cladding refractive
index (n.) has been found to range between 1.33 and 1.42 and a homogeneous sensitivity S; = 212 nm/RIU
(refractive index unit) has been demonstrated, being more than twice larger than that reported for strip waveguides
[27], in good agreement with theoretical predictions. The proposed sensor exhibits a LOD as low as 2x10~* RIU.

The same architecture sketched in Fig. 6, has been demonstrated to exhibit high performance even for surface
sensing, as reported in [27]. In this work authors demonstrate that bovine serum albumin (BSA) protein and anti-
BSA molecular binding reactions can be effectively detected by a label-free slot-waveguide ring resonator, adopting
surface sensing. Although the sensor chip is almost identical to that reported in [39], several additional technological
steps have to be performed in order to functionalize the sensor surface. After a proper cleaning treatment, for
removing organic material and native oxide from sensor surface, the chip has been immersed into aqueous
glutaraldehyde (5%) to allow selective, covalent immobilization of anti-BSA antibodies to the SizN4 sensor surface
through the formation of imine bonds. After an incubation time into an aqueous solution of anti-BSA and other few
chemical treatments, the device has been optically characterized. With such a procedure the sensor surface is
functionalized, and immobilized molecules becomes able to capture, in a selective way, the target molecules.
Reported experimental measures show that a red shift (64) of the resonance wavelength occurs for increasing anti-
BSA concentrations. However, a saturation condition is reached for antibodies concentration of 17.2 pug/mL, due to
the complete coverage of the sensing surface. The sensor overall surface sensitivity can be defined as [27] S;; =
oMoy, where o, represents the surface density of a monolayer of the molecular species to be detected, while LOD can
be calculated by equation (11). The biosensor exhibited sensitivities of 1.8 and 3.2 nm/(ng/mm?) for the detection of
anti-BSA and BSA, respectively, while calculated detection limits are 28 and 16 pg/mm? for anti-BSA and BSA,
respectively.

A very critical aspect concerning photonic bio-sensing is the temperature control. In fact, depending on the material
system used for the sensor device, the thermo-optic effect can considerably affect the final measurements. Thermo-
optic coefficients (K) for typical material systems used in slot waveguide sensors are in the range 10°-10 RIU/K
[19], so a very accurate control (~10-100 mK) is needed to ensure high performance. The temperature effect consists
in modal effective index perturbation due to the bulk refractive index change with temperature variations. As a
consequence, the effective refractive index shift can be written as:

Aneﬁ :AneSfleNSING +An;I'fIfEMPERATURE (12)
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Since sensor sensitivity is strictly related to Ane, according to equations (1),(5),(9), the resonant wavelength shift
will be clearly affected by temperature variations, involving a wrong measure of the parameter to be detected. The
final result is a corrupted measure of biological analytes and molecules of interest. Three are the most common
approaches used for temperature influence reduction: active temperature control, a-thermal waveguide design, and
temperature drift compensation by on chip referencing. The first approach ensures a very high temperature control
(~10 mK [19]), however it inevitably increases both size and cost of the optical chip. The second approach deals
with a proper design of the sensor geometry, balancing the optical mode power percentage in each material in order
to minimize the temperature effect. Such an approach can be very promising due to the different sign of the thermo-
optic coefficient of photonic wires, substrate (Si, SiO, and SizN, with K > 0) and aqueous solution (water has K <
0), and it has been successfully applied in the design of a SOI slot waveguide based ring resonator filter, covered by
a polymer material [38]. An extremely low temperature dependence of -2 pm/K has been reported. Finally, the
compensation by on chip referencing has been successfully adopted [19]. In this work, a low temperature
dependence of —16.6 pm/K has been demonstrated, for a SizN4/SiO, slot waveguide ring resonator sensor array,
simultaneously showing a very high sensitivity as S, = 240 nm/RIU. Furthermore, a differential temperature
sensitivity of only 0.3 pm/K has been reached, by using an on-chip temperature referencing without any individual
sensor calibration. Such a result is very promising for highly parallel chemical assays purpose, enabling good
sensor-to-sensor repeatability. A detection limit of 8.8x10° RIU has been experimentally demonstrated in a
temperature range of 7 K, without any external temperature control.

Furthermore, using temperature drift compensation by on chip referencing, a packaged optical SisN,/SiO, slot-
waveguide ring resonator sensor array for multiplex label-free assays in lab-on-chips, has been fabricated and
proposed [14]. In this work design, fabrication, and characterization of an array of optical slot waveguide ring
resonator sensors, integrated with microfluidic sample handling in a compact cartridge, has been presented. Such a
sensor enables multiplexed, real-time, label-free bio-sensing, also providing reference channels for temperature drift
compensation and control experiments. The sensor cartridge consists of four, permanently bounded layers, bounded
on an alignment platform. Starting from the bottom of the device, there are the optical chip, the fluidics layer, an
adhesive film and the hard plastic shell. A via is realized in all the three upper layers to enable light coupling to the
optical chip. Coupling mechanism is reached by a grating coupler [39], used to couple light coming from an optical
fiber into the input optical waveguide. Such a solution allows high coupling efficiency, simultaneously exhibiting
large coupling angle tolerance. The optical chip is sketched in Fig. 7 below.
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Figure 7. Sketch of SisN,4/SiO, slot-waveguide ring resonator sensor array [14].

Light coupled into the optical chip is split by a Multi Mode Interference (MMI) into eight identical waveguides. Six
of them (namely M1, M2,..., M6) are sensing channels, the channel named REF1 (without any ring resonator) is
used for alignment and laser amplitude compensation, while the channel named REF2 acts as a reference for
temperature compensation, being covered by SiO, layer. The signals coming from the eight channels finally are
properly driven to the photodiode array (red squares in Fig. 7). Two cartridges of the proposed device have been
tested. The first cartridge has been used for homogeneous sensing, with parallel analysis of both ethanol and
methanol. The measured sensitivity has been found to be S; = 246 nm/RIU for both solutions, demonstrating the
high repeatability of sensor performance. Furthermore, a detection limit as low as 5x10° RIU has been estimated.
The second cartridge has been tested for surface sensing of several concentrations of anti-BSA. In this case
waveguide surface has been previously functionalized by a layer of the molecular linker glutaraldehyde.
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Experimental measures have shown a mass surface sensitivity of 1.3 nm/(ng-mm?), while the estimated detection
limit has been found to be 0.9 pg/mm?.

Moreover, homogeneous sensitivity of SizN,/SiO, triple-slot based sensors has been estimated to be improved by
20%, compared to that of a single-slot waveguide [16], as a consequence of a larger localization of the propagating
optical mode E-field in the sensing region. On the other hand, multiple-slot waveguides are inevitably more highly
affected by scattering losses induced by surface roughness, so degrading the sensor performance.

An important aspect to be considered, when slot bio-sensors are used, deals with optofluidic device
reconfigurability. In fact, wetting forces inside the slot channel could be able to trap small amounts of organic liquid
[40], which has a damaging effect on sensor performance. Thermal or chemical approaches have been proposed to
clean the slot region after each sensor usage, in a SisN4/SiO, slot-waveguide based sensor [40].

Till now only SisN4/SiO, based slot waveguide sensors have been reviewed. However, the use of SOI technology
enables to reach higher index difference than that achievable by SisN4/SiO, technology, involving both ultra high
sensitivity and low LOD. The main drawback of Si/SiO, material system use is essentially the increase of scattering
losses induced by sidewalls surface roughness [16,42-46]. However, interesting fabrication solutions [15,47] and
thermal oxidation [48] have been proposed in order to reduce scattering losses. Furthermore, SOI slot waveguide
exhibits very good fabrication tolerances [17] and small sizes. A slot waveguide based ring resonator in SOI
technology characterized by an architecture similar to that sketched in Fig. 8, has been proposed and experimentally

tested [21].

< |

Figure 8. Top view of Si/SiO, slot-waveguide ring resonator sensor [21].

The sensor has a footprint of only 13 umx10 um, which is 150 times smaller than chips made by SisN4/SiO,
previously described [14]. Moreover, it has been obtained with a low cost, standard SOI wafer with 2 um thick BOX
layer and 220 nm thick upper silicon layer. Authors have numerically optimized the cross section dimension of slot
waveguides, in order to maximize the waveguide sensitivity for label-free bio-sensing. Both fabricated input/output
bus and ring resonator slot waveguides have silicon wires width of W=268 nm and gap width g=104 nm, while ring
radius has been set to R=5 pm.

Experimental measures have shown the homogeneous sensitivity of the slot waveguide based ring resonator to be
298 nm/RIU, that is more than four times larger, compared to 70 nm/RIU of a strip waveguide based ring resonator
[49], and 24% larger than that demonstrated in [14]. Furthermore, a LOD as low as 4.2x10°® RIU has been estimated
for homogeneous sensing.

A very debated issue, regarding SOI slot waveguide, deals with the filling of the slot region by water, due to
capillary and surface tension considerations [16]. Such a consideration is confirmed in [14], where it has been
observed that, for a gap width of g~100 nm, calculated sensitivity stands between theoretical sensitivity of a
completely empty slot and theoretical sensitivity of completely filled slot. By this way, the possibility to enlarge the
gap width between the two silicon wires has been theoretically investigated in a recent work [50]. It has been found
that gap width as high as 200 nm can be successfully obtained in SOI technology, still exhibiting very higher
waveguide sensitivities than that obtained with SisN,/SiO, technology. The enlargement of the gap width has been
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also demonstrated [50] to relax sensibly the fabrication tolerances of the sensor. However, a gap width of 100 nm
still enables the sensor to reach ultra-high sensitivity.

Furthermore, the SOI slot waveguide sensor proposed in [14] has been demonstrated to work well for surface
sensing purpose, too. In fact, surface chemistry for selective label-free sensing of proteins has been applied, for the
first time, inside a 100 nm-wide slot region. The saturation condition has been reached for avidin concentration
larger than 10 pg/ml, with a saturation resonance wavelength shift of 2.2 nm, that is 3.5 times more than the shift
obtained for a conventional waveguide-based sensor [49]. It has been shown that the measured wavelength shift lies
between the two theoretical values calculated for completely filled and completely empty slot region, respectively.
By this way, wide improvements are expected with an optimized cross section, involving wider gap, larger
waveguide sensitivity and better fabrication tolerances.

Recently, SOI slotted ring resonator sensitivity improvement for label-free detection of a variety of antigen—
antibody reactions has been proposed [15]. A sensitivity of 10° g/ml has been predicted with the use of: i) an
operative wavelength 4=1.3 um, in order to reduce water absorption; ii) on-chip temperature compensation able to
maintain temperature within £0.005 K, in order to avoid thermo-optically induced variations of the resonance
wavelength, as discussed above for SisN4/SiO, slot waveguides; iii) specific adsorption of the bioreceptor protein to
the resonator surface, limiting the adsorption on non device regions; iv) improvement of quality factor Q of the ring
resonator by smoothing the surface roughness through isotropic chemical dry etching (CDE) with CF4+0O, plasma
with a high O, content (O,/CF,4 = 3).

Slot waveguides realized in SOI technology have been also proved to be very suitable for gas sensing purposes, as
demonstrated in [23]. In this work a chip-scale photonic system for room temperature detection of acetylene gas
composition and pressure has been proposed, using a slot waveguide ring resonator coupled to a single slot
waveguide straight bus. The sensor operates in the spectral window around 1550 nm. The experimentally measured
sensitivity of the sensor has been found to be 490 nm/RIU, in good agreement with the theoretically predicted value.
Such a result is sensibly higher than sensitivity values found for aqueous solution cladding, being the refractive
index of gases typically much lower than liquid solutions. Moreover, the very good agreement between theoretically
predicted and experimentally measured sensitivity confirms the complete filling of the slot region by gas, differently
from the aforementioned not complete filling in presence of an aqueous solution. In fact, gasses do not exhibit any
relevant problems in terms of capillary and surface tension. The LOD reported by authors is of the order of 10 RIU,
which is enough to detect the presence of acetylene at room temperature and atmospheric pressure [23]. However,
sensibly lower LODs can be achieved by increasing the ring resonator Q factor, which is only about 5000 in the
proposed device.

Another promising solution, in order to fabricate slot waveguide based bio-sensors, is provided by polymeric
materials [32,51]. Polymers are cost effective and fabrication process is easy to be performed, but the principal
drawback of polymeric materials is their low refractive index. Reduced index contrast between guiding material and
cover region obviously implies larger sizes of the waveguide, in order to avoid cut-off condition. Furthermore,
according to equation (6), light-analyte interaction in the slot region will result as very weak, due to the poor field
discontinuity at the boundary between polymer and cladding. To overcome such a problem, multiple slot
waveguides have been proposed in SU8 polymeric material, as sketched in Fig. 9.

H20

Figure 9. Sketch of SU8/SiO, multiple slot-waveguide [32].

It is intuitive that, with increasing the number of slots, the waveguide sensitivity should tend to increase. Obviously,
the number of slots practically achievable in a slot waveguide is limited by technological considerations, scattering
losses, single mode operation and light coupling mechanisms. However, both homogeneous and surface sensing
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have been demonstrated by using a reasonable (and optimized) number of slots, i.e. three [51]. In case of
homogeneous sensing, sodium chloride (NaCl) solutions in deionized (DI) water with mass concentrations 0 % - 4%
has been used to determine the device sensitivity, obtaining the relevant result of 244 nm/RIU. Furthermore, cured
SU8 has an hydrophobic nature, making it very suitable for surface sensing purpose. In fact, protein molecules have
been immobilized to the waveguide surface through physical adsorption, in order to form a monolayer. Biotin-BSA
has been used to characterize the sensor, showing a sensitivity of 1.2x10™ RIU/nm.

3. DIRECTIONAL COUPLER BASED SENSORS

Ring resonator based sensors are not the unique possible solutions in order to achieve high performance slot
waveguide based sensors. Another efficient sensor architecture is represented by the passive directional coupler, as
sketched in Fig. 10.

(@)

Figure 10. Sketch of single (a) and multiple (b & c) slot-waveguide based directional coupler.

The operative sensing principle used for directional coupler is briefly discussed below. With reference to Fig. 10 (a),
light is coupled in the slot waveguide designated as (1), with an input power P,. Input waveguide is covered by a
proper cladding medium characterized by a refractive index n.', in order to avoid any interaction between
propagating light and analyte, while sensing waveguide (2) interacts with the substance to be detected. After a
certain distance (z = L), named coupling length, maximum power transfer into waveguide (2) will occur.

Such a device can be effectively modeled by combining the coupled mode theory (CMT) and supermode theory,
obtaining an analytical expression for the optical power inside the two waveguides, as a function of all relevant
geometrical and optical parameters involved in the design. In particular, assuming both waveguides to be mono-
modal, CMT states that optical mode amplitudes, propagating in each waveguide A; and A, for waveguides (1) and
(2), respectively, are related each other by the following coupled differential equations:
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where z is the propagation direction, j is the imaginary unit, ky=27/A is the free space wavenumber Nefr1 @Nd Nggr o are

the effective indices of modes propagating in isolated waveguides (1) and (2), respectively, ( 20F is the spatial
distribution of the electric field in the unperturbed waveguide (m), w=2=c/4, c is the light speed in vacuum, 4¢ and S
are the dielectric permittivity perturbation and the surface of perturbation, respectively. By solving for the field
amplitude A; and A,, it could be easily found that the normalized transmitted powers at the output port of
waveguides (1) and (2) are:

k. k o
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P, k. .k, r. 2
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/s k., —k
5:z(neff,2 _neff.l)_{_%
Ky,K,y +6°

If the waveguides are sufficiently spaced, k,, coefficients tend to vanish, depending on the squared module of the
evanescent mode field integrated on the perturbation area, so equations (14) can be simplified. Furthermore,
according to the supermode theory, Q parameter can be conveniently calculated as:

Q :%(neﬁ,s _neff,A) (15)

where negrs and nega are the effective mode indices of symmetric and antisymmetric supermodes of the whole
structure, respectively. Since both Q and ¢ depend on the cover medium refractive index (n.), the power detected at
the output of the two waveguides will vary, too, according with equations (14). Homogeneous sensitivity can be
therefore defined as:

oT,
S =
6n (16)

Cn_n

where T, is the normalized power at the output of waveguide (1), n. is the refractive index of the cladding medium
covering waveguide (2), and ny is the value of n. in absence of the substance to be detected.

A theoretical analysis of a SOI slot waveguide directional coupler sensor has been performed in [24], oriented to
glucose concentration detection in an aqueous solution. In this work, authors propose the use of Teflon as a cover
medium for waveguide (1), due to its very poor index difference with respect to water refractive index (n."-n.°~0.02
[24]). Overall sensitivity defined by equation (16) obviously depends on both waveguide sensitivity (defined in
equation (1)) and device length. In particular, overall sensitivity S exhibits a periodic behavior with respect to L,
according to equations (14),(15),(16), and relative maxima have been found to increase with increasing L. The
length of the directional coupler has been fixed to 400 um, as an appropriate trade-off between coupler sensitivity
and device footprint. Theoretically estimated sensitivity of the sensor is S = 500, simultaneously exhibiting the
relevant LOD of ~10”° (0.1 g/L minimum detectable glucose concentration). Another slot directional coupler sensor
has been proposed in [52], involving three SOI coupled slot waveguides. Differently from [24], in this work the
entire structure is covered by the chemical solution to be analyzed, so the parameter ¢ in equations (14) can be
reasonably assumed to vanish. Such a consideration leads to an equivalence between Q and coupling coefficients (all

413



IJRRAS 11 (3) e June 2012 Passaro & al. e Photonic Structures Based on Slot Waveguides

equal to k), which varies depending on the concentration of analyte dissolved in the cladding aqueous solution. The
normalized device transmittance has been found to vary periodically with respect to the analyte refractive index, so
it is needed to optimize the sensor geometry in order to bias the sensor at the maximum slope point. Proposed device
has length L=1607 pm and exhibits a sensitivity of S= -172 RIU™ in the bias point of negative slope (around
n.=1.34), corresponding to the detection of glucose in an aqueous solution. Furthermore, the same sensor shows a
still relevant sensitivity of S=155 RIU™ in the bias point with positive slope, around n.=1.36, whose value can be
assumed for detection of ethanol dispersed in DI water.

An improvement of results obtained in [52] has been achieved in another work [53]. Authors adopted a basic
structure similar to the previous one, however this time the gap region of the center slot was filled by Teflon. Such a
design variation involves a difference in the propagation constants of the unperturbed center waveguide with respect
to those of lateral slot waveguides, leading an increased sensitivity. The length of the proposed sensor is L=1247 um
(more compact than that in [52]), while theoretically estimated value of sensitivity is $=285 RIU™, around
n.=1.3341. The same device has been proved to reach a higher sensitivity, $=645 RIU™ around n.=1.3636.

In conclusion, photonic sensors based on directional couplers have been theoretically proved by several authors to
exhibit high performances. However, they have the drawback of a very large device length, so increasing the device
footprint and simultaneously enhancing problems related to scattering losses induced by surface roughness. By this
way, a good trade-off between sensitivity and device length needs to be achieved, in order to make such devices a
feasible solution for sensing purposes.

4. CANTILEVER BASED SENSORS

Another interesting sensing architecture, proposed in very recent years, concerns with horizontal slot waveguides.
Differently from vertical slot waveguides, such a device exhibits its performance if excited by a TM-like
polarization, because only the E,-field component can experience a discontinuity at the boundary between high and
low index media.

Compared to vertical slot waveguides, which are usually fabricated by an etching process, horizontal ones can be
fabricated by deposition of multiple layers or thermal oxidation, strongly reducing the fabrication constraints related
to slot thickness (e.g. lithographic resolution, anisotropic etching). Furthermore, horizontal slot waveguides exhibit
very low scattering losses due to the small surface or interface roughness. Propagation losses as low as 6.3 £ 0.2
dB/cm and 7.0 + 0.2 dB/cm have been experimentally demonstrated for single and multiple SOI horizontal slot
waveguides, respectively [54]. An optomechanical sensor based on horizontal slot waveguides has been proposed
[55]. The sensor consists of an input straight waveguide, coupled to an horizontal slot-waveguide based disk
resonator, as sketched in Fig. 11.

functionalized
surface

Figure 11. Scheme of a horizontal slot waveguide based disk resonator.

In practice, such a disk acts as a cantilever, and the propagating optical mode effective index has been found to be
sensitive to possible variations of the gap thickness t. For example, such a variation could be induced by the
absorption of target molecules on the cantilever surface (if properly functionalized). A sensitivity as high as 33 nm’
! has been calculated [55], which demonstrates that horizontal slot waveguide can be a very promising solution,
compared to the state of the art of cantilever based sensors.

On the other hand, cantilever sensors based on horizontal slot waveguides exhibit some drawbacks. First of all, it is
very important to ensure that only particles or molecules involved in sensing detection are responsible for the
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variations of t. Furthermore, mechanical deformations occurring at each measure, will inevitably reduce the sensor
lifetime.

5. SLOT WAVEGUIDES FOR MOLECULAR TRANSPORT AND NANOPARTICLE HANDLING

The advent of Lab-On-Chips has lead to an even more need of accurate handling of fluid samples, so great efforts
have been done by scientific community in order to increase the know-how in the field of optofluidics, which
appears to be the most promising solution to join together optical and fluid handling functions.

Nowadays, the state of the art in particle handling consists in the use of optical tweezers, which are based on a
highly focused laser beam to provide an attractive or repulsive force (~pN, depending on the refractive index
mismatch) to physically hold and move nanoparticles. However, optical tweezers have some intrinsic drawbacks
[56], represented by the inability to generate the required forces on small objects over long interaction distances
(remote handling), the diffraction limited spot size and the use of free-space optics, which excludes integration with
other components and requires high control of alignments.

In recent years, several works [56-59] have shown that evanescent field of an optical mode, propagating into an
optical waveguide, is able to generate trapping forces similar to that generated by optical tweezers. This statement
leads the possibility to use integrated optical components with microfluidics in order to take a great step forward in
the field of optically driven particle transport. Obviously, the use of integrated optics is very attractive in order to
reduce cost and size of such a devices, simultaneously enabling the fabrication of extremely compact and robust
integrated chips.

Optical waveguide based trapping structures use solid core structures to drive the guided mode (source of the
trapping force), but employ a fluid cladding, such that particles suspended in solution can interact with the
evanescent mode field outside the waveguide. The propagating mode allows radiation pressure propulsion of
particles along the waveguide length. However, for conventional waveguides the evanescent field contains only a
small fraction of the total power, generating a weak optical force.

In this context, slot waveguides represent an unique solution, providing a very high optical intensity in a narrow slot
region (avoiding any diffraction limit), able to exert the required force on the nanoparticle. The use of SOI slot
waveguides has been proposed for trapping and transporting 75-nm dielectric nanoparticles and I-DNA molecules
[60]. The two forces involved in the trapping mechanism are sketched in Fig. 12.

nanoparticle

Forop Firap

Figure 12. Scheme of the trapping mechanism of nanoparticles with slot waveguides.

The force Fyqp in Fig. 12 is the radiation pressure force, responsible for optofluidic transport, while Fy4, is the
trapping force holding the nanoparticles within the slot region.

The proposed device operates at the wavelength of A = 1.55 um and it has been experimentally demonstrated to be
able to trap polystyrene nanoparticles (refractive index n = 1.45) with diameters of 75 and 100 nm in slot
waveguides with gap width of 100 and 120 nm, respectively. In all cases, the TE-polarized input optical power
coupled into the waveguide is less than 300 mW.
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In addition to the ability of trapping nanoscale matter, the proposed device has been demonstrated to be able to
transport it optically. This capability leads to very interesting future developments in the field of active
nanoassembly and optically driven bioanalytics [61].

Further future improvements of the slot waveguide based optical transport technique may also allow to develop new
biomolecular separation mechanisms or new methods of interrogating single molecules for rapid sequencing or
direct haplotyping [60,62-63].

In another work, an analysis of optical trapping and transport of sub-100 nm polystyrene and gold nanoparticles in
Si/SiO; slot waveguides, has been performed [64]. Authors demonstrate as a stable trapping and transport can be
achieved for 10 or 20 nm diameter particles, with an increase of trapping stiffness as much as 100 times, compared
with the state of the art.

Slot waveguides have been demonstrated to be extremely efficient in sorting micro-particles, too. In fact, an on-chip
microparticle passive sorting device has been recently demonstrated [65], showing that the optical force in the
vertical direction exerted on small particles (diameter < 1 pm) by the slot waveguide is larger than that achievable
by a conventional channel waveguide, while the latter provides a stronger vertical force on large particles (diameter
> 1 um). The in-plane optical force provides a double-well trapping potential for small particles only. The device
consists of a 3-dB slot waveguide optical splitter and a conventional channel waveguide. Experiments have been
carried out in which small (320 nm diameter) and large (2 um diameter) particles are brought to the splitter by the
channel waveguide. As expected, small particles are transferred to the slot waveguide, while large particles still
remain in the channel waveguide. This method is a promising approach, making very simple, effective and
automated to sort sub-micron particles, simultaneously matching the requisite of low power consumption (20 mW in
author’s experiments).

6. OVERALL CONCLUSIONS
Photonic sensors, in particular those based on slot waveguides, represent a real revolution in chemical and
biochemical sensing technologies. Some of their most important features can be listed as follows:

o Extremely high selectivity and sensitivity;

e  Multi-variable and parallel processing in a chip;

e  Wavelength readout (noise and interference immunity);

e Low-cost and high integration with front-end and support electronics systems (silicon, CMOS-compatible

processing);
e Real-time processing.

The silicon-on-insulator technology platform allows to integrate Photonics (laser, sensing architecture, photo-
detector) and CMOS-Electronics on the same chip in partially monolithic form to constitute the so called Lab-on-a-
chip photonic system. Moreover, the refractive index contrast of the Si/SiO2 material system, enables a record
reduction in photonic device footprint with ultra-high performance and portability. In all cases, the use of slot
waveguides has been proven to be advantageous over conventional waveguides (e.g. photonic wire, rib, ridge
waveguide) in terms of sensitivity and potential use in applications requiring the fusion of nanophotonics and
nanofluidics. Future work is expected to be focused on the optimization and experimental demonstration of some of
the reviewed sensing configurations, extension to other material systems, and development of new sensor
architectures based on slot-waveguides for ultra high performance lab-on-chip platforms.
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