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Abstract: We present a slot-waveguide-based ring resonator in silicon on insulator (SOI)
with a footprint of only 13 �m � 10 �m, fabricated with optical lithography. Experiments
show that it has 298 nm/RIU sensitivity and a detection limit of 4:2 � 10�5 RIU for changes in
the refractive index of the top cladding. We prove for the first time that surface chemistry for
selective label-free sensing of proteins can be applied inside a 100 nm-wide slot region and
demonstrate that the application of a slot waveguide instead of a normal waveguide
increases the sensitivity of an SOI ring resonator with a factor 3.5 for the detection of
proteins.

Index Terms: Biosensor, ring resonator, silicon on insulator, slot waveguide.

1. Introduction
Integrated label-free optical biosensors can contribute to major advances in medical diagnostics,
food quality control, drug development, and environmental monitoring and offer the prospect of
being incorporated in laboratories on a chip [1]. These chips often have to provide multiparameter
analysis, for which they need to harbor many compact and sensitive sensors and, therefore, are
preferably made in a high-index-contrast material system. Additionally, the sensor chips usually
need to be disposable, meaning that the chip will only be used once in order to avoid complex
cleaning of the sensor surface after use [2]. Therefore, fabrication of the photonic chip needs to be
cheap, which can be achieved by making the chips in high volume with mass fabrication
techniques.

In [3], we described a silicon-on-insulator (SOI) ring resonator, which has 70 nm/RIU sensitivity
for bulk changes of the refractive index and showed a 625 pm saturation shift of the resonance
wavelength for label-free sensing of proteins with the well-known strong affinity couple biotin/avidin.
In this paper, we present a more sensitive sensor in which the light-matter interaction is improved by
the use of slot waveguides. This are waveguides with a narrow low-refractive-index region in
between two ribs with high refractive index, which are known to enhance the transverse-electric
(TE) polarized field in the low-index slot region [4].
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The authors in [5] presented a slot-waveguide-based ring resonator for biosensing in the low-
index-contrast material system Si3N4 on SiO2 with 140 �m � 140 �m footprint and a 200 nm-wide
slot region. It showed to have 212 nm/RIU sensitivity and was characterized for label-free sensing
with BSA/anti-BSA in [6].

The novel aspects we present in this paper are twofold. First, we show a device with comparable
performance to the sensor presented in [5] and [6] but with a 150-time smaller footprint that has been
fabricated in the high-index-contrast material system SOI. We think this is an important step toward
integration of this kind of sensor in a sensor matrix. Also, it is fabricated using mass fabrication
compatible optical lithography, which opens the way toward cheap, disposable chips. Second, we
prove for the very first time that it is possible to apply surface chemistry inside a slot region that is only
100 nm wide. This is of great importance for the application of nanophotonics for biosensing.

2. Toward More Sensitive Resonant Waveguide-Based
Label-Free Biosensors
A waveguide-based resonator can be used as a biosensor by applying a proper surface chemistry
to the waveguide surface. This will result in a thin layer on top of the waveguide that contains
receptor molecules that are specific to the analyte, the molecule that one wants to detect. When the
resonator is brought into contact with a fluid containing this analyte, the analyte will bind to the
receptor molecules at the surface of the waveguide, causing a thickness change of the layer on top
of the waveguide. The effective index of the resonator waveguide mode will change proportionally
to the number of binding events, resulting in a corresponding change of the resonance wavelength

�� …
�neff � �res

ng
(1)

where �neff is the change of the effective index caused by the analyte binding, �res is the initial
resonance wavelength, and ng is the group index. By using the group index in the nominator instead
of the effective index, first-order dispersion is taken into account.

This model is valid when the number of binding events is large enough to assume uniform binding
of the analyte to the sensor surface. When approaching single-molecule detection, the effective
index change �neff will typically depend on the exact binding locations of the analyte molecules. As
the detection limit of the sensor described in this article is far from the single-molecule detection
limit, we can work with this model.

There are two important routes to improve the detection limit of the sensor: one approach is to
maximize the quality factor of the resonator, which will decrease the impact of noise on the
determination of the resonance wavelength [7]. Another approach is to maximize the average
resonance wavelength shift per binding event by increasing the interaction of light and biomolecules
that get attached to the waveguide surface. When using a normal photonic waveguide with a
rectangular cross section, only the evanescent tail of the waveguide mode will interact with the
biomolecules. By etching a narrow slot in the middle of the waveguide, however, a vast fraction of
the quasi-TE mode will be concentrated in that slot [4], causing it to have more interaction with
analyte molecules binding to the waveguide surface in the slot region and improving the sensitivity
of the sensor.

3. Optimization of Silicon Slot Waveguides for Label-Free Biosensing
Using the film mode matching tool Fimmwave [8], we optimized the slot width and rib width of a
silicon slot waveguide for label-free biosensing of proteins. As will be explained in Section 4.2, we
experimentally characterized our sensor by sensing the interaction of avidin with biotin attached to
the surface of our resonator. For the optimization in this section, we used a simple model of this
experiment:

Before the slot waveguide is brought into contact with avidin, we model it based on the physical
parameters of our wafers as a 220 nm-high silicon waveguide completely covered with a 4.5 nm-thick
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layer with refractive index 1.45 (see the inset in Fig. 1), which represents 2 nm native oxide and
2.5 nm functional layer with receptor molecules [9], [10]. Complete saturation of the slot
waveguide with avidin, when all the binding sites at the waveguide surface are occupied, can be
modeled by an additional 5 nm layer with refractive index 1.45 [10].

Note the importance of simulating changes at the surface of the waveguide for the optimization,
rather than simulating changes of the bulk refractive index of the top cladding of the waveguide. The
latter would result in a waveguide with maximal power fraction in the top cladding, while for label-
free sensing, the interaction of light with surface changes is more important.

As a function of slot width and rib width, the effective index of the waveguide was simulated once
for 4.5 nm biolayer thickness (model for initial surface chemistry) and once for 9.5 nm biolayer
thickness (model for saturated surface). By using (1), the difference in effective index,
�neff … neff ;9:5 nm � neff ;4:5 nm, was used to calculated the expected resonance wavelength shift of
a resonator based on this slot waveguide.

The contour plot in Fig. 1 shows the calculated resonance wavelength shift as a function of slot
width and rib width. In this range of the parameters, the sensitivity increases with decreasing
slot width. A slot width down to 100 nm is feasible with our technology. When in that case the silicon
rib width is chosen to be 210 nm, our simulation shows that a 5.4 nm resonance wavelength shift at
saturation of the biosensor is achievable. A similar simulation on a normal 500 nm-wide silicon wire,
as used in [3], shows that the optimal slot waveguide presented here can increase the sensitivity of
a wire-based sensor by a factor of 8.

4. Experimental Characterization of the Sensor
We present a ring resonator comprised of SOI slot waveguides with 104 nm slot width and,
unfortunately, a suboptimal 268 nm rib width. The device is fabricated with 193 nm optical lithography
[11], and is displayed in Fig. 2. Its waveguides are 220 nm high and are separated from the silicon
substrate by 2 �m buffer oxide. The ring has a 5 �m bending radius and two access waveguides. To
enhance the coupling efficiency in the directional couplers, the access waveguides are identical to
the ring resonator slot waveguide. The mode conversion between the fundamental quasi-TE mode
of a normal waveguide, and that of the access slot waveguide is done by an 8 �m-long adiabatic
taper [12].

In our experiments, the input and output signals were carried by single-mode fibers that were
quasi-vertically coupled to the photonic chip using grating couplers [11]. The polarization was tuned
for maximum coupling to the fundamental quasi-TE mode of the silicon waveguides by using

Fig. 1. Theoretical shift (nm) of a resonant biosensor based on a silicon slot waveguide as a
function of the slot width S and rib width W of the waveguide when the sensor is saturated with
proteins. The single-mode regime for the quasi-TE polarization is indicated.
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polarization controllers. The temperature of the chip was fixed at 20 �C with a Peltier cooler. When
characterizing the sensor for bulk refractive index sensing (see Section 4.1), the pass spectrum of
the ring resonator was analyzed with 5 pm resolution by using a tunable laser and power detector.
In the protein interaction experiment (see Section 4.2), light was generated with a super
luminescent LED with its central wavelength at 1530 nm and the pass spectrum of the ring
resonator was measured every 10 s with an optical spectrum analyzer with 100 pm resolution. The
alignment of the input and output optical fibers was fixed in that experiment by gluing them to the
grating couplers with ultraviolet-curable glue.

4.1. Sensing Refractive Index Changes in the Top Cladding
We measured the sensitivity for refractive index changes in the complete top cladding of this slot-

waveguide-based ring resonator by flowing aqueous NaCl-solutions with different concentrations
over the sensor. We used a flow cell with a 7 mm3 closed channel to control the concentration by
avoiding evaporation and to allow easy switching between different liquids. The sensor surface was
not chemically modified for this experiment. Fig. 3 shows the shift of a resonance dip in the pass
spectrum of the ring resonator when different salt concentrations are flown over. Lorentzian fitting
was used to determine the resonance wavelength.

Fig. 4 shows the linear shift of the resonance wavelength as a function of the top cladding index,
where the refractive index of the salt solutions at a wavelength of 1550 nm [13] was used. The
sensitivity of the slot-waveguide-based ring resonator with 104 nm slot width and 268 nm silicon rib
width is 298 nm/RIU as compared to 70 nm/RIU for a normal-waveguide-based ring resonator [3].

As it is often a matter of debate whether water enters a 100 nm-sized slot region or not, we
simulated the effective index change of our slot waveguide for changing the top cladding index
using the film mode matching tool Fimmwave [8], once assuming the slot region to be completely

Fig. 3. Resonance dip in the pass spectrum of the slot-waveguide-based ring resonator for different salt
concentrations. The measured spectrum is shown in gray, while the Lorentzian fits are shown in black.

Fig. 2. Top-view scanning electron microscope image of the slot-waveguide-based ring resonator.
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