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We present a novel silicon photonic biosensor using
phase-shifted Bragg gratings in a slot waveguide. The op-
tical field is concentrated inside the slot region, leading
to efficient light-matter interaction. The Bragg gratings
are formed with sidewall corrugations on the outside of
the waveguide, and a phase shift is introduced to create
a sharp resonant peak within the stop band. We experi-
mentally demonstrate a high sensitivity of 340 nm/RIU
measured in salt solutions and a high quality factor of
1.5 x 10%, enabling a low intrinsic limit of detection of
3 x 10~* RIU. Furthermore, the silicon device was fabri-
cated by a CMOS foundry, facilitating high-volume and
low-cost production. Finally, we demonstrate the device’s
ability to interrogate specific biomolecular interactions,
resulting in the first of its kind label-free biosensor.

Schematic diagram of the sensor.

1. Introduction Nearly all of these sensors are based on measuring
the change in the refractive index (RI) of the sur-
Silicon photonic biosensors have demonstrated great rounding environment, which allows for real-time

potential for label-free on-chip detection of biomole- and direct detection of molecular interactions near
cules [1, 2]. Various optical structures [3, 4], such as the sensor surface. Fundamentally, the sensitivity is
microring [5-11] and microdisk resonators [1], determined by the overlap between the electric field

Bragg gratings [12], and photonic crystals [13-15], and the analyte. In many silicon photonic sensors
have been developed on the silicon-on-insulator (e.g., strip-waveguide-based ring resonators [S5—11]
(SOI) platform for biological sensing applications. and Bragg gratings [12], disk resonators [1], conven-
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tional photonic crystals [13, 14]), the majority of the
electric field is confined in the high-index material
(i.e., silicon), thus it is difficult to interact with the
analyte efficiently and the sensitivity is low. To en-
hance the sensitivity, an effective solution is to use
slot waveguide structures [16,17]. In slot wave-
guides, the electric field is concentrated inside the
low-index slot, leading to an increased field overlap
with the analyte and hence a higher sensitivity. A
slot waveguide ring resonator was first developed
for biosensing applications by Barrios et al. [18] on a
Si3N4—SiO, platform, showing a bulk sensitivity of
212 nm/RIU (refractive index unit). This structure
has also been demonstrated on the SOI platform by
Claes etal. [19], showing a higher sensitivity of
298 nm/RIU; as well as a much smaller footprint due
to the high index contrast of the material system.

The limit of detection (LOD) is another impor-
tant parameter to evaluate the sensor performance,
which is often defined as the minimum detectable
RI change. For single-resonator silicon photonic sen-
sors, the LOD depends not only on the sensitivity
but also on the resonance quality (Q) factor and the
system noise [1, 20]. For the purpose of comparing
different single-resonator sensors (neglecting the
measurement system noise), the intrinsic LOD can
be defined as the RI change corresponding to one
resonance linewidth, which is inversely proportional
to the sensitivity and the Q factor [1]. Therefore, it is
necessary to have both high sensitivity and high Q
factor to minimize the intrinsic LOD. The afore-
mentioned slot waveguide ring resonators have
shown high sensitivities, however, their Q factors are
typically very low, which is primarily limited by high
bending loss, scattering loss from waveguide rough-
ness, and mode mismatch loss [19]. Although Baehr-
Jones etal. [21] demonstrated slot ring resonators
with exceptionally high Q values (>20,000 in air) in
2005, they pointed out that there are significant chal-
lenges in the design and fabrication. Thus, their re-
cord Q values have not been reproduced since then,
and in fact, other reported Q values since then are
much lower (e.g., Barrios et al. reported Q =330 in
Ref. [18] and Claes et al. reported Q = 1800 in Ref.
[19], both in water). Moreover, in general, ring reso-
nators have limited free spectral ranges (FSR) and
demanding tolerance on the structural geometry
(e.g., in order to achieve a high extinction ratio, the
critical coupling condition must be satisfied, which
requires a strict control of the coupling region). Re-
cently, another structure called a slotted photonic
crystal [22, 23] has gained attention in this field due
to its small modal volume and greatly enhanced
light-matter interaction. However, it presents addi-
tional design and fabrication challenges.

In this paper, we propose a simple optical biosen-
sor using phase-shifted Bragg gratings in a slot wave-
guide and demonstrate it on the SOI platform. Since

the device is based on a slot waveguide, its sensitiv-
ity is expected to be comparable to that of slot wave-
guide ring resonators [18, 19]. A phase-shifted Bragg
grating structure [24-26] is built on the slot wave-
guide and generates a sharp resonance peak in the
transmission spectrum. This peak exhibits a signifi-
cantly enhanced Q factor compared to slot wave-
guide ring resonators, since it does not suffer from
the aforementioned bending and mode mismatch
losses. Therefore, by combining the high sensitivity
of the slot with the high Q factor of the phase-
shifted Bragg gratings, we obtain an intrinsic LOD
of 3 x 10~ RIU at 1550 nm. To our knowledge, this
is the best experimental result for slot-based biosen-
SOfTS.

Additional advantages of this sensor include sim-
ple optical design, a high extinction ratio, a small
footprint, a large range for RI change (owing to sin-
gle-mode operation), rapid integration with micro-
fluidic channels, and compatibility with commercial
CMOS fabrication technology. Commercial CMOS
compatibility is particularly important for producing
high-volume, low-cost, and possibly disposable sen-
sor chips by leveraging the economies of scale of the
CMOS foundry process [27, 28].

To evaluate the performance of this sensor, the
silicon chip is integrated with a reversibly bonded
polydimethylsiloxane (PDMS) microfluidic chip. We
observe that the experimental performance of the
sensor is in excellent agreement with numerical si-
mulations. The performance of the biosensor in a
modified biological sandwich assay is also presented.

2. Experiments

2.1 Optics

Figure 1 shows the schematic diagram of the sensor.
The device is designed on a high-index-contrast SOI
platform with a 220 nm silicon layer on top of a
2 um buried oxide layer. The slot waveguide is
formed in the silicon layer, consisting of two silicon
arms separated by a low-index slot region. The wa-
veguide cross section, together with the simulated
mode profile, is shown in Figure 2. The slot width
and the arm width are designed to be 150 nm and
270 nm, respectively, chosen to be compatible with
the CMOS foundry design rules. As shown in Fig-
ure 2, the quasi-transverse-electric (TE) mode has a
high optical intensity inside the slot region. This un-
ique property makes the slot waveguide much more
sensitive to the surrounding fluidics than conven-
tional strip waveguides that use only weak evanes-
cent field tails. The slot waveguide also has weak
evanescent field decaying on the outer sides of the
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Fluidic channel

Figure 1 Schematic diagram of the sensor integrated with
microfluidic channel.

waveguide, which slightly add to the light-matter in-
teraction, and, as will be discussed below, is used for
the construction of Bragg gratings.

As shown in Figure 1, the Bragg gratings are
formed by corrugating the outer sidewalls of the slot
waveguide, where the weak evanescent field decays.
The width of the corrugation on each side is desig-
ned to be 40 nm (i.e., the arm width is 270 + 20 nm).
As the light propagates through the waveguide, the
effective index of the guided mode is modulated by
the corrugations, leading to a stop band in the trans-
mission spectrum. The grating period is designed to
be 440 nm, with a duty cycle of 50%, and the simu-
lated Bragg wavelength is around 1530 nm when the
cladding is water (n = 1.33). To obtain a sharp reso-
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Figure 2 Cross section and mode profile for the slot wave-
guide immersed in water. The mode profile is calculated
using Lumerical MODE Solutions eigensolver.

nance peak in the stop band, a phase shift is intro-
duced into the middle of the gratings, thus construct-
ing a first-order Fabry—Perot cavity with mirrors
formed by two Bragg reflectors [29]. There are 150
pairs of gratings on each side of the phase shift;
therefore, the total length of the sensor is about
132 wm. The footprint, however, is still small because
the sensor is a waveguide that is less than 1 um wide,
with a total area smaller than 132 um?.

The silicon devices were fabricated on a 200 mm
SOI wafer using 193 nm deep-ultraviolet (DUV)
lithography and dry etching. The fabrication was
done at imec through the ePIXfab multi-project wa-
fer service [30]. The fabrication process is compati-
ble with standard CMOS technology and offers high
resolution and mass production capabilities. Figure 3
shows a scanning electron microscope (SEM) image
of the fabricated device. Note that we used square
corrugations in the mask layout, however, the grat-
ings actually fabricated are smoothed due to litho-
graphic effects during fabrication, as clearly shown
in Figure 3. Such smoothing effect is common to the
fabrication of Bragg gratings on waveguide sidewalls
using DUV lithography [31-33], however, it can be
predicted using lithography simulations [34].

In our experiments, light is coupled in and out of
the silicon chip via integrated fiber-to-waveguide
grating couplers [35]. The grating couplers are
placed far away from the sensing devices in the mi-
crofluidic channels. In order to minimize the wave-
guide propagation losses, we used a conventional
strip waveguide (500 nm wide) as the routing wave-
guide. A compact strip-to-slot mode converter simi-
lar to Ref. [36] was designed for the transition be-

' Uniform

grating

Figure 3 SEM image of a fabricated device. Note that the
phase shift in the central region can be identified by me-
asuring the spacing between the grating grooves. Here, the
spacing with the phase shift is 660 nm, corresponding to
1.5 times the grating period.
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tween the strip and slot waveguides. The optical
transmission spectrum was characterized using an
automated fiber array test station, which consists of
a tunable laser source with a wide tuning range and
a small wavelength resolution of 0.5 pm, polarization
maintaining fiber arrays, optical power meters, and
an automated micro-positioning stage for fiber align-
ment.

2.2 Microfluidics and sensing experiments

The microfluidic channels were fabricated using
polydimethylsiloxane (PDMS) soft lithography [37].
Briefly, SU-8 photoresist (MicroChem) was spin cast
onto standard silicon wafers to a thickness of ap-
proximately 80 um. It was patterned using UV expo-
sure through a transparency mask containing the mi-
crofluidic channel designs. After resist development
PDMS prepolymer and curing agent (Sylgard),
mixed at a ratio of 10:1, were cast onto the mold
and cured. The PDMS was then demolded and the
individual microfluidic chips were diced and their in-
let and outlet holes bored. Fluidic connections were
made using friction fit fluid dispensing tips (EFD)
interfaced with standard silastic tubing and con-
nected to a syringe pump (Chemyx Nexus 3000).

NaCl solutions of varying concentrations (in
deionized water) were used for the refractive index
sensitivity calibration of the sensor. For these expe-
riments, the syringe pump was used to deliver de-
ionized water, 62.5mM, 125mM, 250 mM, and
500 mM solutions through the microfluidic channels
atop the sensors, interrupting flow briefly between
reagent changes. The refractive indices of these solu-
tions were measured using a digital refractometer
(Reichert AR200).

3. Results and discussion

3.1 Optical spectrum

Figure 4 shows the measured transmission spectrum
of the sensor immersed in deionized water. As ex-
pected, a sharp resonance peak appears at the centre
of the stop band. The linewidth of this resonance
(full width at half-maximum, FWHM) is about
0.1 nm, corresponding to a (@ factor of about
1.5 x 10* This “in-water” Q factor is much higher
than those of the reported slot waveguide ring reso-
nators [18, 19] and the slotted photonic crystal cav-
ities [22]. Also of interest is that the resonance peak
exhibits a large extinction ratio of more than 20 dB,
which is rarely seen in other slot-based biosensors

Q=1.5x10*

Power (dBm)

1520 1525 1530 1535 1540
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Figure 4 Measured transmission spectrum of the sensor
immersed in deionized water.

such as ring resonators. As this work is a proof-of-
concept, we expect that the Q factor can be further
improved. For a phase-shifted Bragg grating, the Q
factor depends on the coupling and the waveguide
loss [24]. The coupling is determined by the grating
strength and length, both of which are adjustable.
The waveguide loss, by contrast, is intrinsic as it
arises from the waveguide roughness and water ab-
sorption. Therefore, the Q factor will be ultimately
limited by the waveguide loss. To optimize the Q fac-
tor, the general approach is to increase the strength
and/or length of the gratings until it reaches critical
coupling condition [1] so that both high Q and high
peak amplitude are attainable. Shifting to the
1300 nm window should also improve the Q factor
because the water absorption is much lower than at
1550 nm.

3.2 RI sensitivity

Figure 5(a) shows the measured transmission spectra
of the sensor covered with different NaCl concentra-
tions. For each concentration, we measured the opti-
cal spectra multiple times (every ~1.5 minutes) to
verify the reliability and repeatability. The peak wa-
velength shift during the six steps is also shown in
Figure 5(b). Since the refractive indices of the salt
solutions are already known, we plot the peak wave-
length shift as a function of the refractive index in
Figure 6. We clearly observe that the experimental
result agrees well with the simulation result. The
sensitivity (S) is 340 nm/RIU, which is higher than
those of the reported slot waveguide ring resonators
[18, 19, 38—40]. We think that the sensitivity can be
further improved by optimizing the waveguide cross
section [17] (e.g. by decreasing the arm width).
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Figure 5 Measurement results for different NaCl concen-
trations: (a) transmission spectra for all the measurements,
(b) peak wavelength shift during the salt steps. Each color
represents a NaCl concentration. Step 1 and 6 correspond
to 0 mM, and Step 2 to 5 correspond to 62.5 mM, 125 mM,
250 mM, and 500 mM solutions, respectively.

Based on the Q factor and the sensitivity, we can
obtain the intrinsic LOD [1]:

LODinginsic = ARy = &
This intrinsic LOD is, to date, the best experimental
result for slot-based biosensors. Additionally, the
theoretical limit for the intrinsic LOD for an ideal
water-based single-resonator sensor operating at
1550 nm is 2.4 x 10~* RIU [1], hence this slot-based
sensor performs close to the theoretical limit.

=3x107* (1)

3.3 Biosensing

To demonstrate the biosensing capability, we con-
ducted a modified sandwich assay involving well-
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Figure 6 Measured and simulated peak wavelength shift
as a function of the refractive index of the salt solution.
For the experimental data, the symmetric error bars are
two standard deviation units in length.

characterized biomolecules with high binding affi-
nities. The results, together with the accompanying
reagent sequencing, are shown in Figure 7(a) and
(b) respectively. Reagents were delivered to the sen-
sor at 10 uL/min via reversibly-bonding PDMS mi-
crofluidics, briefly pausing flow to switch reagents.
To limit the effects of thermal drift, the optical stage
was thermally controlled to 30 °C, thereby negating
minor perturbations in the ambient temperature of
the room. Optical scans of the resonant peaks were
taken every 45 seconds and a signal baseline was es-
tablished using phosphate buffered saline (PBS) for
20 minutes prior to sequencing other reagents. Lo-
rentzian fitting of the optical spectra was used to de-
termine the resonance wavelength.

To orient the capture antibody on the sensor sur-
face, Protein-A (1 mg/mL) was passively adsorbed to
its surface [41, 42] followed by a PBS wash to re-
move unbound or loosely bound protein as shown in
region [A] of Figure 7(a) and (b). Next, the capture
antibody, anti-Streptavidin (antiSA, 125 ug/mL), was
introduced to functionalize the sensor’s surface.
Upon adsorption, the 160 kDa protein results in a
2 nm resonant wavelength shift, as can be clearly
seen in region [B]. To ensure our biological interac-
tions were specific, the functionalized sensor was
challenged with bovine serum albumin (BSA, 2 mg/
mL), as shown in Region [C]. After a PBS wash, the
signal drops towards the pre-BSA baseline, as ex-
pected. We hypothesize that the slight residual BSA
is the result of incomplete rinsing by PBS or by per-
manent adsorption of BSA to the sensor surface re-
sulting from incomplete coverage of the first Pro-
tein-A monolayer [43]. Next, we introduced the
target analyte, Streptavidin (SA, 1.8 uM), resulting
in irreversible binding to antiSA even after the PBS

www.biophotonics-journal.org
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Figure 7 Biosensing experimental results: (a) depicts the
resonance wavelength shifts as the experiment progressed
while (b) illustrates reagent sequencing corresponding to
regions [A-E] in (a). Region A = Protein-A (1 mg/mL),
B = anti-streptavidin (SA) (125 pug/mL), C = Bovine Serum
Albumen (BSA) (2mg/mL), D =streptavidin (SA)
(1.8 uM), E = Biotin-BSA (2.5 mg/mL). Introduction of re-
agent in each region was followed by a PBS-wash, as
shown by the short, black-dashed line mid-way through
each region.

rinse, as shown in region [D]. Finally, to illustrate a
secondary amplification step, capture of biotinylated
BSA (b-BSA, 2.5 mg/mL) to the immobilized SA is
shown in region [E]. To validate that the wavelength
shifts are as expected, we performed a quantitative
analysis on the first protein monolayer based on
observations by Coen et al. [43]. They determined
coverage of the first monolayer on the waveguide
surface to be 10-50% and that the successful immo-
bilization of an IgG’s Fc domain to a Protein-A re-

ceptor occurred on the second or third add layer.
This presents a challenge in quantifying an exact
number of bound molecules, especially for subse-
quent steps where molecules have multiple binding
domains that may or may not be occupied. In addi-
tion, Claes et. al. discovered that biomolecules do
not completely adhere and bind within the slot [19],
creating additional uncertainty for an accurate analy-
sis. Using Lumerical MODE solver, we modelled a
1 nm thick monolayer of Protein-A (42 kDa with a
RI =1.48 [44]) assuming: (1) moderate packing den-
sity on the waveguide surface due to steric hin-
drances, (2) limited diffusion into the slot, and (3) a
sparse 3 nm film representing the second add layer.
The simulated wavelength shift is twice the experi-
mentally observed value, indicating 50% surface cov-
erage with a 1 nm film. Based on the relative size
and molecular weights of the subsequent molecules
[45, 46], the resulting proportional wavelength shifts
are also as expected. This simple assay demonstrates
the specific and selective biosensing capability of our
novel sensor and its potential for use in clinically re-
levant diagnostic settings.

4. Conclusion

In summary, we have designed, fabricated and char-
acterized a novel silicon photonic biosensor using
phase-shifted Bragg gratings in a slot waveguide. By
easily integrating the waveguide sensor with micro-
fluidic channels, we experimentally obtained a high
sensitivity of 340 nm/RIU and a high O factor of
1.5 x 10%, which together result in a low intrinsic
LOD of 3 x 10~* RIU. This sensor also has a com-
pact size, a large extinction ratio, and a large range
for RI change. Finally, the sensor is successfully fab-
ricated using a CMOS-compatible process, showing
great potential for high-volume and low-cost produc-
tion. Future work will include the integration of this
sensor in architectures that allow for multiplexing
and reference sensors, ultimately enabling more so-
phisticated label-free assays. In addition, surface
functionalization strategies and chemistries we re-
cently published in [47] will be explored to demon-
strate its capability as a medical diagnostic sensor
for use in complex media like saliva, serum, and
whole blood.
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