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Design of integrated photonic sensor based on Vernier
effect for very sensitive chemical surface sensing
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Nowadays, detection, analysis and manipulation of single molecules represent the
ultimate goal in medicine, chemistry and biotechnology applications. In this paper, we
propose a photonic sensor based on the Vernier effect for ultra high performance
surface sensing. Two cascaded ring resonators based on a silicon-on-insulator
optimized wire waveguide are designed by using a modeling based on delay line signal
processing, Mason’s rule and finite element method. Surface sensing performance are
very encouraging in optimized architectures. In fact, limit of detection as low as 1.6183
pg/mm?® (i.e., 2.6682 fg), can be theoretically demonstrated for streptavidin sensing.

1. Introduction

Biophotonics represents a strategic research field for expanding the understanding of
biological events such as protein aggregation, DNA hybridization, detection of
biomarkers, virus, and cells. In this context, ring resonators (RRs), Mach-Zehnder
Interferometers (MZIs), liquid core optical ring resonators (LCORRS), surface Plasmon
resonance (SPR) based sensors fabricated in SOI (silicon-on-insulator) technology, have
been widely proposed for label-free detection of biological analytes at pico/molar level.
For example, limit of detection (LOD) as low as 2 fg of analyte on specific biotin-
streptavidin model, and the detection of surface mass density of streptavidin monolayer
of ~ ng mm? have been demonstrated [1]. In this context, Micro- and Nano-photonic
sensors represent a suitable sensing platforms for label-free chemical detection and high-
throughput screening with ultra-high performance.

In this paper, we present the theoretical investigation of a two cascaded ring resonator
(RR) architecture based on the Vernier effect for biochemical sensing. In particular,
Section 2 describes the design of the silicon photonic wire waveguide in SOI technology
optimized for surface sensing and operating in near infrared (NIR). Finally, in Section 3
the photonic sensor architecture is presented, focusing on the operation principle and
sensing performance simulated for streptavidin detection.

2. Waveguide Design and Simulation

The waveguide selected for the design of the photonic sensor based on the Vernier effect
is a silicon wire waveguide in SOI technology, whose cross section is sketched in Fig. 1.
The silicon waveguide has height h = 220 nm (standard SOI wafers), while the width w
has to be selected in order to optimize the waveguide surface sensitivity Ss. The overall
waveguide surface can be chemically functionalized with a biochemical coating of poly-
L-lysine and glutaraldehyde deposited on silicon surface to ensure selective trapping of
streptavidin to be sensed [2].
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Fig. 1. Silicon photonic wire waveguide chemically functionalized for surface biochemical sensing. The
ad-layer thickness is t,q and the waveguide width and height are w and h, respectively.

The thickness of the ad-layer t.q after streptavidin immobilization is about 4+5 nm. The
waveguide surface sensitivity S is defined as [3]:
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where Ones is the shift of the effective index of the propagating optical mode induced by
the ad-layer thickness change ot,q caused by streptavidin trapping. The parameter ny, is
the molecular ad-layer refractive index (RI), Maq is the region in which the ad-layer
thickness increases, n. is the unperturbed cover medium RI, #, is the free space
impedance, P is the Poynting vector and E(x,y) is the electric field (E-Field) vector of the
optical mode as a function of spatial components x and y.

In our simulations based on the finite element method (FEM), we suppose that the
waveguide is exposed to deionized (DI1) water (n, = 1.33). For waveguide optimization,
we have performed surface sensitivity calculation according to Eq. (1), by considering an
ad-layer surrounding uniformly the overall waveguide surface [4] after streptavidin
trapping, characterized by the thickness t,s = 4 nm and the RI n, = 1.45 (see Fig. 1).
Simulations have been executed at the operating wavelength A,, = 1.55 pum, resulting in
silicon RI ns; = 3.45 and silicon oxide RI equal to nsio; = 1.45. Simulation results are
plotted in Fig. 2, evidencing that the maximum surface sensitivity (Ss= 7.86x10™ nm™) is
achieved by quasi- TE optical mode propagating in the silicon waveguide with w = 300
nmand h =220 nm.
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Fig. 2. On the left, waveguide surface sensitivity Ss calculated as a function of the waveguide width w

with h = 220 nm for both quasi-TE and quasi-TM polarizations (t,s = 4 nm). On the right, optical Ey-

Field (top) and E,-Field (bottom) spatial distributions of quasi-TE and quasi-TM polarizations

respectively, in wire waveguide (w = 300 nm, h = 220 nm, to,g = 0 nm).
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The silicon wire waveguide is more sensitive with respect to other waveguide
configurations such as rib (Ss= 2x10* nm™) [5], and slot waveguides (Ss~ 4.7x10™* nm™*
[3], Ss = 5x10° nm™[6]), although they have been designed for surface sensing by
considering the ad-layer growth only on planar waveguide surfaces and not on lateral
sidewalls, too.

3. Multiple Ring Resonator Architecture Based on Vernier Effect

The integration of the optimized silicon photonic wire waveguide in two cascaded RR
architecture based on the Vernier effect results in a ultra-high performance photonic
biosensor [7]. In Fig. 3, the schematic of the photonic architecture is sketched.
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Fig. 3. Schematic of the photonic sensor based on the Vernier effect. Filter and sensor RRs are
characterized by ring radii Ry and R, respectively. Input, output and coupling buses, filter and sensor
RRs are based on silicon wire waveguide optimized for surface sensing (w = 300 nm, h = 220 nm).

In particular, the ring resonator acting as a filter with the radius Ry, receives as input the
optical signal propagating in the input bus at 1o, = 1.55 um. Consequently, the optical
signal is coupled to the sensor RR and guided to the biosensor output. As sketched in
Fig. 3, the whole architecture is covered by an insulating thick cladding (i.e., SiO,), with
the only exception of a window opened on the sensing RR (i.e., the sensible area), where
the liquid sample containing chemical analytes is properly concentrated.

An algorithmic model based on Mason’s rule and delay line signal processing in Z-
transform domain has been implemented for modelling and design of the two cascaded
RR architecture [7]. In particular, sensing performance (i.e., minimum detectable ad-
layer thickness t.qmin) Strongly depends on the silicon waveguide design and sensor and
filter RR lengths Leensor and Liier, respectively [7]. In Fig. 4, transmission spectra of the
photonic biosensor characterized by Lgensor = 690.8 um and Liier = 626.3 pum, are plotted.
When the sensor operates at rest (i.e., tag = 0 nm), the periodic Vernier spectrum with
free spectral range FSRror = 39 nm, exhibits a transmission peak at Ao, = 1.55 um. When
an ad-layer of streptavidin with a thickness of 4 nm is grown on the sensor surface in the
sensible area (see. Fig. 3), a detectable wavelength shift Ai;or = 54.18 nm occurs. The
parameter Ay 1S defined as the difference AAror - FSRyor and it is useful for measuring
large wavelength shifts in the reduced spectral range identified by FSRi: The
configuration described above is able to detect a surface mass density of streptavidin
monolayer as low as 88.48 pg/mm?’ (i.e., 45.23 fg).
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Fig. 4. Transmission spectra of the photonic sensor based on the Vernier effect characterized by Lgensor
= 690.8 um and Lsywer = 626.3 um. The propagating optical mode is quasi-TE polarized.

Finally, the sensor configuration estimated by our calculation and characterized by RR
lengths Lsensor = 2.2281 mm and Lyiier = 2.1236 mm, results to be the optimal one. In fact,
a LOD as low as 1.6183 pg/mm’ (i.e., 2.6682 fg), has been theoretically demonstrated
for streptavidin sensing.

4. Conclusions

In this paper, we have proposed the design of photonic biosensors based on two
cascaded ring resonators (RRs) in SOI technology operating in near infrared (NIR). The
sensor investigated is CMOS-compatible, suitable for mass scale production and
supports the integration of microfluidic systems, resulting in an efficient sensing platform
for Lab-on-chip applications. Theoretical simulations calculated for streptavidin
detection have revealed the lowest LOD of 2.6682 fg.
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