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Abstract: Silicon-on-Insulator (SOI) technology and optical resonators have significantly
influenced the field of photonics for malignancy sensing. Cancer, a malignant disease,
necessitates the precise and advanced diagnostic technique. This study introduces a novel
approach for cancer detection utilizing a micro racetrack ring resonator (MRTRR) integrated
with Subwavelength Gratings (SWGs). The grating pitch size (A) is 300 nm. The findings
demonstrate that the SWG MRTRR achieves high Sensitivity (S) due to enhanced light
matter interaction and weak mode confinement. The SWG MRTRR produces a spectral
envelope as the transmission output, which eliminates the limitation of free spectral range
(FSR). The ‘S’ values obtained for cervical cancer, breast cancer type-1, and breast cancer
type-2 are 1825 nm/RIU, 1705.14 nm/RIU, and 1004.71 nm/RIU. The Q-factor and the
intrinsic Limit of Detection (iLoD) values are 269.68, 280.78, 315.76, 3.28 x 1073,3.37 x 1073,
and 5.09 x 1073, respectively.

Keywords: subwavelength grating; racetrack ring resonator; silicon photonics; integrated
biosensing; photonic integrated circuits; silicon-on-insulator technology

1. Introduction

Optical resonators that emerged from optical waveguides are potential candidates
in various silicon photonic research areas. Numerous applications, including modulators,
filters, and sensors, can be designed through optical resonators [1-6]. The approach to-
wards sensors is suitable for biosensing applications, which encompass a wide range of
applications, including bioterror detection, plasmonic [7], smart home healthcare diagnos-
tics, and fundamental medical research [8-11]. In these sensors, molecular interactions
between the waveguide and the analyte are detected via the evanescent field generated by
wave propagation, a principle that has been central to biosensing research. The sensing
mechanism relies on the evanescent field interaction between the guided optical modes
and the analyte present in the cladding medium surrounding the waveguide core [12].
This evanescent field exponentially decays from the waveguide surface but remains highly
sensitive to variations in the refractive index (RI) of the external medium. Any molecular
binding or refractive index change in the sensing region alters the effective mode index,
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leading to measurable shifts in resonance wavelength or transmission characteristics. These
perturbations enable the precise detection and quantification of biochemical interactions,
making this mechanism highly effective for label-free optical sensing applications [13-16].
The optical properties of the system exhibit measurable changes due to variations in the
effective refractive index (ne¢), which can be easily quantified. The n¢ of the propagat-
ing mode in the waveguide is influenced by modifications in the cladding region. These
modifications occur as a result of bulk analyte changes or molecular binding events on the
surface of the waveguide core. Consequently, these optical sensors demonstrate potential
for label-free sensing and labelled sensing with the real-time observation of molecular
binding [17,18].

The optical waveguides are used to design several types of resonators, out of which
the SWG waveguide is suitable for obtaining high sensitivity (S). To increase the ‘S’ value,
it is required to optimize the interaction between the analytes to be measured and the
evanescent wave. Consequently, to enhance the ‘S’, the silicon (Si) layer of the waveguide
was thinned to allow the wave to escape the Si region. The successive demonstration
of rectangular waveguides and slot waveguides was conducted for RI sensing [19,20].
In addition to the evolution of the waveguide structure, Si-based sensors frequently use
micro-ring resonators (MRRs) with resonance effect that further enhance light-matter
interactions [21-23]. A significant limitation of the MRR structure is their reliance on track-
ing only a single resonance peak, which inherently restricts the Free Spectral Range (FSR).
To address this limitation, a novel approach involving a micro racetrack ring resonator
(MRTRR) integrated with gratings in the waveguides was proposed for cancer-sensing
application. The formation of the envelope spectrum with an enhanced ‘S’ up to three
orders was first introduced by Jin et al. in 2012 using cascaded ring resonators [24]. Such
structures suffer from complex rigorous fabrication tolerances. Therefore, to overcome this
drawback, the SWG MRTRR was introduced for cancer sensing.

Cancer, a death-causing malignancy, is now a common problem across the globe, out
of which breast and cervical malignancies are two of the most significant health challenges
that women worldwide encounter. Breast cancer with type-1 and type-2 is one of the most
frequently diagnosed cancers, with the approximated stats of 2.3 million new cases in
2020, which comprises nearly 12.5% of all new cancer cases, according to a World Health
Organization report [25]. Cervical cancer is less common but it remains a significant hazard,
particularly in low- and middle-income countries. In 2020, there were approximately
604,000 new cases worldwide. Despite the existence of well-established screening and
prevention strategies for both malignancies, disparities in access to healthcare continue
to influence outcomes. For example, the survival rate of breast cancer for five years is
approximately 90% in high-income countries, while it is only 66% in low-income regional
areas. Conversely, the incidence of cervical cancer can be substantially diminished through
early detection and vaccination against human papillomavirus (HPV). This underscores the
significance of health equity and awareness in the management of these diseases. However,
in India, 63 out of 100 deaths occur due to non-communicable diseases, of which cancer
is responsible for 9 out of 100 deaths [26]. These statistics make it the leading cause of
NCDs in Indjia itself. In 2020, the estimated number of cancer patients was 1,392,179, and
the most common locations of the disease were the breast, lung, mouth, cervix, uteri, and
tongue [27,28].

Ultrasound, colonoscopy, mammography, clinical breast exam, magnetic resonance
imaging (MRI), pap smear, HPV testing, and biopsy are the standard screening methods
for the detection of breast and cervical cancers. These methods are precise, but the require a
significant amount of time. Si photonics was identified as a technology that can assist in the
early detection of cancer, as evidenced by recent reports. Using an integrated Si photonic
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MRR, Adam et al. conducted research in 2009 to develop a label-free cancer biomarker.
Adam et al. reported the Si photonic MRR array to visualize the chemical and biochemical
functionality of the sample onto the Si surface in order to capture agents of malignant cells.
The quantification scheme reduces the buffer time required to identify the malignant cell
sample in this method. The attentiveness of unknown carcinoembryonic antigen solvent
in shield can be determined with the label-free format followed via comparable ‘S” and
enhanced precision compared to commercial enzyme-linked immunosorbent assay [2].
Another study was published in 2013 by George et al. that aimed to develop cancer
biomarkers for protein and miRNA using a photonic crystal waveguide. The sensor in
this study was made using a Si-based photonic crystal structure that consisted of SiO,
gratings coated with a thin film of TiO; possessing a high refractive index to facilitate
sensitive detection. An extremely concentrated electric field intensity within a 100 nm
radius of the photonic crystal surface could be produced by this small design by coupling
the excitation from a semiconductor laser’s fluorescence process with the resonant optical
modes of the crystal. [29]. In 2016, Washburn et al. conducted additional research by
developing a multiplexed cancer biomarker for the early detection of a variety of diseases.
The researchers’ conclusion in this study was the development of an integrated Si photonic
circuit for prognostic monitoring. Biomarkers were selected for use in a variety of organ-
specific malignancies, such as those affecting body parts including the ovaries, pancreas,
colorectum, liver, lungs, breast, and prostate. It is crucial to note that specific patient
samples exhibited biomarker “fingerprints” that may be beneficial for a tailored cancer
diagnosis using a minimally invasive technique [30]. Ali et al. published research in
2020 that demonstrated the computational examination of a Si photonic MRR for cancer
detection. The ‘S’ was 200 nm/RIU, and the Q-factor was 1200 [31]. Another study was
conducted by Jokar et al. in 2023 [32] that presented the computational study of a double
elliptical ring resonator biosensor that utilized a photonic crystal. For cervical (HeLa) and
skin (Basal) cancer cells, the reported ’S” and Q-factor were 1170 nm/RIU, 1116.66 nm/RIU,
422.36, and 449.16, as per [32].

In this work, an SWG MRTRR was proposed for the diagnosis of cancers that are
continuously harming women’s health. The malignancy names are cervical cancer and
breast type-1 and breast type-2 cancers. The SWG MRTRR eliminated the limitations of FSR
and enhances ‘S’. The spectral envelope was obtained from the output port of the resonator
to achieve the ‘S’, Quality (Q)-factor, and lower intrinsic Limit of Detection (iLoD). The
resonator structure was designed by utilizing a Si photonics platform. To compute the
structure of the SWG MRTRR, the finite element method-based COMSOL Multiphysics
(version 6.2) was utilized. To ensure faithful electromagnetic wave propagation without
boundary interference, scattering boundary conditions were applied to eliminate unwanted
reflections. The geometry was then meshed using an extremely coarse grid of triangles with
the maximum element size of 264 nm, an element growth rate of 2, a curvature factor of 1,
and a resolution of 0.9. The solver configuration included a wavelength domain study and
a MUMPS out-of-core solver, requiring at least 1.75 GB of physical memory and 1.85 GB of
virtual memory.

2. Structure, Principle, and Design Methodology

This section is focused on the design methodology and the power transmission in the
SWG MRTRR. The SOI platform was used for the geometrical structure in which Si was
used as the guiding material and silica glass (SiO,) was utilized as the substrate. Figure 1a
is the modal cross-sectional representation of the Si waveguide; it shows the evanescent
field was interacting with the bio molecules of the cancer solution. To sense the cancerous
cells, the power in the waveguide was relatively low because most of it leak outside from
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the core region. The structure of the SWG MRTRR was designed with a thickness of 220 nm
marked with industry standards [33]. The geometric design of the SWG MRTRR was
composed of two straight waveguide rails and a racetrack waveguide, popularly known as
an add—drop resonator. The geometry of the racetrack resonator was quite different from a
ring resonator. Here, an optimized coupler section of length L. was inserted in between
two equal halves of the ring resonator. The power was injected from one end of the straight
waveguide. Then, it was coupled to the racetrack waveguide, and, finally, the output was
taken from another port of the straight waveguide, as shown in Figure 1b.
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Figure 1. (a) Mode profile showing analyte interaction in the sensing region; (b) 3D schematic of the
SWG MRTRR illustrating its novel optimized design for cancer sensing; and (c) magnified view of
the coupling region L. highlighting the geometry of coupling of (b).

The SWG MRTRR was composed of the periodic rectangular Si blocks, in which
each grating period (A) was comparatively much lower than the resonant wavelength,
which was 1550 nm to form the subwavelength structure. The electromagnetic field in
the SWG MRTRR travelled perfectly in the direction of propagation despite the multiple
discontinuities of the structure. The dimension of the periodic structure was represented by
W, L, and G, as shown in Figure 1c. "W’ represents the width of the Si waveguide (500 nm),
‘L’ denotes the length of the grating element (160 nm), and ‘G’ is the gap between the coupler
sections (55 nm). The MRTRR featured a bend radius (R) of 10 um, a coupling section length
(Lc) of 7.5 um, grating period (A) of 300 nm, and Si block (W}) length of 160 nm. The choice
of selecting the add-drop racetrack resonator instead of a ring resonator stood in tailoring
the critical coupling condition from the straight waveguide to the racetrack waveguide. The
partial transparent region of Figure 1b shows the sensing region of the resonator, and the
refractive index of this region under normal and cancerous conditions is listed in Table 1.
The refractive indices for the Si core and SiO; substrate at 1550 nm wavelength were
3.476 and 1.444 [11,34,35], respectively, calculated through the Sellmeier equation, given
by Equations (1) and (2), where the Sellmeier coefficients [17,36] for Si are A = 11.6858,
Ay =9.39816 x 10713 m2, A3 =8.10461 x 103 m~2, and A4 =1.1071 x 10~° m; for SiO,
are By = 0.6961663, B, = 0.0684043 pm, B3 = 0.4079426, B4 = 0.1162414 um, B5 = 0.8974794,
and Bg = 9.8961610 um; and

A AZA?
ngi = A1+(A22>+A3</\2i142> )
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Table 1. Refractive index of cancerous and normal cells [37,38].

S. No. Cell Type Cell Condition Refractive Index

. Normal 1.368
1 Cervical Cancerous 1.392
Normal 1.385

2 Breast Type-1
Cancerous 1.399
Normal 1.387

3 Breast Type-2
Cancerous 1.401

The signal transmission in the SWG MRTRR was analysed with the help of the transfer
matrix method (TMM). The wavelength-dependent transmittance of the structure T(A) is
given by Equation (3) [39].

rony — P+ () —2a(A)H()) cos (M)
(A) = 1+ a2(A)t2(A) —2a(A)t(A) cos @(A)

©)

where the amplitude of the round-trip amplitude transfer coefficient is denoted by a(A), the
amplitude of the self-coupling coefficient of the coupled region is denoted by t(A), and the
round-trip phase shift of the wave propagating in the grating-based racetrack waveguide
is denoted by ¢(A). The term cos@(A) is (27t/A) X negL, where neg is the effective refractive
index of the guided mode of the ring waveguide, and L is the total perimeter of the ring
waveguide, including the coupler section. The ‘a’ is the optical loss factor of the ring
waveguide, which is equivalent to exp(-xL). The cross-coupling loss in the coupler is
given by the cross-coupling coefficient ‘k’, which is equal to k = v/'1 — 2. When ¢(A) is the
integer multiple of 277, the resonance condition gets satisfied. After achieving the resonance
condition, Equation (3) becomes:

) —t(h) 1P
"0 = £ i ¥

Here, from Equation (4), it can be concluded that the magnitude of the resonance peaks
was dependent upon the relationship between a(A) and t(A). The power transmission at the
resonance wavelength becomes null when a(A) = t(A), referred to as the critical coupling state.
The resonance peak of the critical coupling exhibiting the highest extinction ratio could be
identified among all the resonance peaks to create an envelope spectrum. Refractive index
sensing is accomplished by monitoring the variation in the spectral envelope in relation to
the cladding refractive index. The cancer RI sensing was no longer constrained by the FSR
of the SWG MRTRR.

When the electromagnetic wave passes through the small periodic arrangement of
gratings in the SWG waveguide, it seems that it passes through the non-grate waveguide
due to the small periodicity, which allowed only a zeroth-order diffraction. The configura-
tion of the rectangular waveguide and SWG waveguide, constructed on the SOI platform,
are shown in Figures 2a and 2b, respectively. Figure 2a illustrates that the strip waveguide
was oriented in the direction of the wave propagation, and Figure 2b possesses a rectan-
gular Si cross-section including gratings. The SWG waveguide consisted of periodically
placed Si blocks in which the A was significantly smaller than the operational wavelength.
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The finite element method (FEM) was utilized to analyse the transverse electric (TE) mode
properties of the rectangular waveguide and SWG waveguide, as shown in Figure 2¢,d.

Figure 2. Comparison of waveguide structures: (a) straight waveguide; (b) SWG waveguide, signify-
ing design differences that influence sensitivity; power transmission profiles at 1550 nm for (c) strip
waveguide and (d) SWG waveguide.

The optical mode in the form of power intensity is expressed in W/m? and shown
in Figure 3. The mode of the rectangular waveguide was primarily confined to the Si
region, as illustrated in Figure 3a. The high RI difference between the core and cladding
part of the waveguide resulted in the presence of only a faint evanescent field near the
surface of the Si waveguide. The distribution of the evanescent field outside the Si core
can be observed in the cross-sectional view of Figure 3b. Then, the optical power was
effectively settled from the Si to the analyte due to presence of a foreign molecule. The wave
in the SWG waveguide induced a Bloch mode, which theoretically propagated through
the grated waveguide without any losses due to diffraction patterns in the cladding or
radiation modes, as shown in Figure 3c. The Bloch mode was delocalized from the Si region
and appeared in the truncation area between the Si segments along the wave propagation
direction. Power confined within the waveguide core was justified by calculating the
confinement factor (I'syp-region), as defined in Equation (5).

II |E(x,y,z)|dxdydz

sub—region

Top—recion =
sub—region ff |E(x,y,z)|2dxdydz

unit—cell

©)
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The I'sub-region is defined as the ratio of a square of an electric field integrating over volume
of the material in a single-unit cell with the period of A. The sub-region of Equation (5)
consists of the confinement of a slot (gap between two silicon segments), confinement of a
silicon segment, and the cladding region. This factor is a critical unitless parameter that
quantifies the extent to which the optical power is constrained within the central region of
the waveguide. It is a metric that quantifies the extent to which the intensity distribution of
the optical mode overlaps. The power confinement factors of the rectangular waveguide
and SWG waveguide for the normal and cancerous cells of cervical cancer and breast type-1
and breast type-2 cancers are calculated in Table 2 and contrasted in order to quantitatively
characterize the releasing light-wave field performance of the rectangular waveguide and
SWG waveguide.

1.0
(@) (b) © .2
0.8§N
l0.6
y 0.2
X
0.0

Figure 3. Normalized power intensity representing mode cross-sectional view at 1550 nm for (a) strip

waveguide; (b) SWG waveguide; and (c) cancerous solvent mode at the middle of two Si blocks of
SWG waveguide.

Table 2. Power confinement comparison for cancer RI in rectangular strip and SWG waveguides.

Type of Cancer Waveguide Type I'(%)inSi I (%) in SiO; I' (%) in Cladding
Breast Type-I for Rectangular Waveguide 89.62 4.28 6.1
normal cell SWG Waveguide 41.99 14.39 43.62
Breast Type-I for Rectangular Waveguide 89.95 4.7 5.35
cancerous cell SWG Waveguide 42.12 14.14 4211
Breast Type-II for Rectangular Waveguide 90.61 493 4.46
normal cell SWG Waveguide 42.07 14.23 43.69
Breast Type-1I for Rectangular Waveguide 89.88 491 5.21
cancerous cell SWG Waveguide 42.16 14.05 43.78
Cervical Cancer for Rectangular Waveguide 89.65 4.96 5.39
normal cell SWG Waveguide 42.08 14.21 43.69
Cervical Cancer for Rectangular Waveguide 89.9 4.92 5.18
cancerous cell SWG Waveguide 42.17 14.02 43.82

For a biosensor, as the refractive index of the cladding regime altered, the evanescent
field extended beyond the core region, leading to the enhancement in ‘S” values. This
resulted in an optical power trade-off of ~40% to 44% between the power confined in the
core and the cladding. Consequently, the guided optical mode within the core extended into
the cladding region, leading to a weaker optical confinement. In the case of the rectangular
waveguides, the Si core retained the majority of the power while the substrate and cladding
region contained only ~10% of the power. Nevertheless, the power contained within the
core Si region of the SWG waveguides decreased by ~50%, and the remaining power was
distributed between the cancer solvent region and the substrate region.
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To optimize the SWG waveguide, it is always required to tailor A and duty cycle (D).
The equivalent effective index method provided an efficient approach for analysing the
SWG waveguide. When the condition A < Ag/2n.¢ was satisfied, the SWG waveguide
behaved as a conventional waveguide, allowing continuous wave propagation with a lower
refractive index. Consequently, it functioned as an index-guided structure. The average
refractive index contrast in the SWG waveguide depended on the ‘D’. By carefully selecting
‘D’ and ‘A, the neg could be precisely engineered to optimize mode confinement and bulk
sensitivity. To illustrate this, a ‘D" of ~53% was used for calculating the n.¢ and group
index (ng), with a wavelength sweep from 1000 nm to 2000 nm, as presented in Figure 4a,b.
Figure 4a illustrates the n.¢ experienced by the guided mode. As the wavelength increased,
the n.¢s decreased due to material dispersion and reduced mode confinement. Figure 4b
depicts the ng curve, highlighting the dispersion characteristics of the guided mode and
its impact on the speed of wave propagation within the SWG waveguide. The steep slope
of the nygr and ng indicates high dispersion, which is beneficial for applications requiring
reduced mode confinement. These plots were designed using the refractive index of both
normal and cancerous cervical cells in the cladding regime of the SWG waveguide.

(@ D=53% (b) D=53%
— — -normal cervical cell \
cancerous cervical cell

normal cervical cell
N — — -cancerous cervical cell

. T T T T
1000 1200 1400 1600 1800 2000 3 T T T T
1000 1200 1400 1600 1800 2000
Wavelength (nm)
Wavelength (nm)

Figure 4. Dispersion plots of SWG waveguide for 53% duty cycle (a) neg vs. wavelength and
(b) ng vs. wavelength.

3. Envelope Spectrum Formation and Surface Functionalization

The regulation of dispersion characteristics linked to the critical coupling condition
of the SWG MRTRR determine the tracking of the envelope spectrum. The dispersion
characteristic is crucial to optimize and enhance the resonance at a coupled wavelength
because of the larger extinction ratio. The intensities of the multiple resonance collectively
determine the envelope spectrum. The SWG MRTRR had many structural parameters
that affected the dispersion properties of the envelope spectrum such as peak wavelength
and envelope slope. The plots for the round-trip amplitude transfer coefficient ‘a(A)’
and the amplitude of self-coupling coefficient “t(A)” with respect to sweep in wavelength
(1400-1800 nm) are shown in Figure 5. In this way, the bending loss, waveguide loss, and
coupling loss could be calculated with the help of a(A).

It is observed that a(}), the red, dotted curve, is showing a decreasing slope trend due
to a loss in the waveguide at 1550 nm. However, the plot for t(A), the blue, dotted curve,
shows an increasing slope trend and intersects a(A) at 1550 nm due to a critical coupling
gap between the SWG-incorporated straight waveguide and SWG-incorporated racetrack
waveguide. The cosine nature of t(A) was due to the coupled mode theory.



Photonics 2025, 12, 376 9of 18

O Amplitude of self coupling coefficient
O Round trip amplitude transfer coefficient

0.8 4 0.8

0.6 4

0.6

0.4

0.4

0.2

Amplitude of self coupling coefficient
Round trip amplitude transfer coefficient

00 T T v T T T T
1400 1500 1600 1700 1800
Wavelength (nm)

Figure 5. The round-trip transfer coefficient and self-coupling coefficient amplitude of SWG MRTRR.

The plots for normal and cancerous cells of breast type-1, breast type-2, and cervical
cancers with variation in the curves of a(A) and t(A) are shown in Figure 6. The point of
intersection between a(A) and t(A) indicates the critical coupling condition, where resonance
is achieved due to an optimal power transfer into the resonator.

+++++ t normal cell, breast type-1¢<<-- a normal cell, breast type-1++--- t cancer cell, breast type-1
----- a cancer cell, breast type-1----- t normal cell, breast type-2 a normal cell, breast type-2
----- t cancer cell, breast type-2 < <<+« a cancer cell, breast type-2 « <+ t normal cell, cervical cell
----- a normal cell, cervical cell «---- t cancer cell, cervical ««e<< g cancer cell, cervical
1.0
!”‘.,,'lfl

[ é4d
;!5«'""

0.8 %4 M1t

T
i, lf”‘

Round trip amplitude transfer coefficient (a)
Amplitude self coupling coefficient (t)

0.0 - T . T - I .
1400 1500 1600 1700 1800
Wavelength (nm)

Figure 6. Variation in a(A) and t(A) for normal and cancerous cells (breast type-1, breast type-2, and
cervical cancers).

The use of a label-free method is preferred due to its ability to directly measure the
target, eliminating the need for labelling stages, which results in reducing the labour
required for sample preparation. This method enables the detection of analytes in their
native state and the measurement of targets that are difficult to label [40]. In the case of
fundamental label-free sensing, the sensor surface is glazed with the highly immobilized
affinity structure that fixes the target (cancerous cells) at low concentrations with high
specificity, as shown in Figure 7. The SWG MRTRR detected the change in the refractive
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index, resulting in its envelope shift [40]. The binding of the cancerous cell with the
waveguide surface was carried out using a linker called organofunctional silane [41].
Consequently, two critical procedures had to be implemented: first, the sensor surface was
modified by facilitating controlled surface chemistry, and, secondly, the adhesive that suits
high affinity immobilization was kept on the surface while preserving its activity.

Target
(Cancerous Cell)

Antibodies

\ | Silicon Waveguide

Figure 7. Method of label-free detection with immobilized antibodies onto the Si surface attached
with a linker.

In a label-free detection method, the first step is applying the surface functionalization
with a waveguide for surface modification by establishing the silane, as shown in Figure 8.
The bond formation of Si-O-5i between the oxidized Si surface and the malignant cells is the
result of surface modification. If Si is exposed to oxygen and/or moisture, it develops a thin,
native oxide layer (Figure 8b). As a result, a condensation reaction between pre-hydrolysed
alkoxysilanes and an oxidized bulk Si surface occurs. To achieve a fresh or pure surface
with silanol groups, the Si surface must be cleaned and activated through various methods,
such as plasma cleaning [42], intense heating [41], or chemically with a concentrated acidic
hydrogen peroxide solution (Piranha liquid) [43,44]. Subsequently, either ethoxy-silanes
or methoxy-silanes are introduced in a pure solvent or with a minor proportion of water.
The most prevalent methoxy-silanes are 3-aminopropyl-trimethoxysilanes (APTMS), which
results in amino-modified surfaces, and 3-glycidyloxypropyl-trimethoxysilane (GLYMO),
which produces epoxy-modified surfaces, as shown in Figure 8c. The sample is thoroughly
washed and dried after an incubation period that can last from a few minutes to several
hours. In order to facilitate the condensation reaction and surface functionalization, an
additional curing phase may be implemented at a higher temperature.

Secondly, the immobilization of high-affinity binders requires several types of pep-
tides [45], molecule imprinted polymers [46], and aptamers [47] for coated sensing surfaces
and for the antibodies having high importance. The optimal choice for numerous biosen-
sor applications is antibodies, which are Y-shaped proteins that are highly selective and
highly sensitive to the target structure, as shown in Figure 7. Such proteins are usually
covalently attached to reactive surfaces through connections that are accessible to amino
groups on residues of lysine or, if present, unbound groups of sulthydryl on cysteine
residues. Several coupling pathways for immobilization can be used by using an amine
group: linker molecules and Y-shaped proteins. The highly prominent amine coupling
pathways and amine groups are as follows: activation of a glutaraldehyde surface for
targeted protein and yielding stable amine bonds with cyanoborohydride [41], and surface
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modification and carboxylic acid activation with N-Hydroxysuccinimid (NHS)/1-Ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) to achieve NHS and stable amino bonds [48].

Bulk Silicon - Surface oxide

c

(a)

o
OH O(-;Si _\_\X
(b) osi
OH 0 6 —\_\
N X x
oH o /SI\—\_\ O-/Si ~\
\ 0] 0 x
7 X \
O-Si
o solvent W' T\
X =APTMS X =GLYMO

Figure 8. (a) Surface functionalized reaction with oxidized surface of Si, (b) reaction between solvent
and methoxy-silane, and (c) finalized functionalized surface.

The recipe for antibodies’ immobilization was given by Steglich et al. in 2022 [40]
and is a four-step process: Firstly, the photonic chip should be gently vortexed for at least
20 s with 1 mL of 1 mole NaOH in a 2 mL tube at 1000 rpm followed by a five-minute
incubation. Next, it should be vortexed in water for 20 s and incubated for another five
minutes. The chip is then transferred to 1 mole HCI, vortexed for 20 s, and incubated
for an additional five minutes. Finally, the chip undergoes a five-minute incubation in
water followed by sequential vortexing in absolute ethanol and HPLC-grade acetone before
being left to dry on a clean bench. The second step consists of a silanization process in
which the solution should be prepared by mixing 10 uL of (3-glycidoxypropyl) methyl
dimethoxy-silane and 10 uL of water with 980 uL of absolute ethanol. The dried chip is
then immersed in this solution, gently vortexed, and incubated overnight. After incubation,
the chip should be rinsed three times with approximately 1 mL of absolute ethanol and
then left to dry on a clean bench. In the third step, the chip is coated with an affinity
layer using 0.5 mg/mL Cys-Protein G, a commercially available reagent used for antibody
quantification and purification. Following this, 100 mM phosphate-buffered saline (PBS) is
prepared, and 100 pL is applied to the chip. In the final step, the antibody is immobilized
by diluting it to a concentration of 1 mg/mL in PBS. Then, 100 uL of the solution is applied
to the chip and incubated for one hour.

4. Result and Discussion

The performance analysis of the SWG-based MRTRR was analysed, with emphasis on
the shift in the envelope transmittance spectrum for cancer cell sensing, the shift attributed
to variations in the refractive indices within the cladding region. The dispersion character-
istics of the critical coupling condition of the SWG MRTRR had to be regulated to construct
the spectral envelope. The SWG waveguide dispersion property simplified the process
of adjusting the critical coupling condition. As a result, the resonance at the wavelength
that was critically coupled was readily distinguishable from the other resonances due
to its elevated ER. The envelope spectrum was composed of a multiple resonance wave-
length with varying depth. Additionally, the SWG MRTRR contained numerous structural
parameters that could be modified to customize its dispersion characteristics including
peak wavelength.
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The envelope transmittance spectra of the SWG MRTRR for breast type-1, breast
type-2, and cervical cancers are shown in Figure 9. The envelope spectrum exhibited the
sinusoidal envelope rather than the discrete multiple resonance peak, typically observed in
conventional MRRs. This behaviour arose from the superposition of multiple resonances
within the structure, influenced by the periodic grating design and the critical coupling
conditions of the SWG waveguide. The envelope spectrum was a result of the constructive
and destructive interferences of light. The subsequent shift in the spectrum after sens-
ing in the wavelength range of 1300 nm to 1800 nm provided the red shift in each case.
The resonance wavelength (AAres) obtained in the case of breast type-1 cancer was from
1593.2 nm to 1617.73 nm, for breast type-2 resonance shifted from 1603.8 nm to 1617.86 nm,
and for cervical cancer resonance shifted from 1572 nm to 1617.2 nm. The key performance
metrices to design a resonator are: FSR, which is the difference between two resonance
notches; Full Width at Half Maximum (FWHM), a metric for comparison, which is equal
to the 3 dB wavelength difference; Q factor, which could be calculated as Ares/FWHM; °S’,
referred to as the ratio between the change in A5 to the change in the measurand refractive
index (AAres/An); and the iLoD, the reflection of detection capability by the change in the
measurand refractive index; it can be calculated by iLoD = Ares/S x Q-factor. Here, the
calculation of the FSR is not required as the SWG MRTRR provided the transmittance
spectrum in the form of an envelope, the elimination of FSR calculation shows the main
novelty of the manuscript. The FWHMSs obtained for the red, shifted transmittance were
5.8 nm, 5 nm, and 5.6 nm, respectively, for breast type-1, breast type-2, and cervical cancers.
The S, Q-factor, and iLoD for cervical cancer, breast type-1 cancer, and breast type-2 cancer,
are listed in Table 3.
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Figure 9. Transmitted envelope spectrum for (a) breast type-1 cancer; (b) breast type-2 cancer; and
(c) cervical cancer. The distinct red shift in the spectrum highlights the SWG MRTRR's sensitivity and
its capability to differentiate between cancerous cells.
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Table 3. Sensing performance parameters.
Type S (nm/RIU) Q-Factor iLoD (RIU)
Cervical 1825 269.68 3.28 x 1073
Breast Type-1 1705.14 280.78 3.37 x 1073
Breast Type-2 1004.71 315.76 5.09 x 1073

The notable finding of the SWG MRTRR are: The maximum ‘S’ is obtained for the
cervical cancerous sensing followed by breast type-1 cancer and breast type-2 cancer and
are 1825 nm/RIU, 1705.14 nm/RIU, and 1004.71 nm/RIU, respectively. Thereafter, the
highest Q-factor and iLoD values reported by breast type-2 cancer, followed by breast type-
1 and cervical cancer, are 315.76, 280.78, 269.68, 5.09 x 10~?,3.37 x 1073, and 3.28 x 10~
respectively. Cervical cancer exhibited the largest shift in the transmitted envelope relative
to both breast type-1 and breast type-2 cancers.

The comparative study of different resonators is provided in Table 4(a), which shows
different transmittance spectrum type with their high ’S’, Q-factor, detection limit, and FSR.
This work distinguishes itself from previous studies by using an SWG MRTRR, which offers
an enhanced ‘S’ value up to 1825 nm/RIU and an FSR-free operation, unlike the SWG MRRs
used in previous studies. Table 4(b) shows different optical devices, other than resonators,
which has potential in different cancers’ detection. The SWG-based MRTRR introduces
several innovative advancements in the field of cancer sensing. By leveraging the unique
properties of the SWG waveguides, the device achieved an ‘S’ up to 1825 nm/RIU, making
it highly effective for detecting minute changes in the refractive index caused by cancerous
cells. The transmittance spectrum of the SWG MRTRR formed an envelope that shifted
upon sensing. The device design is optimized using FEM technique, which allow precise
control over structural parameters, such as the 300 nm pitch size, to tailor dispersion
characteristics and enhanced performance. The SWG MRTRR also demonstrated a high
Q-factor, up to 315.76, and an iLoD as low as 3.28 x 1073, ensuring the precise and reliable
detection of breast type-1, breast type-2, and cervical cancers. Moreover, the dispersion
characteristics of the SWG waveguide facilitated the precise adjustment of critical coupling
conditions, thereby enhancing the visibility of the critically coupled resonance through
an increased extinction ratio. These innovations position the SWG MRTRR as a superior
tool for label-free cancer sensing, outperforming other optical devices and resonators in
sensitivity and detection capabilities.

The approach for the fabrication and experimental setup is illustrated by Figures 10 and 11.
As illustrated in Figure 10, the device can be fabricated on an SOI wafer featuring a 220
nm thick Si layer and a 2 um thick buried oxide layer. Vertical grating couplers were
utilized to couple the wave between the optical fibre and the waveguide. For efficient
transition between strip mode and Bloch mode, strip-to-SWG MRTRR mode converters
were implemented, ensuring effective light conversion before and after transmission. Dur-
ing fabrication, the device structures could initially be patterned onto a resist layer using
electron-beam lithography. The pattern was then transferred to the Si layer through induc-
tively coupled plasma reactive ion etching using a gas mixture of SFs and C4Fs. The entire
device, including the vertical grating couplers, can be fabricated onto a single etching step,
streamlining the manufacturing process. After the removal of a residual photoresist, the
device was ready to be filled with a solution for sensing applications.
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Table 4. (a). Comparative study of resonators with sensing performance. (b). Comparative study of
cancer types with sensing performance.

(a)
Structure Type Iransmittance S (nm/RIU) Q-Factor iLoD (RIU)  FSR (nm) Ref.
Spectrum Type
Ring resonator 517 187.61 - 40 [49]
Racetrack resonator 800 - 12 x 1074 - [50]
SWG ring resonator 366 - 546 x 1075 - [51]
Slot ring resonator 403 - 0.129 - [52]
SWG ring resonator One resonance 490 7000 2 x 1070 - [53]
SWG single-slot ring 340 4858 7.35 x 104 - [54]
resonator
SWG double-slot ring 440 2253.8 1.23 x 103 - [54]
resonator
SWG slot racetrack 1420 905 19 % 10-3 [55]
resonator
SWG ring resonator 600 - - [39]
SWG ring resonator Envelope 444 - - FSR free [56]
3.28 x 1073
1825, 1705.14, 269.68, 3 Present
SWG MRTRR 1004.71 280.78, 315.76 3.37 x 10_3’ work
5.09 x 10
(b)
Cancer Type Structure Type S (nm/RIU) Ref.
Skin Cancer, Cervical
Cancer, Blood Cancer,
Adrenal Gland Cancer, SPR PCF 6500, 14,583.33, 16,428.57, 25,714.28, 32,857.14, 35,714.28 [57]
Breast Type-1 Cancer,
and Breast Type-2
Cancer
Basal Cell cancer PC and' 954, 952.4 [58]
plasmonic
MXene-based
Colorectal Cancer fiber optic 107, 66.28 [59]
sensor
Cervical Cancer, Breast Present
Type-1, and Breast SWG MRTRR 1825, 1705.14, 1004.71 work

Type-2 Cancer

The experimental setup for cancer cell sensing using the SWG MRTRR is shown in
Figure 11. A tunable laser with a low-wavelength resolution served as the light source.
A polarization controller was positioned after the laser to adjust the polarization state
of the incident light. The device was accessed via a single-mode fibre, which coupled
the TE-mode input and output light through vertical grating couplers. To ensure precise
alignment, the waveguide alignment stage was used in conjunction with a microscope,
CCD, and monitor system. An optical power meter was connected to the output fibre to
measure the device transmission. The software setup was made to simultaneously control
both the tunable laser and power meter, enabling automated measurements. The sensing
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performance of the SWG MRTRR can be evaluated by monitoring spectral variations when
the device is immersed with cancerous solutions.

Si Coating Si Si
photoresist EBL .
Si Substrate Si Substrate Si Substrate
ﬂlCP etching
Cancer Solution B B e
Si Adding Si Removin'g Si
Solution photoresist
Si Substrate Si Substrate Si Substrate

Figure 10. Fabrication steps for SWG MRTRR using SOI platform.

Computer Power Meter
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// !
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Polarization Controller  Device under test
Figure 11. Illustration of experimental setup for cancerous sensing using SWG MRTRR.

5. Conclusions

The SOI technology-based SWG MRTRR study shows the next-generation, label-
free optical biosensor. The notable finding stands in the transmittance spectrum, which
forms an envelope. The outcome of the SWG MRTRR after the sensed cancerous cells
provides the red shift in the envelope spectrum. The envelope spectrum is free from
the FSR calculation, which means, during sensing, the complete envelope shifts upon
substitution of the cladding refractive index. The SWG MRTRR is designed using an FEM
technique. In this resonator, the pitch size is 300 nm, yielding an ‘S’ of 1825 nm/RIU,
1705.14 nm/RIU, and 1004.71 nm/RIU. The Q-factor and iLoD are 269.68, 280.78, 315.76,
3.28 x 1073,3.37 x 103, and 5.09 x 1073, respectively, for cervical cancer, breast type-1
cancer, and breast type-2 cancer.
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