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Abstract

Optical waveguide sensors based on gratings and metamaterials for refractive index (RI)
sensing are introduced in this Ph.D. dissertation. A waveguide is a structure which can guide
light based on total internal reflection. When a waveguide is applied as an optical sensor,
it uses different forms of light—matter interactions to measure or quantify molecules, and be
used in biological and chemical applications. A diffraction grating is an optical element with
a periodic structure which diffracts incident light into several beam in different directions
based on the properties of the light. Metamaterials are engineered materials designed to
have properties that do not occur naturally.

In this work, gratings are applied to interact with incident light and to produce changes
in the phase and amplitude of the output light. When it is combined with a waveguide, a
diffraction grating coupled waveguide based biosensor can be designed. When the light is
input with an angle to the biosensor, the grating not only diffracts the light, but allows the
light to effectively couple with the waveguide thus providing interaction with the analyte of
interest.

A Bragg gratings waveguide (BGW) is a waveguide with periodic structures of RI along
the waveguide core. When the light is incident normal to the BGW, the light will be confined
to generate a resonance. Two waveguide biosensors based on Bragg gratings are designed.
The double sided Bragg gratings waveguide (DSBGW) based biosensor uses Bragg gratings
in silicon on insulator (SOI) wafer to measure the target analyte. The light will interact with
the gratings and the analyte surrounding the waveguide, and the change of RI of analyte
will lead to a change in the resonance peak of the spectrum. Compared with DSBGW, when
the waveguide is also coupled with a slot, the double sided Bragg gratings in slot waveguide

(DSBGISW) based biosensor is designed and can achieve better performance.
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Metal gratings when patterned appropriately can act as a metamaterial. When a liquid-
core waveguide and gold/dielectric metamaterial are integrated in the biosensor design, it
produces resonance in the waveguide when the light interacts with the metamaterial structure
in the core. The sensor is able to detect a liquid analyte by converting the change in the
RI of the analyte to a shift of resonance peak in the output spectrum. The different light
guiding properties of the structure will determine the peaks in the spectrum and enhance
the sensitivity. A metamaterial based biosensor has been characterized through simulation

and experimentation.
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Chapter 1

Introduction

An optical waveguide is a physical structure which can confine the light and guide
electromagnetic waves. When the light propagates in a rectangular waveguide, the waveguide
can support both transverse electric (TE) and transverse magnetic (TM) modes. The electric
field is transverse to the propagation direction in the TE mode while the magnetic field
is transverse to the propagation direction in the TM mode. Commonly for a dielectric
waveguide, it consists of a high refractive index (RI) medium as the core which is surrounded
by a low RI medium as the cladding. A standing wave occurs due to total internal reflection
as light propagates through the structure. As shown in Figure 1.1, the RI of the core is n;
and the RI of the cladding is n,, with the relation of n; < n,. Total internal reflection takes
place when | the incidence angle, is larger than the critical angle ., which satisfies Eq.
(1.1):

: n
sin ¢ = n—2 (1.1)
1

An evanescent wave is produced when the light propagates into the cladding around the core
[23], as shown in Figure 1.2. The intensity of evanescent wave decays exponentially with

distance from the interface, which can be represented as Eq. (1.2):
=1 (1.2)

where |, is the intensity at a perpendicular distance z from the interface, lj is the intensity
at the interface, and d is penetration depth which can be defined by Eq. (1.3), where , is

wavelength of incident light in vacuum, n; is the RI of the higher refractive index medium



while n, represents the lower RI.

d= ,=4 (ny%sin> ny?) 2 (1.3)

Figure 1.1: An illustration of the basic structure and principle of a dielectric waveguide.
The light propagates along the waveguide and is confined in the core by the total internal
reflection.

Figure 1.2: An illustration of the evanescent wave profile. The intensity of evanescent
wave decays exponentially with distance from the interface of n; and n,. The evanescent
wave allows light that propagates in the waveguide to interact with materials outside of the
cladding thus providing a sensing mechanism.

In recent decades, optical waveguides have been developed for many promising prac-
tical applications and have exhibited exotic physical properties. Omne of these promising
applications is an optical biosensor based on guided waves. A biosensor is a device used for
detection of biological and chemical analytes [24]. Biosensors are widely used for applica-
tions in health care such as disease detection, environmental testing, food quality control,

and pregnancy tests. An optical biosensor using the characteristics of light propagation is



a good alternative to the conventional non-optical analytical devices [25, 26, 27]. It has
advantages including high specificity, fast response, and minimal reagent usage. Compared
with conventional non-optical devices, it can bring accurate, direct, real-time and label-free
results of the detection. A label-free biosensor senses the analyte of interest without in-
troducing a secondary transduction mechanism. Label-free optical biosensing is a powerful
method to detect biological elements as the sensing mechanism does not affect the structure
of the analyte. Several kinds of such biosensors have been developed, including evanescent
waveguide biosensor|1]|, photonic crystal biosensors [28], and ring resonator biosensors [29],
etc. One of the most common measuring schemes is to measure the change of the RI of the
target analyte [30, 31]. When the RI is changed by the existence of the analyte of interest, a
change in the measured spectrum of the biosensor is observed. By using a well characterized
light source, such as a laser or a light emitting diode (LED), the light transmitted from the
biosensor contains the RI information of the reagent. Such information is conveyed by the
phase shift and the amplitude change of the input light. The sensitivity of the biosensor is
directly correlated to the detected spectrum change.

For an optical waveguide biosensor, the sensitivity, the quality factor and the limit
of detection (LOD) play important roles in evaluating the sensor’s performance. In the
detection of biological analytes, bulk sensitivity and surface sensitivity are the two main
parameters which describe the performance of the optical biosensor. Bulk sensitivity is
determined by either the wavelength shift, phase shift or light intensity divided by the change
of bulk RI unit [32]. The surface sensitivity is related to the bulk sensitivity, the decay
length of evanescent wave, the resonant slope, and the difference of RI between the surface
monolayer and the surrounding environment [33]. It can be calculated by the wavelength shift
divided by the thickness of the adhesion layer. Quality factor is a dimensionless parameter
to describe the resonance of the optical biosensor. Better resonance of the biosensor will lead
to higher observed quality factor. The LOD is defined as the minimum amount of the target

analyte present to produce a detectable signal. Optical biosensors are particularly well suited



for non-genetic based assays such as label-free direct assays and labeled fluorescence assays.
For label-free assays, the changes detected correspond directly with a physcial or chemical
change in the analyte. While in a labeled fluorescence assay, the analyte interacts with a
particular fluorophore to produce a highly specific optical signature. The measurements in
both categories are related to structure of the sensor and the input light. Chapter 2 is a
literature review of optical waveguide biosensors based on RI scheme.

In this work, we simulate a microfluidic diffraction grating coupled waveguide (MDGCW)
based biosensor. A diffraction grating is an optical device containing a periodic structure that
can divide and diffract light composed of different wavelengths into several beams travelling
in different directions. The structure consists of one left grating coupler, one waveguide and
one right grating coupler. The light is input from left grating coupler into the waveguide,
and then the light will propagate in the waveguide and output from the right grating coupler.
The binding layer is formed under the waveguide and its different RI will lead to the different
coupling efficiency in grating coupler and different light guiding properties in waveguide. The
biosensor performance related to the grating and the binding layer are discussed in Chapter
3. The Bragg gratings, a kind of periodic structure, are built with corrugations on the out-
side sidewalls of the waveguide. Two optical waveguide bisensors based on Bragg gratings
are simulated and fabricated in Chapter 4. DSBGW is a kind of Bragg gratings waveguide
that was used to measure the RI analyte around the silicon waveguide. Compared with
DSBGW, DSBGISW is designed based on slot waveguide with better resonance. How the
parameters of Bragg gratings, waveguide and slot influence the performance of both sensors
are discussed. In Chapter 5, a metamaterial / liquid-core waveguide microfluidic optical
biosensor is introduced. As the basic structure of this sensor, gold gratings are deposited on
a glass wafer to form the metamaterial. The simulation, fabrication and experimental steps
are shown in the chapter. RI liquids are measured by the sensor and experimental results
are well matched to the simulation with high sensitivity and good repeatability. Chapter 6

is the conclusion of these biosensors for refractive index sensing.



Chapter 2

Literature review

A basic waveguide based optical biosensor uses the interaction of the light confined in
the core with the target analyte surrounding the core to obtain the resonance shift of the
wavelength in the output spectrum. The basic principle of detection shared by these sensors
is based on the propagation of light in the sensor structure. The effective refractive index
of the sensor changes as the RI of the measured material in the sensor structure changes.
This chapter reviews the basic principle and new developments for the optical waveguide
biosensors based on RI sensing. The waveguide biosensors based on interferometers, pho-
tonic crystals, ring resonators, gratings, long range surface plasmon resonance and lossy
resonance modes are reviewed and discussed in this chapter. Furthermore, the integration
of two or three complementary methods in one waveguide biosensor, for instance a ring res-
onator biosensor based on gratings which brings advantages of the methods to improve the

performance of the sensor, is also reviewed.

2.1 Evanescent Waveguide Biosensors

Evanescent waveguide biosensors employ the evanescent wave to detect the interaction
between the light and the measured sample. The depth of the evanescent wave into the
sample analyte is significant for these sensors |34, 35|. Silicon [36], SU-8 [37], polydimethyl-
siloxane (PDMS) [38], and Chalcogenide glass [39] have all been used as the core of evanescent
waveguide biosensors.

A metal clad leaky waveguide (MCLW) biosensor based on evanescent wave applies
nitrocellulose (NC) as an adlayer to immobilize and detect C-reactive protein (CRP). The

NC film is fabricated on the sensor surface by spin-coating. The penetration depth is not



significantly influenced by the coated NC film and the sensitivity is decreased by only 9%.
The pixel resolution of the sensor achieves 1.35 10 4 RIU/pixel and CRP in human serum
can be detected in a range of 0.1-10 g/mL in concentration [40]. Purniawan etal: have
introduced an evanescent waveguide based on TiO; core to detect Escherichia coli (E. coli)
[1]. The schematic of this sensor is shown in Figure 2.1. The TiO, waveguide has been
fabricated as a freestanding structure by atomic layer deposition to improve its sensitivity and
compactness. It is designed to measure the concentrations of isopropyl alcohol and ethanol
diluted in water with the sensitivity of 1.34 and 0.85 dB/%(v/v), respectively. Making
measurement in several different drain fluids in Luria Broth (LB) medium, the normalized
sensitivity is found to be 0.99 per %. As another example, an anti-resonant reflecting optical
waveguide (ARROW) has been introduced as an evanescent wave biosensor based on porous
silicon to detect the bovine serum albumin (BSA) molecules [41]. ARROW provides better
overlap between the light field and the biomolecules attachment since the light is confined
in the core which has low RI.

FREESTANDING
WAVEGUIDE

Surface -

o - Bacteria in
Functionalisation _ -~

'3
™ Grain fluid
47 &
8 * Microfluidic

Evanescent wave

Figure 2.1: A schematic diagram illustrating an evanescent wave coupled sensor based on a
TiO, core as a freestanding structure to detect E. coli. As the E. coli binds to the waveguide
structure the transmitted light intensity changes. Reprinted from [1] with permission from
Elsevier.

Sim etal: have introduced a birefringent waveguide which makes use of the evanescent

field to detect Listeria monocytogenes at concentrations as low as 10 CFU/mL [42]. The



waveguide is fabricated by general integrated circuit processes including lithography, plasma-
enhanced chemical vapor deposition (PECVD), RF sputtering, and reactive ion etching
(RIE). The sensitivity is optimized by controlling the length of the TiO, film, which is
overlaid with the waveguide platform. An evanescent waveguide biosensor based on micro-
capillaries has been introduced by Liu etal: to test specific DNA sequences [43|. The tubing
wall in the sensor as the sensing element, which has short length and thin thickness, is
spliced between two single-mode fibers to achieve a strong evanescent field. Complementary
DNA can be distinguished in the concentrations ranging from 2.5 to 10 M with a maximum
sensitivity of 628.975 nm/RIU.

Rau etal: have introduced a biosensor where the evanescent wave from a silicon prism
is coupled to a waveguide [44]. A liquid-filled prism coupled metal-clad waveguide has also
been reported by Yadav etal: [45]. The hollow rectangular prism placed within the aqueous
solution behaves as a cavity and the sensitivity can be enhanced to 353.23 /RIU.

Optical fiber sensors based on evanescent wave also has been widely studied for the
detection of biology samples such as cells, foods [46] and viruses [47], etc. Fiber based
sensors have been created by depositing a polymer [48] or coating nanostructured material
on the fiber [49] to enhance the performance of the sensor. In addition to these structures,
a fiber biosensor based on evanescent wave coupling which employs a three-layer structure
to improve the evanescent field and to increase penetration depth has been shown [50]. The
three-layer sturcture is composed of bottom, interface, and surface layers. The surface layer
is made of Canada blasm in xylene doped with GeO,. The sensor provides a sensitivity of
-0.0613/ng/L for Immunoglobulin G (IgG) measurment and an LOD of 0.2 ng/L with high
luminous intensity. Another example is a D-shaped step-index fiber optical biosensor based
on a four-layer structure which has been designed to measure glucose and IgG by Xin etal:
[51]. The sensitivity can be -0.077 ( g=L) ! when detecting IgG.

Coating nanometer-thick metal oxide films on the fiber core can produce the lossy mode

resonance (LMR) effect. The resonance is caused when the light propagates in a thin film



of which the real part of the permittivity is positive and larger in magnitude than its own
imaginary part and the real part of the media surrounding the thin film [52, 53]. A D-
shaped single-mode fiber (SMF) based on LMR has been introduced by Chiavaioli etal: [2],
as shown in Figure 2.2. The sensor is is fabricated by coating SnO, on the D-shaped SMF
through DC sputtering. The LOD can be as low as 0.15 ng/L for detection of IgG. A fiber
optical biosensor designed by Tien etal: improves the performance by coating TiO, nanofilm
on the surface of a D-shaped fiber to obtain the LMR can enhance the sensitivity to 4122
nm/RIU [54]. Another group has shown a D-shaped fiber coated with Indium Tin Oxide
(ITO) to produce LMR, such that the sensitivity can be increased to 304360 nm/RIU with

the resolution of 3.28 10 ° [55].

CROSS SECTION

Figure 2.2: Sensitive region of the D-shaped fiber optic biosensor based on a lossy mode
resonance effect. A thin film of SNO; is deposited on the 17-mm-long side-polished sensitive
region by DC sputtering system. Reprinted from [2]| with permission from ACS.

The analytes and performance comparison of these evanescent waveguide biosensors

mentioned above are summarized chronologically in Table 2.1.

2.2 Surface Plasmon Resonance Waveguide Biosensors

Surface plasmon resonance (SPR) has been originally demonstrated by Otto [56] and
Kretschmann etal: [57]. SPR-based biosensors have been reported in the literature for many
biological applications including food allergens [58| and disease diagnosis [59]. For an SPR

sensor, the resonance is produced between a metal film and the surrounding measurable



Table 2.1: Analytes and performance comparison of evanescent waveguide biosensors.

Year Sample Sensitivity LOD Concentration  Resolution Ref.
2012 Ethanol, isopropyl 0.85 dB/%(v/V) NA NA NA [1]
alcohol (IPA), for Ethanol
and E. coli 1.34 dB/%(v/V)
for IPA
2012 Phenylethylamine 0.87 dB/(mol L 1) NA NA NA [39]
2012 Listeria NA NA 10 ® CFU/mL NA [42]
monocytogenes
2014 CRP NA NA 0.1-10 g/mL  NA [40]
& Glycerol NA NA NA 1.35 10 #
RI1U/pixel
2015 Glucose NA 10 nM NA NA [48]
2015 DNA NA NA 25t010 M NA [43]
2016 RI liquid 304360 nm/RIU 328 10 ° NA NA [55]
2016 1gG -0.0613/ng/L 0.2 ng/L NA NA [50]
2016 DS-DNA NA NA 5-400 M NA [49]
& ATP NA NA 5-200 M NA
2017 19G & glucose -0.077 ( g/L) ! NA NA NA [51]
2017 CRP NA 0.0625 mg/L  NA NA [53]
2018 RI liquid 4122 nm/RIU NA NA NA [54]
2018 RI liquid 353.23 /RIU NA NA NA [45]
2018 1gG NA 0.15 ng/L NA NA [2]
2018 E. coli NA NA 102 CFU/mL NA [37]
2019 RI liquid NA NA NA 7 10 © [38]

target. The basic principle of an SPR sensor is based on the change in the RI of target
[60]. A simple SPR biosensor is made up of only one dielectric film and a single metal layer.
Compared with SPR, long range surface plasmon resonance (LRSPR), which can be seen as
SPR based on waveguide, is produced when the light is excited in a metastructure consisting
of a metal layer as the core and two surrounding optically semi-infinite dielectric layers, so
that the light can propagate over an appreciable length [3]. The basic LRSPR structure and
its supporting modes are illustrated in Figure 2.3, where "y;, is the relative permittivity of
metal, and "(;; and ";;3 are relative permittivities of the dielectric media around the metal.
To match the RI of the biologically compatible analyte of the sensor, Teflon [61, 62|, CYTOP

[63, 64, 65, 66] or ppPFOE [67] can be used as the dielectric layers to sandwich the metal

with the measurable medium.
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Figure 2.3: A schematic diagram of a metal slab consisting of a thin metal film (yellow)
of thickness t and relative permittivity "r;» bounded by optically semi-infinite dielectrics
(claddings, grey) of relative permittivities "y;; and "y;3 (asymmetric mode a, when ";; >
"3 or "1 < "p3; symetric mode S, when "yj; = "y;3) which are necessary to support the
long range surface plasmon resonance mode. Mode propagation occurs along the +z axis
(perpendicular up from the page). Reprinted from [3] with permission from OSA.

An LRSPR optical biosensor coated with gold and embedded in CYTOP, as shown in
Figure 2.4, applies direct and sandwich assays to detect human cardiac troponin I (¢Tnl)
protein with the LODs of 430 pg/mL and 28 pg/mL, respectively [4]. Another LPSPR
optical biosensor to detect human red blood cells has been introduced by Krupin etal: [68].
The detection of cells bearing A-antigen (A and AB red blood cells) has been verified and the
LOD of A red blood cells can be lower than 3 10 ° cells/mL. With the help of enzyme-linked
immunosorbent assay, an LRSPR biosensor based on CYTOP can be designed to measure

non-structural 1 (NS1) protein, which is one of the most important proteins of Dengue virus

[69]. The LOD can reach 5.73 pg/mm?.
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Figure 2.4: A schematic diagram of an LPSPR optical biosensor on a metal base with a
fluidic channel. A fluidic cavity is obtained by etching the top CYTOP down to the gold
strips. Reprinted from [4] with permission from MDPI.

To address the problem that the RI of the tested analyte must be close to the RI of the
dielectric layer, a symmetrical LRSPR biosensor based on MgF, /Au/MgF, /analyte structure
has been presented by Shi etal: [70]. The MgF; film is deposited by evaporation and the gold
film is deposited by magnetron sputtering system. The sensitivities of the sensor in the fluid
analyte and in the air are 5.5 10° pixels/RIU and 2.3 10° pixels/RIU, respectively, while
the LODs are 8.1 10 8 RIU and 3.5 10 7 RIU, respectively. The system demonstrates an
LOD of E. coli of 103 CFU/mL.

LRSPR can also be applied in the fiber sensor application. An LRSPR optical biosensor
based on hollow fiber (HF) has been introduced by Jiang etal: [5]. As shown in the schematic
diagram in Figure 2.5, the dielectric layer (OC300) is coated on the silver layer inside the
supporting tube and the core of fiber is used as the sensing medium. Employing the methods
of chemical deposition and liquid-phase coating, LRSPR is supported in the structure of
cladding layer-silver layer-delectric layer. The figure of merit (FOM) of the sensor can be
enhanced to 78 RIU ! on average. The sensitivity reaches more than 4500 nm/RIU. Another

LRSPR side-polished fiber optical biosensor is designed to measure BSA by coating with

11



MgF; and silver film which enhances the concentration sensitivity to 0.765 nm/(mg/mL)

71].

Cladding layer Dielectric layer

Metal layer Sensed medium

Figure 2.5: A schematic diagram of an LRSPR sensor based on hollow fiber. A metal layer
(silver here) is deposited on the inner surface of the cladding and a dielectric layer is coated
on inner surface of the metal layer. The LRSPR is supported in the dielectric/metal /cladding

layer and analytes are sensed through the core. Reproduced from [5] with permission from
OSA.

The analytes and performance comparison of these SPR-based waveguide biosensors

mentioned above are summarized chronologically in Table 2.2.

2.3 Grating Coupler Biosensors

Grating couplers are common optical components for introducing light into on-chip pho-
tonic structures and were initially presented by Dakss etal: [72]. They are used extensively
for optical interconnections and especially for optical device integration. A classical optical
grating structure is made of periodic slits in an opaque medium. FEach slit is regarded as
an independent source of light which interferes with one another to generate the classical
diffraction pattern. A binary grating, used as a basic coupling structure, consisting of an
array of narrow periodic thin rectangular ridges of alternating RI. Mathematically this effect

can be described by (2.1) for reflection and transmission:

d(ne¢sin ¢ nisin ;) =m (2.1)
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Table 2.2: Analytes and performance comparison of SPR-based waveguide biosensors.

Year Sample Sensitivity LOD FOM Ref.
2007 RI liquid NA 25 10 8 NA [61]
2009 RI liquid 59000 nm/RIU NA NA [62]
and E. coli HB101P shift: 5.5 nm NA NA
2013 Rl liquid NA 2.3 10 8 RIU for RI NA [64]
and red blood cell NA 12 pg/mm? for BSA NA
2013 RI liquid NA 3.5 10 7 for RI NA [70]
and E. coli NA 103 CFU/mL for E. coli  NA
2014 Red blood cell NA <3 10 5 cells/mL NA [68]
2015 Rl liquid NA NA 923RIU 1 [67]
2015 RI liquid NA NA 78 RIU 1! [5]
2016 Non-structural 1 protein NA 5.73 pg/mm? NA [69]
2018 BSA NA 2 10 3for RI NA [65]
2018 BSA NA 10 pg/mL NA [66]
2019 BSA 0.765 nm/(mg/mL) NA NA [71]
2019 Human cardiac troponin I NA 430 pg/mL NA [4]
(cTnl) protein for direct assay
28 pg/mL

for sandwich assay

where d is the grating period, n; is the refractive index of the transmitted medium and n;
is the refractive index of the incidence medium. is the wavelength of the light, ; is the
coupling angle, and ¢ is the angle that the light propagates in the grating coupler.

A grating coupler biosensor is a structure that combines a grating coupler with a waveg-
uide to test bio-analytes, such as protein [73| and bacteria [74]. When the analyte is bonded
to the structure, the effective index of the structure is changed and will influence the mode
of the light coupled and guided.

Guided mode resonance (GMR) is a resonance phenomenon taking place when a diffracted
order of grating excites a guided mode of a waveguide that again couples out of the waveguide
and interferes with the zeroth order reflected light [75, 76]. A waveguide grating biosensor
based on angle interrogation of microelectromechanical systems (MEMS) mirror can achieve
an LOD of 2.5 nM for the detection of goat-anti-mouse IgG [77|. The grating has been
fabricated by interference lithography and dry etching into the substrate by RIE. Compared
with the biosensor based on SOI, cores of porous silicon [78|, TayOs [79], and polymer grat-

ings [80] have also been demonstrated. Mizutani etal: have introduced a grating waveguide
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sensor based on gold film [80]. The gold film acts as a mirror and the light is fully reflected
by the structure when phase matching occurs. A double-sided grating waveguide (DGSW)
biosensor based on sub-surface cavities has been introduced by Li etal: [81]. An injection
molding process was used to transfer gratings onto a polymer substrate and the TiO, waveg-
uide layer was sputtered onto the patterned substrate to form the DGSW struture. The
structure of double-sided grating can support varied coupling angles and positions without
affecting detection sensitivity. A camera system incorporating multi-LED systems and a
grating sensor based on GMR has been reported to detect the CD40 ligand antibody with
the system LOD of 168 pM (24 ng/mL) [82]. Another GMR waveguide biosensor compatible
with CMOS camera based on chirped gratings can achieve the RI sensitivity of 137 nm/RIU
and the LOD of 267 pM to test IgG [83].

Subwavelegnth gratings (SWGs) are a kind of metamaterial which can be employed on
biosensors to enhance the performance. With the help of traditional electron-beam lithogra-
phy techniques, an optical biosensor based on SWGs and waveguide has been introduced by
Takashima etal: [84]. In such a sensor, the incidence light is normal to the waveguide and
the SWGs excite the modes to produce dual resonance peaks to detect the target analyte.
The sensor can obtain a RI resolution of 7.65 10 4.

A slot waveguide biosensor based on phase-shifted Bragg gratings has been demon-
strated by Wang etal: [6], with a modified sandwich assay shown in Figure 2.6. The light
is concentrated in the low-index slot to increase the field overlap with the sensing medium.
Bragg gratings are used to improved the quality factor. The sensor, which is compatible
with standard CMOS fabrication, is realized by 193-nm deep-ultraviolet lithography and
dry etching. With this structure, a sensitivity can be achieved at 340 nm/RIU with the

qualtify factor of 1.5 10 4.
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Fluidic channel

Figure 2.6: A schematic diagram of the silicon photonic biosensor integrated with microfluidic
channel. The Bragg grating is on the sidewalls of the slot waveguide and a phase shift is
formed in the middle of the gratings. The grating structure helps improve the quality factor
thus enhancing the sensitivity. Reprinted from [6] with permission from Wiley-VCH.

Furthermore, grating structures can be also applied in the liquid core waveguide sensor
[85]. The metal gratings inside the waveguide can lead to the change of guiding properties
of the waveguide for TE mode light and obtain the sensitivity greater than 1280 nm/RIU.

Biosensors based on optical fiber with gratings have also been developed in recent years
[86]. The gratings in the fiber can be Bragg gratings [87], long period gratings [88|, and
tilted gratings [89], etc. Bragg gratings can be fabricated by laser inscription [90] or UV
inscription [91]. They can provide high accuracy, good stability and small sizes. An optical
biosensor based on etched fiber Bragg gratings obtains a bulk sensitivity of 17.4 nm/RIU
and the detection of Thrombin has been verified [92|. Another fiber biosensor based on bare
fiber Bragg grattings has been introduced by Srinivasan etal: 7], as shown in Figure 2.7.
After functionlization, anti-E. coli antibody is immobilized on the surface of the bare fiber.

The binding of E. coli can result in a 25-pM wavelength shift.
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Figure 2.7: A schematic diagram of the grating region after antibody immobilization and
E. coli binding on the bare fiber Bragg grating biosensor. E. coli binding shifts the output
spectrum of the transmitted light proportional to the amount of binding. Reprinted from
[7] with permission from Wiley-VCH.

(b)

Optical biosensors based on long period fiber gratings (LPFGs) rely on long period
gratings (LPGs) to enhance the light coupling between the core mode and cladding modes [86,
88]. Coating films such as silica core gold shell nanoparticles [93] or employing glucose oxidase
(GOx) encapsulated zeolitic imidazole framework [94] have shown performance improvement
of the biosensor. Both examples are able to increase the surface area exposed to the analytes.
An optical fiber biosensor based on LPGs to measure biotinylated Bovine Serum Albumin
has been developed by Esposito etal: [95]. Coated with Polycarbonate and Graphene Oxide
film, the sensor obtains an LOD of lower than 0.2 aM for detection of BSA. Another optical
biosensor based on LPGs has been developed by Chiavaioli etal: [8], as shown in Figure 2.8.
The LPGs are fabricated in a SMF utilizing a point-to-point inscription with the help of a
KrF pulsed Excimer laser. Through coating solgel-based titania-silica thin film and carrying

out an IgG/anti-IgG assay, an LOD of 8 g/L is achieved.

16



long pe riod
grating

surrounding

o - =
| ’ .:'i"f{- a N ‘ environment
g

Figure 2.8: A schematic diagram of the grating region after an assay binding process for an
LPFGs-based biosensor. A Sol-gel film is coated on the surface of the fiber to allow analyte
binding. Reprinted from [8] with permission from ACS.

When the gratings in the fiber are tilted, the light is guided by the cladding mode instead
of core mode with narrow band spectral resonances. By tilting the gratings, additional
surface area is exposed for functionalization to increase binding sites thus improving the
sensitivity. The tilted fiber grating is fabricated by UV inscription with a scanning phase-
mask [96]. The sensitivity can also be improved by coating metal films on the gratings which
increases the resonance for a fiber biosensor [97]. An optical fiber sensor based on tilted
fiber gratings has been described by Guo etal: to measure urinary protein variations [98|.
By coating silver film on surface to excite a slightly weakened SPR and to excite the cladding
mode to tunnel near cut-off, the sensitivity of protein concentration is 5.5 dB/(mg/mL) while
the LOD is 1.5 10 3 mg/mL.

The analytes and performance comparison of these grating coupler biosensors mentioned

above are summarized chronologically in Table 2.3.

2.4 Interferometers

2.4.1 Mach-Zehnder Interferometers (MZI)

An interferometer is a measurement tool consisting of two distinct optical paths or arms
in which the light passing through the arms is recombined to produce an interference pattern.
A common interferometer is the Mach-Zehnder interferometer (MZI) in which the light source

is split into two beams which travel along a test path and a control path, respectively. The
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Table 2.3: Analytes and performance comparison of grating coupler biosensors.

Year Sample Sensitivity LOD Resolution Concentration Ref.
2009 RI 110 nm/RIU NA NA NA [76]
and Streptavidin shift: 1 nm NA NA NA
2011 1gG 1 pg/mm? NA NA NA [79]
2011 3-APTES, 1090 nm/RIU NA NA NA [78]
DNA and PNA NA 1 m NA NA
for PNA
2013 RI and biological 340 nm/RIU NA NA NA [6]
sandwich assay shift; 4 nm NA NA NA
2014 E. coli outer NA NA NA 0.1-10 nM [88]
membranes proteins
2014 Human acute 180 nm/RIU 2 10 ® NA NA [99]
leukemia cells
2015 RI liquid, DNP / NA NA 53 10 © NA [81]
anti-DNP interaction NA 781 10 8 /RIU NA
g/mL
2015 RI liquid and 1gG NA 8 g/L NA NA [8]
2015 C-reactive protein NA 0.01 mg/L NA NA [87]
2016 I1gG NA 2.5 nM NA NA [77]
2016 Urinary protein 5.5 dB/(mg/mL) 1.5 10 3 NA NA [98]
mg/mL
2016 CK?7 peptidets NA 0.4 nM NA NA [97]
2016 Streptavidin 6.9 19 pg/mm? NA NA [93]
nm/(ng/mm?)
2017 RI liquid 0.608 phase shift  NA NA NA [75]
per 10 4 RI change
2017 RI liquid 16 nm/RIU NA NA NA [90]
2017 RI liquid and 1gG 137 nm/RIU 267 pM for 1IgG  NA NA [83]
2017 E. coli shift: 25 pM NA NA NA [7]
2017 CD40 ligand NA 168 pM NA NA [82]
2018 RI 17.4 nm/RIU NA NA NA [92]
and Thrombin NA NA NA 19-80 nM
2018 Glucose 0.24 nm/mM NA NA 0-8 mM [96]
2018 BSA NA < 0.2 aM NA 0.1-1000 aM [95]
2019 RI liquid NA NA 7.65 10 * NA [84]
2019 Glucose 0.5 nm/mM NA NA NA [94]

light is then recombined to produce a phase shift at the detector [100, 101|. A basic MZI

biosensor based on a Y coupled waveguides has a measure arm and a reference arm to test

the phase shift, as shown in Figure 2.9 |9]. The phase shift can be described by (2.2):

4 =

2

4 Nerel
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where is the wavelength of the input light, Negs is the effective RI of the propagating
mode and L is length of the sensitive window. The phase difference between the two arms
results in the interference effect. MZI biosensors typically functionalize the measure arm to
bind the analyte of interest. The phase shift changes with different analytes such as protein
[102], bacteria [103], and toxin [104]. MZI devices can be fabricated with SOI [105], CMOS-
compatible SigN4 [106][107], polymers [108], organic-inorganic films [109]|, and liquid core
waveguides [110]. The design of an MZI sensor based on broad band illumination is another
approach to enhance the performance [111, 112]. In the broad-band MZI sensor, the light
propagating in the sensor has two modulated polarization characteristic sinusoids which can
be deconvoluted [113]. A broad-band MZI sensor has been introduce by Psarouli etal: [10],
in which the integration of LED device and MZI interferometer is shown in Figure 2.10.
Through dual polarization analysis with a broad-band input light and an modulated output
light, this sensor can be used to detect mouse IgG, BSA and biotinylated-BSA by phase
shift. MZI sensitivity can further be enhanced by combining the MZi structure with a slot
waveguide [114]. Its oxide layer and SigNy layer were deposited by plasma-enhanced chemical
vapour deposition (PECVD) and low pressure chemical vapour deposition (LPCVD), and its
slot was created by the reactive ion etching (RIE) process. An MZI optical biosensor based
on a double-slot hybrid-plasmonic waveguide as the sensing area has achieved the sensitivity
of 1061 nm/RIU [115]. Cascaded MZI devices have also been studied recently. An optical
biosensor based on cascaded MZI has been developed by Bhardwaj etal: [116]. The sensor
detects glucose with the RI ranging from 1.333 to 1.349 with the sensitivity of 380 nm/RIU.
When a reference MZI is cascaded after a sensing MZI based on slot waveguide, the surface
sensitivity is enhanced to 60 nm/(ngmm 2) and the LOD is 0.155 (pgmm ?2) utilizing the
Vernier effect [117].
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Figure 2.9: A schematic diagram of a basic Mach-Zehnder interferometer (MZI) sensor based
on waveguide. The interference pattern at the optical detection unit changes as light in the
sensing window interacts with the analyte of interest. Reprinted from [9] with permission
from MDPI.
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Figure 2.10: A schematic diagram of the integration of a avalanche-type LED device, a MZI
and a silicon nitride rib waveguide. The image underneath shows the photonic diagram
that illustrates the influence of the analyte on the the output light. As analyte binds to
the sensing arm the interference pattern changes at the output. Reprinted from [10] with
permission from Nature Publishing Group.

Compared with traditional MZI biosensors, asymmetric Mach-Zehnder Interferometer
(AMZI) biosensors have different Y couplers and different lengths of waveguides, which
allows for easier fabrication and functionalization [118, 119]. When a thin film composed of
polytetrafluoroethylene (PTFE) and Ta,0s is deposited on the surface of the AMZI by ion
beam sputtering, the sensitivity factor is enhanced and the LOD is around 10 * RIU [120].
Another AMZI has been developed by Chalyan etal: [121]|. In this sensor, the asymmetry
is achieved by adding a small path in reference arm with the sensitivity of 10* rad/RIU.

Aflatoxin M1 (AFM1) detection has been verified with this design. Furthermore, a optical
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biosenosr based on a three-port interferometer has achieved the sensitivity of 13051 rad/RIU
with an LOD of 2.76 10 & RIU [122].

When an MZI biosensor is based on optical fiber, it usually offers high sensitivity and
ease of fabrication [123]. An fiber-based MZI has been designed by Li etal: [124]|. By using
femtosecond laser beam to inscript the localized regions and using HF solution to etch the
laser-modified regions to enhance the interaction of the tested analytes with the core light,
the sensor achieves the sensitivity of -10055 nm/RIU with an LOD of 3.5 10 ® RIU for
RI liquid detection, and the sensitivity of -38.9 nm/(mg/mL) with an LOD of 2.57 10 4
mg/mL for BSA solution. A fiber-based MZI biosensor has been introduced by Wang etal:
[125] in which one single mode fiber is spliced into two segments of single mode fibers with
large core-offset. The bulk sensitivity can reach 13936 nm/RIU for salt solutions and the
LOD is 47 ng/ml for human-IgG. Another MZI sensor has been designed by tapering a single
mode fiber [11], as shown in Figure 2.11. The down-tapered region can excite a few leaky
modes that interfere with the core mode at the upper-taper region, achieving a sensitivity

of 4234 nm/RIU in the RI range from 1.4204 to 1.4408.
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Figure 2.11: A schematic diagram of the internal structure of an MZI biosensor based on
long uniform tapering technique. A few leaky modes can be excited in the tapered region
which interfere with the core mode providing a simple, self-contained sensing mechanism.
Reprinted from [11] with permission from MDPI.

Different types of optical fiber spliced into two fibers are also reported, such as S-shaped
fiber [126], no-core fiber [127], and a fiber based on seven-cores with a ball symmetrical
structure [128]. Besides the shapes of the fiber, different shapes of cavity also influence the

performance of the MZI fiber sensors, such as U-shaped cavity [129], V-shaped cavity and
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rectangular-shaped cavity [130], which can all be fabricated using a femtosecond laser. The
sensor based on rectangular-shaped cavity has the sensitivity of -17503.73 nm/RIU, since its
remaining fiber core has smaller effective RI.

The analytes and performance comparison of these MZI biosensors mentioned above are

summarized chronologically in Table 2.4.

2.4.2 Fabry-Perot, Sagnac and Bimodal Interferometers

A Fabry-Perot interferometer (FPI) consists of two reflectors and can be seen as a
resonator where the coupled light is reflected in the cavity to produce resonance, as illustrated

in Figure 2.12. The path difference is defined as

= (2 = )2nlcos (2.3)

where | is the length of the cavity, is the wavelength, n is the RI of the cavity, and is the
incident angle of the light, and the path difference is an integral number of the wavelength for
maximum transmission. A fiber-based Fabry-Perot interferometer (FFPI) sensor has been
shown by creating a micro-cavity with end faces of high reflectance onto a optical fiber [131].
In the application of FFPI biosensor, the phase of the interference in the fiber is proportional
to the optical length which is related to the micro-cavity length and the RI of the measured

analyte [132].
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Table 2.4: Analytes and performance comparison of MZI biosensors.
Year Sample Sensitivity LOD Resolution Concentration Ref.
2008 Rl liquid NA NA >4 10 8 NA [110]
2012 Rl liquid 1730 2 /RIU 1.29 10 ° NA NA [117]
ng/mL
and PSS/PAH 7.16 nm/ngmm? 1.3 pgmm? NA NA
2013 RI liquid, 1864 RIU NA NA NA [114]
Streptavidin, 1 pg/mL NA NA NA
and methylation NA NA NA >1nM
of DAPK gene
2014 RI liquid 20 m/RIU 10 6-10 “RIU NA NA [112]
2014 Rl liquid 1100 nm/RIU 1.8 10 © NA NA [126]
2014 RI liquid, 1gG 592 rad/RIU 10 > RIU NA NA [119]
and BSA
2014 Rl liquid 1500 nm/RIU NA NA NA [102]
and gelatin 2.42141 nm=%W=V NA NA NA
2015 S-protein / NA NA NA > 3 ng/mL [106]
peptide interaction
2015 IgG NA NA NA 0.025-66.7 nM  [10]
and BSA NA 32 pM for TE NA NA
40 pM for TM
2015 IPA solution 1061 nm/RIU NA NA NA [115]
2016 RI liquid -17503.73 nm/RIU NA NA NA [130]
2016 Glucose solution NA 0.003 RIU NA NA [108]
2016  Glucose solution NA 10 S RIU NA NA [118]
2016 Glucose solution 380 nm/RIU NA NA NA [116]
2016  Glucose solution 108 rad/RIU 5 10 " RIU NA NA [121]
and Aflatoxin M1
2016 ssDNA NA 0.0001 pM/ L NA NA [129]
2017  Glucose solution NA 10 ° RIU NA NA [120]
2017 Rl liquid 160 nm/RIU 28 10 *RIU NA NA [105]
2017 Rl liquid 13051 rad/RIU 2.76 10 ®RIU NA NA [122]
2017 RI liquid -10,055 nm/RIU 3.5 10 SRIU NA NA [124]
and BSA -38.9 nm/(mg/mL) 2.57 10 4 NA NA
mg/mL
2017 C-reactive protein  NA 2.1 ng/mL NA NA [111]
2018 Rl liquid > 10000 nm/RIU NA NA NA [127]
2018 RI liquid 82.7 nm/RIU NA NA NA [123]
and 1gG 10.4 nm/(mg/mL)  NA NA NA
2018 Rl liquid 13936 nm/RIU NA 144 10 © NA [125]
and 1gG NA 47 ng/mL NA NA
2018 Rl liquid 15000 nm/RIU NA NA NA [103]
and E. coli C3000 NA 100 CFU/mL NA NA
2018 Rl liquid 5200 rad/RIU 0.01 ng/mL NA NA [104]
and ochratoxin A
2018 E. coli solution 2 10 4 20 pg/mm 3 NA NA [109]
2019 RI liquid 4234 nm/RIU NA NA NA [11]
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Figure 2.12: A Fabry-Perot etalon is formed by placing two reflectors a precise distance
apart. Light waves can only pass through the cavity when they are in resonance with it.
This filtering property forms the basis for numerous sensors.

An Fiber-Optic Fabry-Perot interferometer based sensor has been introduced by Li etal:
[12], as shown in Figure 2.13. A sensitivity greater than 1160 nm/RIU has been demonstrated
by using sputtering system to coat gold film on an open micro-cavity to produce a total-
reflection mirror. Furthermore, additional biosensors based on various optical fiber structures
have been reported in recent years including sandwiching a silica tube by two fibers [133],
producing a small cavity on a single mode fiber by focused ion beam milling [134], inserting
a cavity with a lateral offset [135] and drilling a micro-hole in the fiber [136]. Compared with
conventional FPI biosensors, Xu etal: have implemented a tiny segment of capillary tube into
two segments of single mode fibers to produce a cascaded FPI with three reflecting surfaces
[137]. The reflected intensity is monitored by this sensor which has achieved the sensitivity
of 216.37 dB/RIU. The Vernier effect is applied in FPI to enhance the free spectral range
as well. With this sensor system combining the sensing FPI with a reference FP etalon,
the Vernier effect is produced by the slight difference in the free spectral ranges (FSRs) of
the two FPIs [138]. The wavelength sensitivity of 23794.6 nm/RIU is reported with 4602.3

dB/RIU intensity sensitivity.
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Figure 2.13: A schematic diagram of the Fiber-Optic Fabry-Perot interferometer sensor,
showing sputtered gold films on the inner surfaces of the micro-cavity. The gold films are used
as both a semi-transparent mirror (STM) and a total-reflection mirror (TRM). The optical
cavity created by the two mirrors greatly enhances the sesnivity of the device. Reproduced
from [12] with permission from MDPI.

Sagnac interference is a phenomenon in which light is split into two beams that counter
propagate in a loop to generate interference at the output [139]. Sagnac interference can
be applied to a fiber optic biosensor in the form of Sagnac loop interferometer [140]. The
polarimetric interference is produced when the light propagates in an elliptical high bire-
fringence microfiber. The detection of single-stranded DNA (ssDNA) has been verified with
a minimum detectable concentration at 75 pM while the bulk sensitivity of 13488 nm/RIU
has been achieved [141]. When the Sagnanc interference biosensor is used with the Vernier
effect, BSA can be detected with sensitivity of 0.097 nm/(mg mL 1) [142].

A microfiber tapered interferometer employs the fiber’s first two propagation modes to
generate the interference pattern in the taper waist region [143, 144|. It can be applied
to detect IgG. Huang etal: have introduced a DNA biosensor based on microfiber tapered
interferometer coated by conjugated polymer membranes [145]. The fundamental mode
and a higher order mode are excited in the taper region leading to the sensitivity of 2.393
nm/log M. A biosensor based on a tapered interferometer can be fabricated by heating and
stretching a section of a highly Ge-doped fiber with the help of a flame-brush and can obtain
a sensitivity of 11006 nm/RIU [146].

The interference of the light caused by two different modes in a bimodal waveguide
produces the phase difference in the output light [147]. UV lithography [148] and UV-based

soft imprint techniques [149] have been used to fabricate the bimodal waveguide. Besides the
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Table 2.5: Analytes and performance comparison of Fabry-Perot, Sagnac and bimodal
interferometers.

Year Sample Sensitivity LOD Resolution Concentration  Ref.
2011 RI liquid and BSA NA 25 10 © NA NA [149]
RIU
2011 1gG shift: 1.5 nm NA NA NA [143]
2012 Rl liquid ~994 nm/RIU NA NA NA [136]
2013 RI liquid 1051 nm/RIU NA NA NA [133]
2015 RI liquid 19212.5 nm/RIU NA NA NA [144]
2015 Single-stranded DNA  2.393 nm/log M 10 M NA NA [145]
2016 RI liquid 1086 nm/RIU NA NA NA [135]
2016 RI liquid > 1160 nm/RIU NA >1 10 & NA [12]
2016 Bacillus cereus NA NA NA > 40 CFU/mL [150]
and E. coli
2017 RI liquid ~216.37 dB/RIU NA NA NA [137]
2017 RI liquid 457 nm/RIU NA NA NA [134]
2017 RI liquid 13488 nm/RIU NA NA NA [141]
and ssDNA NA NA NA > 75 pM
2018 R liquid 2429 nm/RIU NA NA NA [142]
and BSA 0.097 nm/(mg mL ') NA NA NA
2018 Rl liquid, -3137 nm/RIU NA NA NA [140]
biotin, shift: 12 nm NA NA NA
and streptavidin shift: 5 nm NA NA NA
2018 RI liquid 23794.6 nm/RIU NA NA NA [138]
2018 1gG NA 0.2mg/L NA NA [151]
2019 RI liquid 316 rad/RIU NA NA NA [148]

standard silicon technology [149] and the polymer core waveguide [148|, a bimodal wavguide
biosensor based on S3N4 has been introduced by Maldonado etal: [150]. The waveguide
has S3N4 as the core which is covered by SO, as the cladding. The light is confined in the
waveguide and coupled to the fundamental and the first modes when it propagates from the
single mode section to the bimodal section. The biomodal interference can also be used in
optical fiber. A multimode fiber biosensor has been reported by Cardona-Maya etal: by
etching the cladding to a singlemode-multimode-singlemode fiber [151|. The LOD can be
0.2 mg/L for the detection of IgG.

The analytes and performance comparison of these interferometer biosensors mentioned

above are summarized chronologically in Table 2.5.
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2.5 Photonic Crystal Biosensors

A photonic crystal (PC) is a periodic optical nanostructure which has a varying RI. The
propagation of electromagnetic waves are controlled by the structure of the photonic crystal
which can be one, two or three dimensional. A basic two dimensional photonic structure is
shown in Figure 2.14. It has been first reported by Yablonovitch [152]. The propagation
of light is forbidden in a certain wavelength range known as the photonic band gap. By
introducing defects, photonic crystals are utilized in many applications, such as waveguides,

mirrors, and filters.

Figure 2.14: A basic two dimensional photonic crystal structure. The radius of the column is
r. The material is homogeneous along the z direction and has varying RI along x and y with
a lattice constant of a. The engineered structure of the photonic crystal allows only certain
wavelengths of light to propagate. Reprinted from [13] with permission from Princeton
University Press.

The basic principle of the photonic crystal is the symmetry principle. The periodic

envelope function and periodic dielectric function can be satisfied as (2.4) and (2.5):

S 'k

(r +ik) "(r)(i"+ik) H(n;K)):(%)ZH(n;K) (2.4)

"(x) ="(x+ Ri) (2.5)
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where K is the wave vector, H (k) 18 the periodic envelop function with eigenvalue ',k and
R; is the lattice vectors. The propagation modes allowed in the photonic cystral can be
found by solving for the eigenvalues described above.

A one dimensional photonic crystal consists of multiple layers of alternating materials
where the RI of the material is changed periodically in one dimension. A common example is
the Bragg reflector where each layer causes partial reflection for a certain range of frequencies
and acts as a band-pass filter. For a two dimensional photonic crystal, the RI of the structure
is alternated periodically in two dimensions and the basic structures include hole-based
photonic crystals and slab-based photonic crystals, which are created of air holes or silicon
pillars in the lattice, respectively. Introducing line defect into photonic crystal structure
can cause resonance with less loss compared with traditional waveguides [153]. With only
the light within a narrow range of frequency being able to escape from the defect, a line
defect photonic crystal waveguide produces a narrow peak in the spectrum with high quality
factor, thus can be applied in optical biosensors [154]. Its high sensitivity and high quality
factor make the photonic crystal biosensor one of the most powerful sensors to detect DNA
[155], cells [156], and proteins [157| by measuring the small change of the RI [158]. Besides
fabricating on SOI to obtain the photonic crystal biosensor, polymer [159], SigN4 [160] and
TiO, [161] have all been demonstrated as materials for the high index region. Due to the
small sizes of the photonic crystal holes, E beam lithography[162] or focused ion beam
lithography [163] are used to fabricate the structure of the photonic crystal.

The Ln cavity based photonic crystal removes n air holes to form the defect of the pho-
tonic crystal structure [164]. The microcavities confine the light to an ultra-low mode volume
to produce the potential to enhance the sensitivity of the biosensor. Examples are L3-cavity
[165], L7-cavity [166], L13-cavity, L21-cavity, and L55-cavity [167]. These photonic crystal
microcavities have all been demonstrated as photonic crystal biosensors. Antibiotics and
gentamicin being detected by the photonic crystal microcavities has been reported by Yan

etal: [14]. The mode profiles of L.13-cavity and L.13-cavity with nanoholes PC waveguide are
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shown in Figure 2.15. The L13-cavity and L13-cavity with nanoholes are formed by a row
of 13 missing holes and by a row of 13 nanoholes in theK direction, respectively. Com-

pared with the conventional L13-cavity structure, L13-cavity with nanoholes can increase
the Il factor by 40 % and obtain a larger resonance shift to measure gentamicin with the

concentration as low as 1 nM.

Figure 2.15: Mode pro les of L13 and L13 with nanoholes PC microcavities. Reprinted from
[14] with permission from IEEE.

Slot waveguide photonic crystals have gained much attention recently. In the structure
of slot photonic crystal, the light is not only con ned by the photonic crystal, but is also spa-
tially con ned by the slot waveguide. The basic photonic crystal slot waveguide is formed
by implementing an air slot into a photonic crystal waveguide [168]. The slot waveguide
photonic crystal biosensor combines the respective advantages of a slot waveguide and a
photonic crystal. By implementing the air slot in the photonic crystal waveguide and opti-
mizing the parameters, the sensitivity can be 1538 nm/RIU and the quality factor can be
50000 [169]. An optical biosensor based on multi-slotted photonic crystal cavities has been
presented by Xuetal: [170]. The device is patterned by electron-beam lithography. The pat-
tern is transferred onto a silicon layer by anisotropic etching through an inductively coupled

plasma process. The light propagating in this sensor interacts more with the lower RI region
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to enhance the sensitivity to 586 nm/RIU. Another multi-slot photonic crystal biosensor
based on a nano-slotted parallel qguadrabeam integrated cavity achieves a sensitivity of 451
nm/RIU with a quality factor of larger than 7000 [171].

A photonic crystal nanobeam, which is a type of one dimensional photonic crystal, has
also been studies for its high quality factor and small mode volume [172]. SOI wafer [173],
polymer Im [174] and porous silicon [175] have been used to fabricate photonic crystal
nanobeam biosensors. Combining the functions of nanobeam and slot, a slotted photonic
crystal sensor has been designed to test single nanopatrticles [176]. The air slot is implemented
as a row of air holes, at the end of which the structure gradually turns into a conventional
photonic crystal sturcture without air slots. The sensitivity is 439 nm/RIU to test the
particles with a maximum quality factor of 12000. Another slot nanobeam photonic crystal
waveguide is based on embedded quantum dots of InAs [177]. By introducing an air slot
bewtween two rows of nanobeam photoncic crystals, the sensitivity of the sensor reaches
900 nm/RIU. Furthermore, by tapering the width of the cavity region of a rectangular
photonic crystal cavity, a nanobeam high-sensitivity photonic crystal optic biosensor shows
a sensitivity of 428 nm/RIU with a quality factor of 1.3 10* [178].

A photonic crystal optical ber biosensor consitst of a two dimensional photonic crystal
in which a periodic array of micro air holes is embedded along the entire length of the ber
[179]. A photonic crystal ber (PCF) sensor based on surface plasmon has been designed
by Rifat etal: [180], which is performed by a stack-and-draw method [181]. The fabricated
capillaries are stacked and then drawn into a cane, and nally pulled into a ber. The PCF
sensor consists of seven air-hole rings and a large air hole coated with gold that is introduced
in the rst ring. Resonance occurs when the real e ective index of the core mode and SPP
mode are the same, which lead to a sensitivity of 121000 nm/RIU. Another ber biosensor
based on a photonic crystal is designed by splicing one section PCF into two sections of

multimode bers, as shown in Figure 2.16. By coating gold and graphene oxide on the ber
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surface and immersing in staphylococcal protein A (SPA), the bulk sensitivity can achieve

4649.8 nm/RIU and the LOD can be 10 ng/mL for detection of human IgG [15].

Figure 2.16: (a) A schematic of a MMF-PCF-MMF sensor. (b) A microscope photograph of
the end face of PCF. (c) The collapsed region of PCF. Reprinted from [15] with permission
from Elsevier.

A D-shaped photonic crystal ber can also be designed for biosensor applications based
on surface plasmon resonance by coating metal on the polished surface [182, 183]. A D-shaped
photoinc crystal ber based on suface plasmon coated by gold has been introduced by Wu
etal: [184]. A wheel polishing setup is used to realize the side-polished PCF. By optimizing
air holes arrayed in the cladding to the polished surface, the sensitivity of 21700 nm/RIU is
obtained. Another D-shaped photonic crystal ber sensor based on surface plasmon achieves
the maximum sensitivity of 46000 nm/RIU at the RI of 1.42 [185] by coating TiQon the ber
surface as the adhesion layer between gold and ber and broadening the operating wavelength
range. Unlike the conventional photonic crystal ber biosensor, a hollow Bragg optical ber
has been introduced by Lietal: based on its hollow core surrounded by alternating layers
with varying RI [16], as shown in Figure 2.17. The sensor is fabricated by heating and

drawing the preform in a drawing tower. The device's sensitivity is 1850 nm/RIU.
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Figure 2.17: A cross section view of a hollow Bragg ber of which the large hole is surrounded
by a periodic sequence of high (blue) and low RI (red) layers. The alternating layers help
enhance the performance of the sensor through better light con nement and improve its
sensitivity. Reproduced from [16] with permission from OSA.

The analytes and performance comparison of these photonic crystal biosensors men-

tioned above are summarized chronologically in Table 2.6.

2.6 Ring Resonators

The earliest integrated ring resonator has been published in 1969 by Marcatdt al:
[186]. A basic ring resonator consists of a line waveguide and a ring waveguide where the
light propagating in the line waveguide will be coupled to the ring waveguide. The light is
con ned in the waveguides by total internal re ection and the resonance occurs when the
optical path di erence is a multiple of the wavelength of the light due to the constructive
interference.

Ring resonator sensors nd a number of applications in chemical and biological sensing
and detection [187, 188], and have shown potential in industry [189]. When the analyte is

bonded to the ring resonator, the change of the RI of the analyte leads to the change of the
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Table 2.6: Analytes and performance comparison of photonic crystal biosensors.

Year Sample Sensitivity LOD Q factor Concentration Ref.
2003 Rl liquid 11000 nm/RIU  NA NA NA [179]
2007 RI liquid and BSA NA ~10 g/mL NA NA [158]
2007 BSA Min detection NA NA NA [154]
mass: 2.5 fg
2009 Rl liquid 1538 nm/RIU NA 50000 NA [169]
2010 Rl liquid 900 nm/RIU NA 700 NA [177]
2010 RI liquid and monolayer 100 nm/RIU NA NA NA [165]
of 3-APTES molecules
2010 Single-strand DNA NA 19.8 nM NA NA [155]
2011 Glucose 386 nm/RIU NA 36000 NA [174]
2012 Rl liquid 460 nm/RIU NA NA NA [166]
2013 Rl liquid 3692 nm/RIU NA NA NA [157]
and IgG NA 0.267 mg/L NA NA
2013 HPV virus-like NA 1.5nm NA NA [162]
nanoparticles
2013 ZEB1 in lysates 2 cells per mL NA NA NA [156]
2013 Biotin-avidin binding NA NA NA 67 pg/mL [167]
for L21
3.35 pg/mL
for L55
2015 Rl liquid 451 nm/RIU NA >7000 NA [171]
2015 Rl liquid 428 nm/RIU NA 13000 NA [178]
2015 Single-nanoparticle 439 nm/RIU NA ~12000 NA [176]
2017 Rl liquid 7381 nm/RIU NA NA NA [182]
2017 Rl liquid 21700 nm/RIU  NA NA NA [184]
2017 Rl liquid 46000 nm/RIU  NA NA NA [185]
2017 Gentamicin NA NA NA 0.lnM-1 M [14]
2018 Rl liquid 4649.8 nm/RIU  NA NA NA [15]
and IgG NA 10 ng/mL NA NA
2019 Rl liquid 1850 nm/RIU NA NA NA [16]
2019 APTES 1023 nm/RIU NA NA NA [175]
and PNA 1.6 pm/nM NA <8900 NA

e ective RI of the ring. This results in a peak shift in the spectrum due to the change of the

optical path. It can be described by (2.6),

2RN ¢ = m; m =1;2:3;:: (2.6)

wherengss Is the e ective RI of the propagating mode andR is the radius of the ring.
Various materials are used to fabricate the waveguides and ring resonators. A ring

resonator immunsensor based on SOI has been developed by Vagdra: to detect MCP-1
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in bu er and human serum samples [190]. An LOD of 0.5 pg/mL has been shown. By
optimizing the thickness of the silicon waveguide to 150 nm, the ring resonator biosensor
fabricated on SOI wave can achieve a bulk sensitivity of 270 nm/RIU for a guided TM
mode wave. It can also verify the detection of biological interactions, such as standard
sandwich assays [191]. Besides SOl, silicon oxynitride (SiON) [192], porous silicon [193] and
polymers [194] have been reported as the structure materials for ring resonator biosensors.
By connecting three sensor micro-rings with a reference micro-ring, a ring resonator biosensor
has been designed to detect human immunoglobulin E (IgE) and human thrombin with LODs
of 33 pM and 1.4 nM, respectively [195]. Compared with conventional ring resonators, a
suspended ring resonator structure has been demonstrated to achieve a symmetrical optical
mode distribution and nearly 3.6 times improvement in the mode overlap with the target
analytes [196]. The ring and waveguide is fabricated using standard CMOS technology,
including UV lithography and RIE etching. A bu ered oxide etch is used to release the
suspended structure. A concentration as low as 100 nM Herceptin has been detected. From
the fabrication perspective, the reported structure was patterned by e-beam lithography with
the help of Monte Carlo simulation. It was then dry etched by RIE with an additional wet
etching step to obtain the suspended microring resonators.

Two or more rings with di erent individual free spectral ranges can be cascaded to
enhance the total free spectral range through the Vernier e ect [197]. This technique can be
applied to enhance the sensitivity of biosensors [198, 199]. A ring resonator biosensor based
on the Vernier e ect and suspended silicon nanowires introduced by Hu and Dai achieves
a sensitivity of 4.6 10° nm/RIU with an LOD of 4.8 10 ° RIU [200]. A cascaded double-
ring resonator sensor based on the Vernier e ect has been introduced by Jiaetal: [17],
as shown in the Figure 2.18. Unlike simply two cascaded rings, both ring resonators consist
of one sensor ring and one reference ring. The transmission spectrum of each sensor is the
product of the two rings' transmission spectra. The sensitivity of such double-ring resonator

is 24300 nm/RIU. A three cascaded ring resonator based on Vernier e ect sensor achieves a
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lower sensitivity of 5866 nm/RIU but a range of measurement increased to 7.60 2 which

is about 24.7 times compared with the conventional two cascaded ring sensor [201].

Figure 2.18: A schematic diagram of two cascaded double-ring resonator biosensors based
on the Vernier e ect. The output spectrum of each sensor is the product of the two rings'
transmission spectra. Reproduced from [17] with permission from OSA.

In addition to SOI based cascaded rings, a cascaded ring resonator based on the poly-
mer Ormocore has been shown to produce a FSR of 4.6 nm and an increase in sensitivity
by 16-fold [202]. A biosensor based on cascaded ring resonators that uses intensity interro-
gation has shown a high sensitivity of 1579 dB/RIU with the detection of limit of 9.7 10 ©
RIU. The sensing ring is modi ed with molecularly imprinted polymers for the detection of
progesterone with an LOD of 83.5 fg/mL [203].

Along with wavelength interrogation and intensity interrogation, a ring resonator based
on phase interrogation to detect the cladding material has been introduced by Laial: [204].
Two lasers are launched into the ring with one laser aligned to the ring resonance and the
other slightly o resonance. The sensitivity is 6 10 2 rad/RIU and the LOD is 2.5 10 ©
RIU.
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Using a slot waveguide along with ring resonator biosensors enables the light to interact
more with the analyte to enhance the sensitivity [205]. A ring resonator based on slot
waveguide has demonstrated a sensitivity of approximately 1.0 & g/mL for the detection
of prostate speci ¢ antigen (PSA) [206]. Another ring resonator biosensor based on double-
slot hybrid plasmonic waveguides has been introduced by Sebal: [207]. The narrow slots
enhance the con nement for the optical energy leading to the sensitivity of 687.5 nm/RIU
with the LOD of 5.37 10 ® RIU.

A whispering-gallery mode (WGM) is a resonance mode of a wave in a resonator formed
by a cavity with smooth edges. The resonant wavelength of WGM is determined by (2.6),
where R is radius of the optical structure. WGM based devices have been successfully
used as optical biosensors [208, 209, 210]. A biosensor based on WGM created from silca
microspheres has been designed by Andersatral: [211]. It is applied to detect H.hepaticus
with the LOD of 1 10® cells/mL. The microsphere is obtained by using a 25-W CQaser
to melt the tip of a single mode ber. Thin-walled capillary based sensors also bene t
from WGM [212]. An optical biosensor based on WGM can excite mechanical vibrations
by its thin-walled capillary. The sensitivity of 1.2 Hz/(pg/mm?) can be achieved with the
LOD of 83 pg/mm? [213]. Another ring resonator optical biosensor based on WGM has
been introduced by Zhangetal: [18]. As shown in Figure 2.19, it consists of one ring laser
as a master resonator and one opto uidic ring tube as a slave resonator. Both resonators
are made of PDMS by pulling the ber out from the PDMS. The sensitivity can achieve
5930 nm/RIU due to the Vernier e ect and the large ratio change of e ective RI. Using a
capillary to replace the PDMS to form two thin-wall silica capillaries, another sensor has
demonstrated a sensitivity of 2510 nm/RIU with an LOD of 1.6 10 ° [214]. Instead of
employing a solid dye laser, a owed dye solution can improve the stability and reduce
the noise, which achieves the sensitivity of 3874 nm/RIU with the LOD of 2.610 ® RIU
[215]. Another ring (disk) resonator based on WGM has been introduced by Khozeymeh

and Razaghi [216]. The quality factor can be larger than 25000 and the sensitivities for the
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Figure 2.19: A ring resonator optical biosensor based on Whispering-Gallery mode (a) Fab-
rication process of an opto uidic coupled cavity. (b) The cross-section of the coupled cavity.
[18]
singe disk and dual disk are 193 nm/RIU and 134 nm/RIU, respectively. To suppress the
common-mode noise, a self-referencing opto uidic sensor based on a ring resonator has been
introduced by Li etal: to detect bovine serum albumin and achieved an LOD of 2 pg/mL
with low noise [217]. Besides WGM liquid channel sensors, a liquid-core waveguide based
ring resonator has been presented by Testtal: [218]. The alternating SiQ and SigNg4
layers are fabricated as the antiresonant cladding layers by LPCVD. The interaction for the
light and test analytes is enhanced and the RI sensitivity reaches 700 nm/RIU.

The analytes and performance comparison of these ring resonator based biosensors men-

tioned above are summarized chronologically in Table 2.7.
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Table 2.7: Analytes and performance comparison of ring resonator biosensors.

Year Sample Sensitivity LOD Q factor Concentration Ref.

2009 Rl liquid 298 nm/RIU 4.2 10 °RIU NA NA [205]
and avidin shift: 2.2 nm NA NA NA

2010 Rl ligiud 570 nm/RIU NA 1.2 10° NA [187]
and Biotin

2011 Rl liquid 1070 nm/RIU 1.6 10 ® RIU NA NA [198]

2011 Rl liquid 46 10° 48 10 ° NA NA [200]

2011 Rl liquid shift: 25 fm NA NA NA [208]

2011 Rl liquid 5390 nm/RIU NA NA NA [18]

2012 Glucose 2510 nm/RIU 1.6 10 5 RIU NA NA [214]

2013 Rl liquid 24300 nm/RIU NA NA NA [17]

2013 IgE NA 33 pM NA NA [195]
and thrombin NA 1.4nm NA NA

2013 BSA 2 pg/mL NA NA NA [217]

2014 Rl liguid 6 10°/RIU 2.5 10 ® RIU NA NA [204]

2014 Glucose 1.84 pm/mM NA NA NA [212]

2014 Hydro uoric NA 83 pg/mm 2 NA NA [213]
acid solutions

2015 Rl liquid 428 nm/RIU NA 13000 NA [178]

2015 Rl liquid 687.5 nm/RIU ~5.37 10 * RIU NA NA [207]

2015 Rl liquid 112 nm/RIU 1.6 10 ° NA NA [192]
and AFM1 NA NA NA 12.5 nM

2015 Rl liquid 380 nm/RIU NA ~10000 NA [193]
and nucleic acid

2015 Rl liquid and IgG 1804 nm/RIU 7.1 g/mL NA NA [199]

2015 H.hepaticus NA 1 1C° cellss/mL  NA NA [211]

2016 Rl liquid ~700 nm/RIU ~1.57 10 ®  RIU NA NA [218]

2016 MCP-1 NA 0.5 pg/mL NA 84.3-1582.1 [190]

pg/mL

2016 PSA ~1 10 & g/mL NA NA NA [206]

2017 Rl liguid 5866 nm/RIU NA NA NA [201]

2017 Rl liquid 270 nm/RIU NA 10100 NA [191]
and biological shift: > 400 pm NA NA NA
sandwich assays

2017 Rl liquid 1579 dB/RIU 9.7 10 S RIU NA NA [203]
and progesterone  NA 83.5 fg/mL NA NA

2017 Glucose 3874 nm/RIU 2.610 ¢ RIU NA NA [215]

2018 Rl liquid 310 nm/RIU NA ~30000 NA [196]
and Herceptin NA NA NA 100 nM

2019 Rl liquid increase by by 16-fold NA NA NA [202]

2019 Rl liquid 193 nm/RIU NA NA NA [216]

2019 Rl liquid 300 nm/RIU NA NA NA [189]
and BSA shift: 0.5 nm NA NA NA

2019 Rl liquid NA NA 8 10° NA [194]
and BSA

2.7 Biosensors Combining Multiple Methods

Biosensors combining the advantages of the various methods previously described are

often able to improve the sensitivity. In thig&ection, several recently developed integrated

optical biosensors are summarized.



A biosensor based on a one-dimensional photonic crystal combined with a ring resonator
to enhance the light con nement and the light-matter interaction has been demonstrated
[219]. An optical biosensor based on a photonic crystal ring resonator can operate in both air
and dielectric bands, and produce a resonance in the air band mode to obtain a sensitivity
of 87 nm/RIU with a quality factor greater than 10000 [220]. Another optical biosenosr
based on a photonic crystal ring resonator has been presented byétal: [221]. Due to the
localized optical mode eld of the photonic crystal structure, the bulk sensitivity can achieve
248 nm/RIU. The detection of DNA, biotin and streptavidin has also been veri ed with this
sensor.

The optical ber biosensor combining ber Bragg gratings, localized surface plasmon
and long range surface plasmon has been reported by Letal: [222]. The light is coupled
to the cladding by the gratings and the gold Im coated on the ber enhances the resonance.
Gold nanoparticles are functionalized to bind the analyte. The overall e ect leads the LOD
of thrombin of 1 nM.

An MZI biosenosor based on one-dimensional photonic crystal in the sensing arm has
been introduced by Qinetal: [223]. The light is squeezed to produce a slow light e ect
and enhance the relative phase shift to achieve a bulk sensitivity of 84000 rad/RIU-cm. The
sensor has a compact footprint, and has demonstrated the detection of nucleic acid molecules.
Another MZI biosensor based on sub-wavelength gratings in sensing arm has been introduced
by Sumi etal: [224]. The phase di erence between the sensing and reference arms for the
given wavelength has a relatively at maximum. The sensor achieves a sensitivity of 931
rad/RIU/mm. An MZI based on long range surface plamon has been designed by Khan
etal: [225]. The sensor made from gold stripes in Cytop with an etched micro uidic channel
has reached an LOD of approximately 910 7 RIU.

A ring resonator has also been combined with MZI as a biosensor [226]. A ring resonator
optical biosensor based on MZI and Vernier e ect has been introduced by Azeeal: [19].

SU8 2000 polymer is used as core of the waveguide while PMATRIFE polymer is used
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as cladding layer and superstratum for the reference ring. As shown in Figure 2.20, by
implementing a ring resonator to each arm of the MZI to produce Vernier e ect, the sensor

can achieve the sensitivity of 17558 nm/RIU for glucose detection.

Figure 2.20: A schematic diagram of a ring resonator optical biosensor based on MZI and
Vernier e ect. The sensor ring is in the reservoir (white rectangle) etched in the PMATRIFE
superstrate (yellow) covering the the sensor. The reservoir is covered by the analyte to be
detected. Reprinted from [19] with permission from OSA.

The combination of a ring resonator and SWG to design an optical biosensor can decrease
the light con nement in the core of the waveguide and tailor the e ective RI to enhance the
sensitivity [227, 228, 229, 230]. Subwavelength multibox waveguides that consist of ve rows
of silicon squares have been studied in a ring resonator optical biosensor to enhance the
bulk sensitivity to 579.5 nm/RIU and the surface sensitivity to 1900 pm/nM for biological
sandwich assay detection [231]. A suspended waveguide which can balance the sensitivity
and the propagation loss has been used in the ring SWG optical biosensor to reach the quality
factor of 15300 with the sensitivity of 337.5 nm/RIU [232]. Compared with the suspended
structure, a pedestal structure can also be used with a SWG ring resonator biosensor to
reduce the distribution of asymmetric Rl and introduce a more robust structure. A biosensor
based on a pedestal structure has been reported by Chaatal: [20], as shown in Figure
2.21. The pedestals are under the gratings and formed by undercut etching to increase mode

volume overlap factor. A greater resonance shift for Sulfo-NHS-Biotin immobilization has
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been shown and the detection of streptavidin has been demonstrated at a low concentration

of 0.1 ng/mL with 0.15 nm as resolution.

Figure 2.21: A schematic diagram of a pedestal subwavelength grating metamaterial waveg-
uide ring resonator, where R is the diameter of the ring, is the grating period, h is the
thickness of ring waveguide, w is the width of waveguide core, | is the length of pillar, L is the
depth of lateral etching propagation, and V is the depth of the vertical etching propagation.
Reprinted from [20] with permssion from Elsevier.

An optical biosensor based on a PCF and a MZI can produce higher mechanical stability
and easier fabrication and measurement [233]. The cladding mode is excited when the light
is coupled into the PCF and interferes with the core mode. By splicing a short section of
PCF between two standard single mode bers, a PCF biosensor has reached the sensitivity
of 326 nm/RIU [234]. Two collapsing points are made in a PCF at certain regions by a
fusion splicer to form the sensor. Other techniques involving a PCF include ber tapering at
the splicing point [235], up-tapered joint [236], nonadiabatically tapering a small section of
the ber [237], and introducing a PCF taper between two waist-broadened tapers of SMF-
PCF [238]. Besides the method of splicing, a PCF biosensor has also been demonstrated by
coating hafnium oxide on the surface of the PCF to enhance the sensitivity to the surrounding

medium by Meloetal: [239]. The sensor demonstrates a sensitivity of 1307 nm/SRI. Another
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optical biosensor based on a PCF and a MZI has been introduced by [Bual: [240]. By
etching the surface of the PCF, the sensitivity can achieve 359.37 nm/RIU. A biosensor based
on a PCF and a MZI uses a cavity ring down loop to improve the performance of the sensor
[241]. The sensor acheives an LOD of 7.80 ° RIU. Another PCF and MZI biosensor uses
alcohol to Il the air holes of the PCF to decrease the di erence of RI between the core and

the cladding [21], as shown in Figure 2.22.

Figure 2.22: Alcohol- lled PCF sensing probe based on MZ interferometry. The alcohol
helps decrease the di erence in Rl between the core and cladding. Reprinted from [21] with
permission from Elsevier.

Optical biosensors can also be improved by integrating a FPI with a PCF [242]. As
shown in Figure 2.23, Tianetal: [22] have demonstrated a sensor based on FPI and PCF
by splicing a segment of a concave-core PCF with a segment of SMF. The concave-core
forms a physically short cavity which allows liquid to ow into the sensor with ease and
signi cantly reduces the measurement time. Another PCF optical biosensor based on FPI
has been introduced by splicing a hollow core PCF into two sections of SMF and cleaving
the pigtail of SMF to a proper length [243]. The two interfaces of concave-core of the ber
function as mirrors to form the FPI cavity, obtaining a sensitivity of 1635.62 nm/RIU and a
fast response time. A sensitivity of -136 dB/RIU has been shown for the detection of yeast
growth. This structure can also be used to detect the speci c rabbit IgG as well. For antigen
binding, the wavelength increases by 190 pm and the contrast of fringe decreases by 2.15
dB [244]. Another PCF optical biosensor based on FPI has been shown by connecting the

multimode photonic crystal ber (MPCF) with SMF. The sensor achieves a sensitivity of
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21.52 dB/RIU and a resolution of 1.7 10 5 [245]. Furthermore, a novel sensor has shown
a sensitivity of 178.7 nm/RIU by cascading SMF-HCF-PCF-SMF to obtain a transmitted
MZI and a re ected FPI [246].

Figure 2.23: (a) A schematic diagram of an optical biosensor based on a concave-core PCF
and FPI. (b) A microscope photograph of the cross section of the sensor. The concave-core
forms a physically short cavity which allows liquid to ow into the sensor with ease and
signi cantly reduces the measurement time. Reprinted from [22] with permission from OSA.

The analytes and performance comparison of the multi-con guration biosensors men-

tioned above are summarized chronologically in Table 2.8.

2.8 Conclusion

This chapter reviews several categories of optical waveguide biosensors based on RI
scheme developed recently, including evanescent waveguide biosensors, surface plasmon res-
onance waveguide biosensors, grating coupler biosensors, interferometers, photonic crystal
biosensors, ring resonators, and biosensors combinging multiple methods. The quality fac-
tors, sensitivities, and detection limits of the sensors are summarized and compared to study
the performances. All these kinds of waveguide based biosensor can be well applied in bi-
ological molecules. Analyses of the biosensors suggest to improve performance to not only
diversify the sensor materials, technologies and tools, but also to combine di erent methods
in one design so as to integrate advantages from them, resulting in improved sensitivities or
quality factors.

For ease of use and greater applicability, optical waveguide biosensors should be de-

signed to interface to the outside world more easily with simpli ed experimental apparatus.
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Table 2.8: Analytes and performance comparison of biosensors by combining di erent meth-

ods.
Year Sample Sensitivity LOD Q factor Concentration Ref.
2012 Rl liquid 11.7 s 'RIU * 7.8 10 SRIU NA NA [241]
2012 Sucrose 326 nm/RIU NA NA NA [234]
2013 Rl liquid NA 9 10 'RIU NA NA [225]
2014 Rl liquid 401 nm/RIU NA NA NA [227]
2014 Rl liquid 21500/RIU NA NA NA [226]
and 1gG 1 ng/mL NA NA NA
shift: 0.5 nm
2015 Rl liquid 252 nm/RIU NA NA NA [236]
2015 Rl liquid -21.52 dB/RIU 1.7 10 SRIU NA NA [245]
2016 Rl liquid 260.8 nm/RIU NA NA NA [235]
2016 Rl liquid 281.6 nm/RIU NA NA NA [238]
2016 Rl liquid 178.7 nm/RIU NA NA NA [246]
2016 RI liquid, biological 440.5 nm/RIU NA NA NA [228]
sandwich assay, ~1nm/1lnm NA NA NA
and microRNA shift: 0.19 nm NA NA NA
2016 Rl ligiud and Biotin 89/RIU NA > 10000 NA [220]
2016 Rl liquid, 84000 rad/RIU-cm  NA NA NA [223]
DNA and PNA shift: 0.46 nm NA NA NA
2016 RI liquid and thrombin 490 nm/RIU 2 106 7000 NA [229]
2016 Rl liquid 36 dB/RIU NA NA NA [243]
and yeast growth shift: 0.04 nm NA NA NA
2016 Glycerin solution 1307 nm/RIU NA NA NA [239]
2016 IgG shift: 190 pm NA NA NA [244]
2017 Rl liquid ~931 rad/RIU/mm NA NA NA [224]
2017 Rl liquid 429.7 0.4nm/RIU 3.71 10 4RIU NA NA [230]
2017 Rl liquid 224.2 nm/RIU NA NA NA [233]
2017 Rl liquid, DNA, ~248 nm/RIU NA NA NA [221]
Streptavidin, shift: 2.42 nm NA NA NA
and Biotin
2017 Rl liquid 722.3 nm/RIU NA NA NA [237]
and BSA NA 125 pg/mL NA NA
2017 Glucose 17558 nm/RIU 1.110 ® RIU  NA NA [19]
2017 Rl liquid 337.5 nm/RIU NA 15300 NA [232]
2018 Thrombin NA 1nm NA NA [222]
2019 Rl liquid 359.37 nm/RIU NA NA NA [240]
2019 Rl liquid 386.66 nm/RIU NA NA NA [21]
2019 RI liquid and biological 579.5 nm/RIU NA NA NA [231]
sandwich assay 1900 pm/nM NA NA NA
2019 RI liquid, NSH-Biotin 545 nm/RIU NA NA NA [20]
imobilization, shift: 0.71 nm NA NA NA
and Streptavidin NA NA NA 0.1 ng/mL

From the fabrication perspective, due to the small wavelength of the light, it is common for

a biosensor to include nanometer-sized structures to interact with the light and measured
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analyte. For examples, fabrication in the vertical direction typically requires growth tech-
nologies such as molecular beam epitaxy, metal organic chemical vapor deposition, atomic
layer deposition or e-beam evaporation for Im deposition, while the horizontal direction
needs the techniques of nanolithography and nanoetching. Increasing the light interaction
area or combining di erent methods in one design to increase eld overlap with the ana-
lyte will lead to a better performance, but at a cost of a more complicated structure. For
applicability in the commercial market, the optical waveguide biosensors need to be easily
fabricated and low-cost. Though the structures may be more complicated, continuous tech-
nological innovations in fabrication and packaging of optical waveguide biosensors will boost
the growth of commercial applications in the upcoming years.

To reduce the cost and be competitive in the market, the optical waveguide biosensor
should be designed for low cost production with greater compatibility and ease of use. For a
commercial product, the tunable lasers can be replaced by LEDs. Cameras or photodiodes
can be chosen as the detectors instead of traditional spectrum analyzers. By choosing the
appropriate source and detection scheme, the size, weight and power of the biosensors can
be greatly reduced and portability achieved. Embedding the biosensors into the consumer
electronic products, such as smartphones, will bring convenience to users as well. Further-
more, better integration of the optical structure and the uidics system can provide more
analytical functions to the user. If the biosensor can be fabricated on SOI wafers and inte-
grated with CMOS circuits, even lower costs, lower power consumption and smaller sizes will
be achieved. With the development of arti cial intelligence and the market demand of the
internet of things, new trends in optical biosensors include the integration with smartphones
and wearable devices. From the expectation of researchers, the market for optical waveguide
biosensors continues its rapid growth rate through 2020. By meeting the challenges in cost

and manufacturing, optical waveguide biosensors will have great potential in the future.

45



Chapter 3

Modeling of a di raction grating coupled waveguide based biosensor

3.1 Introduction

Grating couplers are a common optical component for introducing light into on-chip
photonic structures. They are used extensively for optical interconnects and optical device
integration. Grating couplers were presented initially by Dakss [72], and have been used for
many other applications including biosensing [247] [248].

In this chapter, a MDGCW based biosensor is presented. The MDGCW based biosensor
has the following advantages: easy experimental integration, cost e ective fabrication, and
relatively high sensitivity. Most di raction grating based biosensors use the binding reaction
of the analyte on the patterned surface of the grating coupler, which changes the e ective
refractive index of the coupler. Either the coupling angle of the incident light is varied
to nd the peak intensity of the re ected light [78], or a static angle is chosen and the
re ected intensity is measured [73]. Unlike sensors where the binding occurs on the grating,
in our MDGCW based biosensor the binding occurs on the dielectric slab of the optical
elements similar to research presented in [79]. The dielectric slab forms a capping layer for
a micro uidic channel through which the analyte of interest is introduced to the device.
The grating itself and the sensitivity of the biosensor depends on the peak shift in the light
spectrum. This technique allows for simple fabrication and an unobstructed light path to
the grating. Moreover, the binding layer under the grating will not in uence the patterned
structure of the grating coupler and can simplify analysis. COMSOL Multiphysics is used

to model the MDGCW based biosensor and the results are shown in this chapter.
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3.2 Theory

A classical optical grating structure is made of periodic slits in an opaque medium.
Each slit is regarded as an independent source of light which interferes with one another to
generate the classical diraction pattern known from geometric optics, as shown in Figure
3.1. A binary grating, as shown in Figure 3.2, is used as a basic coupling structure. It consists
of an array of narrow periodic thin rectangular ridges of alternating RI. Mathematically this

e ect can be described by Eq. (3.1) for re ection and transmission as:

d(n¢sin ¢ njsin j)=m (3.1)

where d is the grating period, n; is the refractive index of the transmitted medium and
n; is the refractive index of the incidence medium. is the wavelength of the light, ; is
the coupling angle, and ; is the angle that the light propagates in the grating coupler.
Grating couplers are common optical components for introducing light into on-chip photonic
structures and they were presented initially by Dakssgtal: [72]. They are used extensively

for optical interconnections especially optical devices integration.

Figure 3.1: Principle of a classical optical grating.
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Figure 3.2: Light incident onto a binary grating will be di racted to several di raction orders.

Furthermore, The following equations can be used to extend Eq. (3.1) to accurately

predict the coupling parameters, and can be written as Eq. (3.2), Eq. (3.3) and Eq. (3.4):

Neft = Ny SIN ¢ (3.2)
Netf = NjSIN § + mT (3.3)
. 4
4 Nets = NjSIN G + md (34)

where ng; IS is the e ective refractive index of the light coupled into the grating coupler,
4 ne; is the change of the e ective refractive index and is the change of the wavelength
of the light. The change of the wavelength will lead to the change of the e ective refractive
index, and cause the change of the coupling e ciency.

The geometry of the MDGCW based biosensor is shown in Figure 3.3. The sensor
consists of two grating couplers, a waveguide between the two grating couplers, a PDMS

ow cell, and an aqueous medium containing a reagent of interest. Theys will change
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as a result of analyte binding to the substrate. From Eq. (3.4), when; and sin ; are
constant, 4 nes Will in uence the light coupled into the waveguide and cause a shift of
the peak in the output spectrum. When the light coupled into the waveguide, the peak
of the resonance will be shifted linearly due to the change ofs , and changingnes also

in uences the propagation mode of the light in the waveguide. Furthermoraje can be
calculated by e ective index techniques or numerical methods [249]. For both solutiomgs

is related to the normalized frequency, propagation parameter, and asymmetry parameters
of the structure. These parameters depend on the wavelength of the light, the dimensions of
the structure, and the refractive index of the media. So the refractive index of the binding
layer and the dimension of the binding layer will a ectngs and thus the light coupled into
the waveguide. When the RI of the binding layer is changed to di erent values, the peak
shift in the spectrum will be linearly proportional to the change of the refractive index. The
peak shift is related to the sensitivity of the biosensor. So the sensitivity can be obtained by

the following:

‘ B

(3.5)

IN
S
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Figure 3.3: Geometry of the micro uidic di raction grating coupled waveguide based biosen-
sors.

If the coupling angle is changed, it will result in a peak shift in the output spectrum
but it will not aect ney and other parameters. Given the equations above, a structure can
be designed to optimize the biosensor performance.

For the model, the optimized grating layer is shown in Figure 3.4 . The RI of the grating
and waveguide is 2. Beneath the grating, there is a 200 nm binding layer, a & water
layer and a 3 m PDMS layer. The 100 nm thick grating coupler consisted of 17 grating
periods with a 650 nm period, 0% Il-factor, and an etch depth of 80 nm. The top of
the MDGCW is exposed to air and the input light is incident from the upper left of the
air and output from upper right of the air. The length of the waveguide between the two
gratings is exible, and can be adjusted to maximize the interaction length between the
binding agent and analyte of interest. Due to the rst grating, the incident light is re ected
and transmitted into several di raction orders, and a fraction of the light will be coupled
into the waveguide. Between the input and output gratings, the light will propagate through

the waveguide. The waveguide is surrounded by air and the binding layer, and it can be
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modeled as a dielectric slab waveguide [250]. The guided electric eld will be con ned in the
waveguide and will decay exponentially in the air and the binding layer through evanescent
coupling. The light coupled into the waveguide will propagate into the second grating where
it will be re ected and transmitted into several di raction orders again. A fraction of the
light will be diracted out for detection. Both the intensity and wavelength of the output

light can be measured to determine the sensitivity of the biosensor.

Figure 3.4: Details of the grating design and binding layer.

The COMSOL Multiphysicsr Wave Optics module was used to simulate the grating
coupler. The light was excited at the upper left side of the air and the transmitted power is
detected at the upper right side of the air, as shown in Figure 3.5. The light propagates in the
waveguide between two grating couplers as shown in Figure 3.6. A parametric sweep was used
to excite di erent wavelengths of the incident light and scattering boundary conditions were
used to reduce the re ection from the boundary. A boundary mode analysis was performed
to solve for the propagation constant. The electric eld and the propagation constant in

COMSOL simulation can be obtained by the Eq. (3.6), Eq. (3.7) and Eq. (3.8):

r (r E) k¥E=0 (3.6)
= , (3.7)
E(x;y;2z) = B(x;y)e *:* (3.8)
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where kg is the free space wave number),, is the permittivity of the material, is the
eigenvalue, is the phase constant, and; is the damping along the propagation direction
Z. Eg. (3.6) is the eigenfunction used in the simulations to de ne the eigenvaluewhich

allows us to solve for the electric and magnetic elds.

Figure 3.5: Electric eld distribution of the diraction grating coupled waveguide based
biosensor.

Figure 3.6: Electric eld distribution in the waveguide of the sensor.
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3.3 Modeling
3.4 Results

Model results indicated good device sensitivity for measurement of the refractive index
of the binding layer. Figure 3.7 illustrates the modeling results for the following parameters:
ng = 2, ny = 1:65 1:7; 1.75; 1:8, wherengy and ny,, are the refractive indices of the grating and
binding layer, respectively. The RI of water is set to 1.33, the RI of air is set to 1 and the
RI of PDMS is set to 1.41. The binding layer thickness was set to 200 nm and the coupling
angle was5:7 . The incident wavelength spanned 870 nm to 970 nm. The sensitivity was
calculated to be 387nm per refractive index unit. The peak intensity was betwe&b5% and
5%, due to the coupling e ciency of the di raction gratings and propagation losses in the
waveguide. Although the reduction in intensity is signi cant, enough light should exit the

biosensor to measure the peak shift.

Figure 3.7: Spectrua when binding layer is 200 nm and coupling angle5i§ .

Additional simulations were performed where the coupling angle was changed while

maintaining the other parameters of interest. Coupling angles at9 and 10:3 were chosen
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for simulation to determine the sensitivity of the biosensor to incidence angle. Figure 3.8
and Figure 3.9 illustrate the simulation results for these two angles respectively. Simulations
showed that an increasing incidence angle resulted in a blue shifted peak and lower sensitivity.
Finally, simulations were performed where the thickness of the binding layer was changed
while other parameters remain unchanged. The binding layer thickness impacts the e ective
refractive index. When the coupling angle was:7 , the thickness of the binding layer was
set to 100 nm and 150 nm respectively, as seen in Figure 3.10 and Figure 3.11. From the
simulation results, it can be seen that the sensitivity of 150 nm was close to the sensitivity of
200 nm, but the sensitivity of 100 nm was much smaller in comparison with the sensitivity
of 200 nm. Also the in uence of the thickness of binding layer to the peaks were analyzed.
The peaks were red shifted with the increased thickness of binding layer, as shown in Figure
3.12. The Figure 3.13 illustrates a comparison of the di erent incident angles fox, = 1:7.

The peaks were blue shifted with the increased angles.

Figure 3.8: Spectrua when binding layer is 200 nm and coupling angle7i9 .
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Figure 3.9: Spectrua when binding layer is 200 nm and coupling anglel@3 .

Figure 3.10: Spectrua when binding layer is 200 nm and coupling angleig .
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Figure 3.11: Spectrua when binding layer is 150 nm and coupling angleig .

Figure 3.12: Spectrua when the refractive index of the binding layer is 1.7 and coupling
angle is5:7 .
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Figure 3.13: Spectra when binding layer is 200 nm and the refractive index of the binding
layer is 1.7.

3.5 Summary

A micro uidic di raction grating coupled waveguide based biosensor which measures the
refractive index of the binding layer under the grating was presented. Simulation results have
shown that the MDGCW based biosensor should have good sensitivity. As expected, the
resulting sensitivity was a ected by the refractive index of the binding layer, the dimension
of the binding layer, and the coupling angle of the incident light. Although the performance
of the MDGCW was reasonable, we chose not to pursue the design further due to equipment

availability required for fabrication.

57



Chapter 4

Two optical waveguide biosensors based on Bragg gratings

4.1 introduction

An optical Bragg grating is a structure with a periodic variation of the refractive index
so that a certain wavelength can ful ll the Bragg condition. Many applications are based
on Bragg gratings, from communications and information processing to sensing and medical
applications [251, 252]. Bragg gratings can be integrated with waveguides to con ne the
light to enable the creation of sensors [6].

The concept of slot waveguide was rst provided by Michal Lipson at Cornell Uni-
versity for con ning and enhancing light in a nanometer-scale material with low refractive
index [253, 254]. The light intensity in the air slot can be up to 20 times greater than in
conventional rectangular waveguides made of the same materials. The interaction between
the fundamental modes of the two individual slabs form the slot waveguide eigenmode. The
guiding of the light in the core is caused by the imperfect con nement of light. Due to the
high refractive index contrast, the component of the electric eld normal to the interface of
air and silicon shows a large discontinuity at the boundary and the light intensity is signif-
icantly higher in air close to the air/silicon interface. When two silicon slabs are designed
enough close to each other, they can form a slot in between them. The eigenmode that
is formed by the two discontinuities interaction and can be applied in the elds of optical
biosensors, opto uidic lters, and optical trapping.

This chapter details the design, simulation and fabrication of two waveguide biosensors
based on Bragg gratings, which are able to detect analytes with di erent refractive indices
by integrating the techniques mentioned above. The DSBGW is designed to integrate Bragg

gratings with waveguides on SOI wafers to measure the analyte surrounding the waveguide.
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The TM mode light in the waveguide structure fully interacts with the analyte and the
Bragg gratings to achieve high sensitivity of the sensor. Compared with the DSBGW, a
DSBGISW based biosensor is based on a slot waveguide where the analyte interacts with
the TE mode light. The analyte can be liquid or biomolecules of di erent refractive indices.
The chapter is organized as follows: Section 4.2 describes the con guration and modeling
of a basic grating coupler to help the light input to the biosensor, Section 4.3 discusses the
con guration of the DSBGW and DSBGISW, Section 4.4 details the simulation results of
the DSBGW and DSBGISW, section 4.5 shows the explanation of the results, Section 4.6
provides the fabrication process of the these two biosensors, Section 4.7 provides the future
experimental set up to combine the grating coupler and biosensors for the measurement. At

last, Section 4.8 provides the brief summary of the chapter.

4.2 The con guration and modeling of the grating coupler

The grating coupler structure chosen for simulation consisted of a silicon grating coupler,
a top air layer, a silicon dioxide layer and silicon substrate, as shown in Figure 4.1. As shown
in Figure 4.2, the 220 nm thick grating coupler with a coupling angl& consisted of 19
grating periods with a 630 nm period, a 3% Il-factor, an etch depth of 80 nm. The region
connecting to the grating coupler was regarded as the waveguide. The waveguide, which was
modeled as a dielectric slab waveguide, was surrounded by air and silicon dioxide. The top
of the grating coupler was exposed to air and the input light was incident from the upper

left of the air and output was measured from right part of the waveguide.

59



Figure 4.1: Geometry of the grating coupler.

Figure 4.2: Electric eld distribution of the grating coupler.
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The COMSOL Multiphysicsr Wave Optics module was used to simulate the grating
coupler. The model used COMSOL's boundary mode analysis. A parametric sweep was used
to excite di erent wavelengths of the incident light and scattering boundary conditions were
used to reduce the re ection from the boundary. A boundary mode analysis was performed
to solve for the propagation constant. The electric eld and the propagation constant in
COMSOL simulation also can be obtained by the mentioned equations Eq. (3.6), Eq. (3.7)
and Eq. (3.8). The light was excited at the upper left side of the air and the transmitted
power is detected at the right side of the waveguide, as shown in Figure 4.3. When the light
reaches to the gratings, the incident light is re ected and transmitted by the gratings into
several diraction orders, and a part of the light will be coupled into the waveguide and
propagate in the waveguide. Simulation results indicated good coupling e ciency around
a wavelength 1560 nm. The peak transmission was close t&¥6@nd the 1 dB bandwidth
exceeded 40 nm due to the di raction gratings, the coupling e ciency and the propagation

losses.

Figure 4.3: The output spectrum when the grating coupler with a coupling angk consisted
of 19 grating periods with a 630 nm period, a 30 ll-factor, an etch depth of 80 nm.
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4.3 The con guration of two biosensors

In terms of the basic structure of the DSBGW, the top view of the DSBGW is shown in
Figure 4.4a. The waveguide (grey part) surrounded with the analyte (yellow part) had the
length of 1000 m and width of 800 nm. Each sidewall of the waveguide consisted of 1500
grating periods with a 640 nm period, a 5% ll-factor and an etch depth of 700 nm. For
the real experiment, the biosensor will be connected with two grating couplers. The light of
TM mode is input from the left grating coupler connected with the waveguide, then the light
propagates in the biosensor and is coupled out from the grating coupler on the right side of
the waveguide, as shown in Figure 4.4c. For real experiment, the thickness of the waveguide

was 220 nm as shown Figure 4.4b,

Figure 4.4: (a) The structure of DSBGW. (b) 3D view of the structure on the substrate
(without the analyte). (c) when the sensor structure integrated with two grating couplers.

In terms of the basic structure of the DSBGISW, a slot was inserted in the middle of
the waveguide, and the top view of the structure is shown in Figure 4.5a. The grey part
was the waveguide and sidewall gratings, and all the yellow parts were the analyte analyzed.
The total length of the waveguide was 100 m with a width of 800 nm and the waveguide

was surrounded with the analyte. Each side of waveguide consisted of 80 grating periods
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