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Abstract: This study describes the basic principles of optical waveguide refractive index sensing
and the various design structures of refractive index sensors. These waveguides generate different
optical resonances, which cause changes in the sensing refractive index and temperature and are
subsequently used to detect the concentration in the analyses. First, the structural characteristics and
performance indices of the microring sensor and interferometer are studied based on the refractive
index of the optical waveguide. Second, the principle and sensing detection mechanism of the two
types of refractive index sensing employed in these sensors are analyzed. Then, the two sensors are
classified and discussed from the perspective of the waveguide materials and structures, as well as the
substances to be measured. Simultaneously, performance indicators such as sensitivity and detection
range are compared and summarized. The comparison results show that there is a compromise
between the sensitivity and quality factor of the optical waveguide refractive index sensor. Finally,
applications of refractive index sensing in the biochemical field for material detection are discussed,
showing that the optical waveguide refractive index sensor has significant advantages over other
types of biochemical optical sensors.

Keywords: refractive index; optical waveguide; sensor; microring resonator; Mach—Zehnder
interferometer

1. Introduction

With the rapid development of modern information technologies, such as the Internet
of Things and big data, sensor technology, as the foundation of an intelligent information
society and one of the three pillars of modern information technology, is currently receiving
significant attention worldwide. High-sensitivity optical sensing technologies are applica-
ble in industrial process control, national security, and other fields. With the development
of optical integration technology, optical sensor devices have expanded from the study
of optical fiber sensors to optical waveguide sensors that can be easily integrated [1]; in
particular, we see an uptake in the use of optical waveguide technology for target detection
in the fields of biology and chemistry.

Optical waveguides have advantages such as small size, simple structure, and easy
integration, and they are sensitive to changes in the refractive index, absorption, and
chemical processes. These changes modulate the light transmitted in the waveguide,
and the properties of the optical waveguide can be used to fabricate various sensors [2].
Optical waveguide refractive index sensing uses optical phenomena, such as resonance and
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interference, to detect the shift of the resonance peak or the attenuation of optical power
according to the properties of different concentrations of target analytes. Compared with
traditional sensors, optical waveguide refractive index sensors have advantages such as
small size and low power consumption [3], and can rapidly, sensitively, label-free, and
detect substances to be tested in a non-destructive manner. Hence, they have become a
research field in the field of integrated optoelectronics in recent years.

Optical waveguide biochemical sensing is a combination of optical waveguide tech-
nology and biological and chemical technologies. Biosensors are a class of chemical sensors.
Optical biochemical sensing can be divided into labeled optical biochemical sensing and
unlabeled optical biochemical sensing (e.g., refractive index sensing) [4]. In the optical
waveguide biochemical sensor, the evanescent field of the waveguide is altered by the
changes in the refractive index, absorption coefficient, and other parameters, which is
typically caused by the change in the phase of the transmitted light, resulting in a differ-
ent effective refractive index of the optical transmission mode. The change in effective
refractive index can be calculated by mode coupling theory, which is applied to sensors
such as surface plasmon resonance (SPR) sensors and grating sensors. It can also be calcu-
lated based on phase changes, which is applied to devices such as microring resonators
(MRRs), Mach-Zehnder interferometers (MZIs), multimode interferences (MMIs), fiber
Bragg gratings, photonic crystals, and other differential interferometers [5,6]. Based on
the refractive index change or absorption spectrum, optical waveguide refractive index
biochemical sensors can be used for qualitative or quantitative analysis of gas, liquid,
and solid substances to be tested [7]. Furthermore, they can be used for the detection of
harmful gas concentrations in the environment, food and water quality monitoring, and
bacteria and virus detection for public health issues and chemical threat perception [8].
The mechanism of biochemical sensors that use label-free detection is mainly based on the
change of refractive index caused by molecular interaction to measure chemical substances,
viruses, or bacteria, and it is related to the target sample concentration or surface density,
which is easy to measure and low in cost. Sensing measurements are possible due to a
change in the refractive index near the sensor surface due to the difference in refractive
index between the target analyte and the buffer solution. In label-free optical sensors,
the light is mainly concentrated on the sensor surface, and the evanescent field decays
exponentially from tens to hundreds of nanometers in the target analyte, so it is possible to
detect the change in the refractive index; however, for biomolecules that are not recognized
and For analytes far from the sensing surface, the sensing signal is weak, so the target
analyte can be distinguished from the buffer solution [9].

After conducting a literature review, it was found that Kozma et al. [10] conducted a
review in 2014 that focused on biosensors based on integrated planar optical waveguide
interferometer structures. They primarily analyzed and discussed the sensing structures
of both common-path and double-path waveguide interferometers and compared the
advantages and disadvantages of different methods and sensing structures. However, this
review only focused on two types of waveguide interferometer sensing structures and
lacked a detailed discussion on the sensing detection mechanism and performance, as
well as application scenarios and the detection range. Therefore, further refinement and
improvement of this study was necessary for a comprehensive understanding of the future
development direction and achievements in this field.

In 2015, Patel et al. [11] conducted a review of sensors used to measure analytes
related to food safety in fields such as chemistry and microbiology. However, the paper
mainly focused on sensors that use microbial cells such as enzymes and immunoglobulin
antibodies as biological components and did not comprehensively introduce and analyze
sensors used in the biological and medical fields. Additionally, there was limited discussion
on the principles and applications of new biomarker recognition components, and no
detailed description of current research trends and future development directions based on
biomarker recognition sensors.
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In 2020, Wang et al. [12] reviewed the existing problems in optical waveguide biosen-
sors at the field of food quality control. In view of the problems that silicon waveguides
cannot transmit visible light and have poor corrosion resistance, they proposed to use
diamond as waveguide core material, and listed the commonly used single structure and
composite structure waveguide sensors. More recently, Butt et al. [13] reviewed the latest
progress of sensors in environmental monitoring, mainly focusing on the detection of toxic
gases, water quality, indoor environment, and natural disasters, without discussing molec-
ular detection in other fields such as biomedicine, resulting in a limited application scope.
In addition, there was a lack of introduction and classification of performance indicators
such as sensor sensitivity and detection range, and there were few theoretical analyses.
In addition, in 2022, Singh et al. [14] reviewed some of the marked advances in the last
decade in the field of optical biosensors, including the classification, typical structure, and
application of optical biosensors. As optical waveguide sensor is a subclass of optical
sensor, the structure and application of optical waveguide sensor are briefly introduced in
this paper, and the sensing mechanism is not discussed in depth.

It can be seen that the review of optical waveguide refractive index sensors in the
above literature has its own focus, namely, as material, structure, application, etc. It is
difficult to form a comprehensive understanding of such sensors through a single liter-
ature. Based on this, this article comprehensively reviews various waveguide refractive
index sensors, introduces their applications in fields such as gas detection and biomedical
engineering, and conducts detailed comparative analyses of the performance of different
types of sensors, highlighting the factors that need to be considered in designing high-
performance refractive index sensors. In chapter two, the structural principles, detection
mechanisms, and performance indicators of MRR, MZI, and MMI structures of optical
waveguide refractive index sensors are discussed. Chapter three provides a detailed intro-
duction to refractive index sensors based on MRR, MZI, and MMI structures, comparing
their performance in terms of sensitivity, detection limit, size, cost, and process complex-
ity. Chapter four compares the performance and application range of optical waveguide
refractive index sensors with other types of sensors. It also discusses the advantages and
disadvantages of MRR, MZI, and MMI structure refractive index sensors under different
materials. Chapter five analyzes the determining factors of sensor performance and ap-
plication scenarios, pointing out that improving sensor performance requires by focusing
on improving sensitivity, reducing loss, and expanding detection limits. In combination
with recent research trends, it is suggested that micro and chip-scale sensors are the future
development trend. Chapter six summarizes the entire article. Due to their high sensitivity,
immunity to external electromagnetic interference, and miniaturization advantages, optical
waveguide refractive index sensors are expected to be integrated on a chip in practical
applications and are widely used in integrated optical devices. The research presented in
this article is of great reference significance for the development of the sensor field.

2. Structural Principle, Detection Mechanism, and Performance Indicators
2.1. Structural Principle of Optical Waveguide Refractive Index Sensing

Refractive index sensing uses optical phenomena, such as light interference, diffraction,
absorption, and dispersion, to demonstrate the different properties of different concen-
trations of target detection substances. When the detection substance flows through the
sensor, it causes a shift in the resonant peak frequencies or a change in the optical power,
leading to a change in the refractive index. The aim of detecting different components or
substances with different concentrations can be achieved by detecting the change in the
refractive index. At present, the common implementation methods for optical waveguide
refractive index sensing are based on MRRs and MZIs. The structure and principles of
these two optical waveguide refractive index sensors are described below.



Appl. Sci. 2023,13, 3829

40f 44

2.1.1. Refractive Index Sensing Principle of a Microring Structure

Optical waveguide MRRs have good wavelength selection characteristics, high quality
factor (Q), and compact structure, and their ring cavity can provide optical feedback.
Therefore, they can be easily integrated with other optoelectronic devices and are widely
used in integrated optoelectronics, optical communications, and other fields.

An MRR is generally composed of a microring waveguide and a strip waveguide.
Light first enters the strip waveguide from the input end and then passes through the
coupling area of the ring waveguide. The evanescent waves are excited by the light in the
waveguide, some of them couple to the ring waveguide, while some couple to the strip
waveguide in the near-field. The light coupled to the ring waveguide interferes with the
light in the strip waveguide after traveling around the ring. In addition, the light waves
that satisfy the resonant condition of the ring waveguide form a relatively strong optical
field; that is, a resonance enhancement effect is generated, and the ring mode propagates
circularly in the ring waveguide. Therefore, the guided wave optics theory and coupled
mode theory form the theoretical basis of the MRR transmission principle [15]. The shapes
of the MRR can be circular (Figure 1a), disk-shaped (Figure 1b), or racetrack-like.

input output
(a)
output
input output
(b)
output

Figure 1. (a) Annular MRR; (b) disk MRR.

The theory of guided wave optics involves studying the transmission and electromag-
netic field distribution of light in a waveguide. The function of the optical waveguide is to
confine the light beam to the core layer and guide it to propagate along a certain direction.
Because light is also an electromagnetic wave, the theory of electromagnetism based on
Maxwell’s equations applies to optical research. Furthermore, the Helmholtz equations
were obtained using Maxwell’s equations. Therefore, when analyzing the optical field in
the optical waveguide, the specific electromagnetic field distribution can be obtained by
solving the Helmholtz equations, as follows:

- -
V2E +k’E =0;

> 5 @M
V2H + k*H = 0,

— —
where V is Hamiltonian, k is wave number, E is electromagnetic vector, and H is magnetic
field vector. The coupled-mode theory is derived from the transmission matrix theory,
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which is a simplification of the guided-wave optics theory in specific cases and can rapidly
solve the problems of certain types of waveguides [16]. The MRR structure can be consid-
ered as a coupler, and the general form of the coupled-mode equation is derived. Directional
coupling can be used to exchange the optical power between the strip waveguides, and
bending coupling can cause the light in the microring waveguide to resonate. An MRR can
be designed using the resonance and filtering characteristics of the microring.

The principle of resonance in the microring is based on the interference of light. Light
is input into the waveguide from one end and transmitted to the coupling area. Next, the
light is coupled to the ring from the straight waveguide. When the wavelength of the light
is an integer multiple of the length of the ring, resonances occur, yielding an output of
light of the resonance wavelength at the other end. Incident light refers to a certain range
of broad-spectrum light sources rather than specific wavelengths. In related research on
MRRs, the microring resonance equation must be satisfied, as shown in Equation (2).

27tRN,fp = mA, 2)

where R is the resonance radius of the microring, Nefr is the effective refractive index, m is the
resonance base and a positive integer, and A is the resonance wavelength. The resonance
base m is an important parameter because it is the mode order. Other parameters such as
the resonance radius, radius-wavelength dispersion equation, free spectral region (FSR),
and other expressions can be calculated for each resonance based on Equation (2).

2.1.2. Refractive Index Sensing Principle of MZI Structure

The interferometer structure can be divided into several types, such as the MZI, Fabry—
Perot interferometer (FPI), and Young interferometer (YI). The MZI is the most commonly
used and can be divided into symmetrical and asymmetrical MZI structure considering the
symmetry of their two arms.

Furthermore, the MZI structure shown in Figure 2 includes an input waveguide, an
output waveguide, a Y-shaped beam splitter, a Y-shaped coupler, and the sensing and
reference arms located between the two Y-shaped junctions, which are constructed by a
straight waveguide [17]. In the symmetric MZI, the laser is coupled to the input waveguide,
which splits at the Y-junction to form two interferometer arms. The arms recombine at the
next Y-junction to form the output waveguide, which then goes through the recombination
at the Y-coupler. The sizes of the two arms are the same, and a sensing window with a bare
core layer on the sensing arm is used to detect the object under test. It is worth noting that
the reference arm is not in contact with the object under test; hence, the phase difference
of the wave function in the two arms changes the output optical power. In addition, the
characteristic parameters (such as the refractive index) of the material of the object under
test on the sensing arm can be obtained. In the asymmetric MZI, the two arms are in contact
with the object under test simultaneously; however, the two arm sizes are different; thus,
the phase difference of the input light field during transmission causes a change in the
output light power to provide a sensing detection.

reference arm

«—>
—> IR )
input waveguide output waveguide Optical
> =y | detection
laser .
unit
e

sensing arm

Figure 2. MZIs sensor structure diagram.

MZI sensors typically consist of a laser, light detection unit, sensing arm with an
evanescent field sensing window, and reference arm. The light from the laser is coupled to
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the input waveguide and divided into two similar beams at the beam splitter; these two
beams travel a certain distance before re-combining at the coupler. Based on the theory
of evanescent field sensing, the effective refractive index of the mode transmitted in the
sensing arm is altered by the changes in its environment. As a result, phase modulation
occurs through the interference of the two arms and generates a phase difference to enable
detection. The phase difference Ag can be expressed as follows:

271
Ap = —-Bregrl, 3)

where L denotes the sensing window length of the sensing arm. The concentration of the
substance under test can be determined by measuring the interference intensity at the
output waveguide.

At present, several novel waveguide structures, such as slot, plasmonic, subwave-
length grating slot, metal cladding, and composite waveguides, have been studied. These
waveguides have improved the device sensitivity to a certain extent. However, they also
increase the complexity of the waveguide design and difficulty of the device fabrication
compared to conventional waveguides [18]. The materials used in the waveguide struc-
tures include silicon-based optical waveguide materials, chalcogenide compounds, lithium
niobate compounds, and polymers [19].

2.1.3. Refractive Index Sensing Principle of MMI Structure

MMI utilizes the self-imaging principle of light to periodically replicate the input field
profile at specific positions [20]. A typical MMI consists of three parts: input waveguides,
a multimode waveguide region, and output waveguides. The width of the multimode
waveguide region is wide enough to support multiple high-order waveguide modes. Using
waveguide mode theory, the beat length of the two lowest-order modes is:

7T 4I’leffW2
“Bo—B1 BAo
where W approximates the width of the multimode waveguide region, and n,¢ is the

effective refractive index of the multimode interferometer region. Furthermore, it can be
used to derive the expression for the propagation constant of the mth-order mode:

L 4)

B m(m +2)m
Bm _ﬁO_T' ®)

When an input field profile ¢(x,0) imposed the multimode waveguide region at z = 0,
it is decomposed into the intrinsic modes of the multimode waveguide region:

P(x,0) =Y cmtpm(x), (6)

where ¢, is the field excitation coefficients. When light propagates along the z-axis for a
certain distance, the amplitude of each order mode remains unchanged, while the phase
changes. Formula (6) can be expressed as:

m(m +2)7‘[Z>‘ @)

$(1,2) = B, o) x exp(I5E

Although the accumulated phase of different-order modes is different, when phase
matching condition are met, interference occurs among these modes, and the input field
profile is reproduced periodically, which is called the self-imaging effect.
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2.2. Refractive Index Sensing Mechanism
2.2.1. Microring Sensing Detection Mechanism

Optical waveguide biochemical sensors built with MRRs as basic components typically
have two detection mechanisms to convert biochemical signals into optical signals. One is
achieved by detecting the change in the resonant wavelength of the MRR, whereas the other
is achieved by detecting the change in the output light intensity at a fixed single wavelength.

From Equation (2), it can be seen that a change in the effective refractive index causes
a change in the resonant wavelength of the MRR. Furthermore, the effective refractive
index of the transmission mode in the MRR is affected by the changes in the surrounding
environment. During the sensing operation, the variation in the external environment
can be measured based on the drift of the resonance wavelength and changes in the light
intensity. Commonly used detection methods using MRRs for sensing are those based on
the resonance wavelength shift and intensity variation.

The resonance wavelength drift method measures the measurement based on reso-
nance wavelength drift AA. This sensing method has a wide measurement range. Figures 3
and 4a show the sensing implementation flowchart and detection principle of the resonance
wavelength drift method, respectively. Moreover, the method based on the light intensity
change measures the intensity change Al at the resonance wavelength and detects the
light intensity change in the output spectrum of the MRR. Figure 4b displays a schematic
diagram of the intensity detection method, which can be represented by the resonance
wavelength variation of the extinction ratio.

external .
. Mgy change wavelength shift 4
environment change

wavelength shift A4

Figure 3. Sensing flowchart of resonance wavelength drift method.

wavelength shift a4

‘ ﬁnlensity change Al

(@) (b)

Figure 4. (a) Resonant wavelength shift method; (b) intensity variation method.

2.2.2. MZI Sensor Detection Mechanism

To derive the transfer functions of the input and output light intensity, the light beam
splitter and coupler consisting of the two Y-shaped branch structures in the MZI refractive
index sensor are divided into different sections, as shown in Figure 5.
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Figure 5. MZI refractive index sensing structural division.

Let E;; be the normalized mode field distribution (I;, = |E;, |2 = 1) of the waveguide;
after the incident light passes through the first Y-branch structure, the light field is divided
into E; and E; components. In addition, the field distribution in section B can be expressed

as follows:
E a

where a2 and b represent the amplitude distribution coefficients of the Y-branch beam splitter
and satisfy the condition 0 < a% + b? < 1. When a2 + b? = 1, this is considered an ideal
situation without transmission loss. When E; and E; pass through the sensing and reference
arms of the MZI refractive index sensor, respectively, the field distribution in section C can

be expressed as follows:
Ei — exp[i(A(Pm)] 0 . E, . (9)
E} 0 1 Ey)’

27T
— -AN-L 1
- : (10)

where A¢y, is the phase difference introduced by the object under test, A is the wavelength
of the incident light, L is the window length of the sensing arm of the sensor, and AN is the
difference in the refractive index between the sensing and reference arms. When the light
components pass through the sensing arm and recombine at the Y-shaped branch, the field
distribution in section D can be expressed as follows:

Eout = (a D) (Ei)—(a b) (ex" i(Agm) (1)) (Z)Em- (1)

The relationship between the output and input light intensities of the MZI refractive
index sensor can then be expressed based on Equation (8) as follows:

APy =

212

2
2a°b
AL A 232 (A
=a*+b* +2a°b cos(Apy) = (a* +b )[1+a4+b4COS(A¢M)} (12)

Iout _ ’Eout
Iin Ein

Therefore, when a2 + b? = 1, there is no loss in the Y branch, and the energy transfer
coefficient is 1 in this case. Ideally, there is no loss in the Y branch; that is, (> +b%>=1)is
satisfied, and the transfer function between the output and input light intensities can be

expressed as follows:

Iout o 1
L, 5[1 + cos(Apm)]. (13)

Generally, only the most ideal situation is considered; that is, the relationship between
the output and input light intensities satisfies Equation (13).

Optical waveguide sensors mainly function based on the evanescent field principle.
In an MZI sensor, the evanescent field changes via interaction with the external object under
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test, resulting in a change in the refractive index. The refractive index change is converted
into a measurable change in the output power or transmission spectrum. Therefore, to
improve the sensitivity of the entire sensing device, the interaction strength between the
evanescent field and external environment must be enhanced. This can be achieved mainly
by changing the structure or material of the device.

2.2.3. MMI Sensing Detection Mechanism

Based on different incident conditions, MMIs can be classified into three types: (1) gen-
eral interference, (2) paired interference, and (3) symmetric interference. The optical field
simulation shown in Figure 6 is the simplest structure among the three types.

General interference Paired interference Symmetric interference

3000
7000 2000
6000 (SESCOSERINS LSRR R
5000 2000
\E% 4000 EL
N N 1000
3000
1000
2000
1000
i Sod o
" S Input " o ﬂlnput
-40 -20 0 20 40 -40 20 0 20 40 -40 -20 0 20 40
X (um) X (um) X (um)

Figure 6. Three types of MMI structures.
When:

3Ln

we can derive that when the length L of the multimode waveguide region satisfies
the condition:

exp (iwz> =1or (-1)", (14)

L=ax3Lg(a=0,1,2...... ). (15)

Images corresponding to the input field profile are formed at x and —x. Table 1 is
the comparison of imaging characteristics. According to the above analysis, the detection
mechanism of MMI is based on the fact that changes in the refractive index of the MMI
medium affect the speed of light transmission and the phase shift in the waveguide. This, in
turn, affects the interference phenomenon and causes changes in the intensity or wavelength
of the output light. By measuring these changes, the variations in the refractive index of
the surrounding medium can be determined.

Table 1. Comparison of imaging characteristics for the three types of MMIL

Interference Mechanism General Paired Symmetric
Inputs x Outputs N x N 2 xN 1 xN
First single image distance 3L L 3L,/4
First N-fold image distance 3L./N L./N 3L, /4N
- .. =0 cm =0
Excitation condition none m=25,8 m=258

Inputs location any y=xW/6 y=0
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2.3. Performance Indicators for Refractive Index Sensing

Optical waveguide refractive index sensing is evaluated based on performance in-
dicators, such as the free spectral range (FSR), quality factor (Q), wavelength full width
at half maximum (FWHM), distinguish ratio (DR), sensitivity (S), and limit of detection
(LOD) [21]. The sensitivity and detection limit are the two main criteria used for evaluating
the performance of the optical biosensors, whereas the performance of waveguide optical
biochemical sensors depends on the strength of the interaction between the solution or
substance on the surface and light. The key performance indicators are as follows.

1. FSR: This parameter refers to the wavelength difference between two adjacent reso-
nance peaks in the spectrum and can be expressed as follows:

2 R
A = eI (16)

m
FSR = Ay — Appi. (17)

Let the group effective refractive index be ng = 1,77 — /\dZ‘}{f , then Equation (17)

becomes:

/\2
2mngR’

FSR = (18)

It can be seen from Equation (10) that factors affecting the size of the FSR include the
device radius R, light wavelength A, and effective refractive index 1,4 of the waveguide.
In refractive index sensing applications, the FSR is an important performance indicator,
which typically represents the detection range of the refractive index sensor.

2. Q: This parameter describes the sharpness of the resonant peak position in the spec-
trum of the MRR. The higher the Q value, the more sensitive the microring is to
wavelength changes, and the better the performance of the sensor. It is expressed

as follows:
A

YT

(19)

3. FWHM: In the transmission spectrum of the microring, the full width at half maximum
is the distance between two adjacent wavelengths when the power is reduced to half
of the maximum power, which is also referred to as 3 dB bandwidth. This parameter
determines the maximum data rate that can be processed and affects the detection
lower limit of the sensor. FWHM can be determined using the following expression:

A2 1— at?
ZHRneff t\/E ’

4. DR: This parameter is the resolution representing the minimum change that can be
detected by the refractive index sensor. The output changes only if the change in the
substance under test (such as the refractive index) is greater than the resolution. The
resolution varies at each level within the sensing range of the sensor. This resolution
can be expressed as three times the ratio between the system standard deviation o
and the sensitivity S:

AAzqp =

(20)

DR = 32. 21)
S
5. S:Sensitivity and quality factors have an inverse relationship. In optical waveguide
refractive index sensing, sensitivity can be expressed as follows:

anut alout a(A¢m) a(AN)

5= 30m)  3(Agm) ABN) () (22)

Each component in the formula can be further defined as follows:
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. a(aAL;f,;) =— “§’1 Vsin(Agm + Agp), the sensitivity function is a periodic function,
and sensitivity changes periodically during testing;
I(APum)

3BN) = 27'(%, where L is the size of the sensing window; the larger the value
of L, the more contact occurs between the sample under test and the sensing
arm, the bigger the effective refractive index change of the guided mode, and the
higher the sensitivity. Therefore, in terms of design requirements, L should be

increased as much as possible to achieve improved sensing effects;
A(AN)
(1)
on the sensing arm compared with the refractive index of the sample under

test, which is primarily defined by the evanescent field strength dictated by the
waveguide material and structure. This term can be increased by strengthening
the evanescent field of the sensing waveguide.

refers to the change in the effective refractive index of the guided mode

6.  LOD: this parameter is the minimum offset of the central wavelength of the resonance
peak that can be detected by the detector. It is primarily related to the FWHM of the
resonant peak, and half of the FWHM (HWHM) is typically taken as the offset of the
central wavelength of the smallest resonant peak. LOD can be defined as the ratio
of the smallest distinguishable wavelength drift to the detection sensitivity and is
expressed as follows:

OA¢ OA¢ Neff
LOD = — = = . 2
© S Am OMeff Ay OMeff @3)
ngff anc (5)\C ai’l,;

Among them, A, can be a part of the spectral width of the resonant peak. The spectral
width is defined as the full width at half maximum FWHM of the resonant characteristic
spectral line, and the relationship between it and the quality factor Q of the resonator is

as follows: N
AAFWHM = Em (24)

Thus, LOD can be expressed in terms of Q and S as follows:

1
LOD ~ —. 25
03 25)
It can be concluded that the detection limit of the optical waveguide refractive index
biochemical sensor is inversely proportional to its own Q and the detection S of the
sensor. Therefore, to obtain a lower detection limit, sensor optimization can be achieved by
improving the Q and S of the refractive index sensor.

3. Classification of Optical Waveguide Sensors

Integrated optical waveguides can be divided into passive devices (grating couplers,
couplers, wavelength division/mode division multiplexers, filters, and isolators) and active
devices (lasers, optical switches, modulators, and photodetectors). Passive device material
systems include SiO, /SiN/SOI/SOS/chalcogenide glass (SOl is silicon on insulator and
SOS is silicon on sapphire), whereas active device material systems include lithium niobate
(LiNbO3)/polymer/germanium/gallium arsenide (GaAs)/indium phosphide (InP).

In terms of waveguide types, most devices are composed of strip and ridge waveg-
uides. In addition, there are slot (slit), photonic crystal (PhC), subwavelength grating
(groove), and surface plasmon trench waveguides. For the detection of biochemical sub-
stances in the form of gases or liquids, the concentration or density of the substance under
test is the primary factor affecting the refractive index. The refractive index does not change
with the volume of the substance under test; hence, it is suitable for the detection of trace
substances. However, the refractive index change is not large; hence, it is necessary to
improve the sensitivity of the sensor and expand the detection limit range.
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3.1. Microring Structured Optical Waveguide Sensor

MRRs are a key component in the field of integrated optics and belong to the common
refractive index sensor class, with several advantages such as a high quality factor, simple
preparation, and easy mass production. Therefore, MRRs are widely used in the field of sen-
sors, in addition to other fields such as lasers and detectors [22]. There are two approaches
for improving the sensor LOD [23,24]. First, the quality factor Q of the resonator can be
maximized to reduce the influence of noises on the measurement of the resonance wave-
length. Second, the mean resonance wavelength shift can also be maximized by increasing
the interaction between the light and biomolecules attached to the waveguide surface.

Materials used for integrated optics are increasingly diverse owing to the development
of new materials such as SiO,, LiNbO3, SOI, GaAs, InP, and organic polymers. SOI-
based optical waveguide systems have several advantages such as a large refractive index
difference, low transmission loss, and high integration capability.

3.1.1. Silicon-Based Microring Optical Waveguide Sensor

In 2008, to realize the sensing and detection of weakly interacting gases, Robinson
et al. [25] realized a slotted Si/SiO, micron resonator. The enhanced effect of the slot
waveguide on the optical field is combined with the refractive index sensitivity, and
its scanning electron micrograph (SEM) images are shown in Figure 7. It combines the
enhancement effect and refractive index sensitivity of the slit waveguide to the MRR.
Furthermore, the relative refractive index of acetylene gas is detected under different
pressures by measuring the change in the microring resonance wavelength. The slit
width is 40 nm, resulting in a significant high electric field enhancement in the slit region.
As a result, the refractive index (RI) sensitivity can reach 490 nm/RIU (refractive index
unit), demonstrating that the light-liquid interaction is greater than that obtained using
Si3N4/SiO, groove waveguides. A resonator with a Q factor of 5000 was used to detect the
refractive index change on the order of 107%.

SiO; 200 nm

(C)’ gas

200 nm

Figure 7. Scanning electron micrography (SEM) image of silicon slit MRR. (a) Ring slot waveguide;
(b) cross-sectional SEM image of the slot waveguide; (c) waveguide quasi-TE mode profile.

In 2007, Katrien et al. [23] proposed a label-free biosensor based on an SOI racetrack-
shaped microring cavity. This biosensor can quantitatively measure trace substances and
has the advantage of rapid preparation. The raceway shape has greater control over the
coupling coefficient. Furthermore, the use of transverse waveguide coupling simplifies
the fabrication process; SOI provides a high refractive index contrast, and the enhanced
light field interacts with the substance under test in the cavity to increase the sensitivity
and reduce the size of the sensor. It has an area of less than 100 um?, a high Q factor, and
a significantly small radius of 5 pm. With a refractive index sensitivity of 10~°, owing to
its small size, the device exhibits excellent sensitivity for absolute molecular mass sensing,
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detecting protein concentrations as low as 10 ng/mL. In addition, it can be mass-produced
and fully integrated on a chip, as shown in Figure 8.

light from tunable laser  light to photodetector
(b)

optical fibers

SOI biosensor chip
temperature control

Figure 8. (a) SEM image of the microring cavity; (b) measurement device.

For the SOI platform, silicon is used as the layer material for the device; however,
considering that silicon nitride has low refractive index and low temperature sensitivity and
has a weak binding ability to light, sensitivity of silicon nitride devices can be improved.
Therefore, in 2020, Liu Minghui [21] proposed a refractive index sensor based on a few-
mode silicon nitride microring. This sensor detects liquid components by measuring the
resonance wavelength shift by changing the refractive index of the object under test. The
design parameters of the few-mode microring in the waveguide structure include a ring
waveguide width of 2 pym and a microring waveguide thickness of 0.4 pm. The layer
thickness of the silicon nitride wafer is 400 nm, whereas the wavelength and microring
radius are 1550 nm and 30 um, respectively. The refractive index sensor can obtain a
detection limit of 10~ RIU, sensitivity of 91 nm/RIU, and a Q value of 2 x 10* or higher.

When a substance is attached to the ring waveguide, the effective refractive index (1)
changes, thereby affecting the optical output power, which enables the measurements of the
object under test. In 2014, Yang et al. proposed a microbiochemical sensor ring resonator
based on an SOI planar optical waveguide [26]. The SOI optical waveguide adopts a ridge
structure, the single-mode ridge waveguide is coupled with the ring waveguide to form
a ring resonator, and its Q value can reach magnitudes of 10%. According to the optical
waveguide theory, when the waveguide width is larger than 1 um, light is confined to the
waveguide. This is not conducive to the coupling of the ring resonator. The width of the
ridge waveguide used in this study is 0.45 pm, while the wavelength is 1550 nm.

The detection limit of the sensor can be improved by maximizing the quality factor
of the resonant cavity and increasing the interaction of light and biomolecules attached to
the waveguide surface to maximize the average resonance wavelength shift per detection.
In 2009, Claes et al. proposed a silicon-on-insulator ring resonator [27] based on slot
waveguides. Compared with ordinary waveguides, slot waveguide resonators are used as
biosensors in the fabrication of SOI rings. The sensitivity of the resonator is increased by
a factor of 3.5 in detecting proteins. The area of the structure is 13 um x 10 um, whereas
the sensitivity measured using a saline solution with a refractive index at a wavelength of
1550 nm is 298 nm /RIU, and the detection limit (the change in the refractive index of the
top cladding) is 4.2 x 1072 RIU. The ring resonator consists of a groove of width 104 nm
and an SOI groove waveguide with a width of 268 nm. The device is fabricated using
193 nm optical lithography. The bending radius is set to 5 um.

In addition, in silicon-based microring optical waveguide refractive index sensing,
the sensitivity is generally not high for the refractive index sensing of a single waveguide
structure, such as a slot waveguide, slit waveguide, or one-dimensional photonic crystal
microring. Therefore, researchers are now designing optical waveguide refractive index
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sensors using composite structures, such as subwavelength grating and one-dimensional
photonic crystal groove waveguide microrings.

In 2018, to solve the problems of low figure of merit (FOM) and low sensing per-
formance of traditional microring sensors, Yujie proposed a one-dimensional photonic
crystal slot waveguide microring refractive index using a high-quality factor sensor [28].
The sensing structure incorporates a ring-shaped photonic crystal slot waveguide into
the traditional single-waveguide MRR. In addition, it confines the light field in the slot
waveguide to the middle of the air hole and thereby improves the interaction between
the light field and the substance under test. Optimizing the radius of the air hole on the
microring slot waveguide resonator, the width of the slot waveguide, and the coupling
distance between the resonator and waveguide can affect the sensing performance and
improve the quality factor. The refractive index sensor consists of an annular photonic slot
waveguide, a quality factor that can exceed 10°, sensitivity of 97.47 nm/RIU, and an FOM
value of 6.63 x 10%. However, the structural model proposed in this study has only been
simulated, and no actual sensor device was fabricated and tested.

In 2021, Dwivedi et al. proposed a method to obtain the dispersion turning point (DTP)
in the dual-mode region by optimizing the core size of the metal-clad ridge waveguide
(MUCRW). This approach enables ultra-high sensitivity in refractive index sensing of the
nearby metal-clad ridge waveguide mode [29], as shown in Figure 9. The sensitivity of the
refractive index sensing can reach 90 um/RIU, and the FOM value can reach 4500. The
sensors considered in this study have great potential for biosensing applications owing to
their ultrahigh volume and adhesion layer sensitivity.

(a)

Fused Silica T

Figure 9. (a) Sensor structure; (b) cross-sectional schematic diagram of dual-mode waveguide.

Similar to the ridge waveguide, light is guided into the high-refractive-index material.
However, the sensor also has shortcomings in biosensing applications. The interaction
between light and the surrounding medium is significantly small, resulting in a small
change in the index of the surrounding medium, which makes sensing and detection
difficult. Therefore, Vivien et al. proposed a ring resonator based on vertical multi-slot
silicon nitride waveguides [30]. In this study, a three-slot structure consisting of a silicon
substrate, silicon oxide bottom cladding, a 300-nm thick silicon nitride layer, and silicon
oxide top cladding was used. Compared with single-slit waveguides, the effective refractive
index change of the Si3Ny/SiO, multi-slit structure-guided mode can be increased by 20%
as a function of refractive index change in gas or liquid. The average FSR of the multi-
groove ring resonator with a radius of 70 um was approximately 1275 nm. For a cavity
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with a radius of 90 um and a gap of 400 nm, the Q factors of the transverse electric (TE)
and transverse magnetic (TM) modes can reach 6100 and 16,000, respectively. The ring
resonator losses were 28 dB/cm (R = 90 um) and 16 dB/cm (R = 110 um), respectively.

To improve sensitivity, a metal-assisted silicon slit waveguide structure was added
to the traditional slit waveguide structure. By inserting a layer of Ag film, the optical
confinement in the groove area can be enhanced and the evanescence rate of the optical
mode can be improved, thereby improving the sensitivity of the sensor. In 2020, Zhang et al.
proposed a novel on-chip gas sensor based on refractive index sensing to detect methane
and carbon dioxide gases [31]. In their proposal, metal silver (Ag) was used in the sensor
structure to design the slot waveguide, and Si3N, was used to replace the SiO, material in
the SOL. Because SizNy has a lower transmission loss in the mid-infrared region than that
of SOI materials, this wavelength range was selected for optical signals in the mid-infrared
region. This design significantly improved the sensitivity of the refractive index sensing,
and the range of evanescent waves could be extended to 0.48-0.85. The sensor structure
enables real-time detection and exhibits good selectivity, making it a viable option for the
design of future integrated photonic circuits. In addition, the sensing mechanism is suitable
for a variety of active materials in the infrared range.

Using a multimode Fabry—Perot (FP) laser instead of a passive reference ring inte-
grated in the system to generate the reference comb eliminates the requirement for an
external broadband source and yields a higher spectral power density and energy efficiency.
Compared with the transmission peak of the reference ring, the linewidth of the FP laser is
narrower, thus increasing the sensitivity. In 2012, Song et al. proposed a high-sensitivity
integrated optical biosensor based on the cascade of FP cavity lasers and MRRs [32]. Ow-
ing to the free spectral range of ring resonators and FP laser cavities, which is slightly
different, the sensitivity can be significantly improved by using the Vernier effect, and
a high sensitivity of 1000 dB/RIU can be achieved. The sensor structure comprises an
FP cavity laser prepared on the InP base, an MRR designed on the SOI substrate, a 2 pm
5iO; insulating layer with a Si layer of 220 nm, and a 1-um-wide and 40-nm-high ridge
waveguide structure. In addition, the diameter of the microring was 280 um, whereas the
circumference was 885 nm; the waveguide was coated with an SU8 layer. When the ring
resonator is exposed to the liquid to be measured, the change in the refractive index of
the liquid sample causes a large shift in the envelope function of the total transmission
spectrum of the sensor, resulting in a large change in the transmission power.

The FSR of the sensor limits the LOD, whereas increasing the circumference of the
ring results in a smaller FSR, thereby improving the dispersion of the transmission charac-
teristics. In 2017, Chandran et al. proposed SOI platform dispersion-enhanced critically
coupled ring resonator refractive index sensing [33]. This type of sensing can be used
for sensing a wide range of refractive indices (1.0-2.0) with a sensitivity of 380 nm/RIU.
The sensor can measure the unknown refractive index of the analyte with a detection
range of 1.67 x 1072 RIU and a change in cladding refractive index of 0.5. Increasing the
ring circumference can further reduce the detection limit to 10~3 RIU without affecting
the round-trip loss of the waveguide. The sensor device has a simple design, convenient
operation, and a wide and accurate detection range.

Sensor sensitivity can be improved by changing the waveguide structure of the MRR.
Luan et al. proposed a novel silicon photonic waveguide-based high-sensitivity sensor [34]
by constructing an MRR which uses a silicon-on-insulator subwavelength waveguide
consisting of five rows of periodic silicon square arrays with a pitch of 60 nm. The sensor
achieved a higher bulk and surface sensitivity compared with that of other resonators using
conventional strip waveguides. A bulk sensitivity of 579.5 nm/RIU and surface sensitivity
of 1900 pm/nm can be obtained by exposing multiple MRRs to pure water and different
concentrations of isopropanol solutions. Figure 10 shows a scanning electron microscopy
(SEM) image of a 5-row multilayer MRR. The waveguide geometry is as follows: microring
radius R = 30 um, waveguide width w = 1200 nm, waveguide thickness t = 220 nm,
grating period A =240 nm, and duty cycle 11 = 75%. The Q of the 20 um microring was
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significantly reduced (Q = 1700) owing to high radiation loss. The FSR of the MRR was
6 nm, whereas the group index of the multilayer waveguide at 1550 nm wavelength was ng
=2.15, and the bulk and surface LOD of the multilayer microring were 1.02 x 10~3 RTU
and 3.13 x 107! nm, respectively. Compared with the recently reported subwavelength
grating (SWG) MRRs, its bulk and surface sensitivities were improved by 1.5 times and 2
times, respectively. However, the Q value in water was low at 2600, which is lower than
that of other SWG and silicon-based sensors.
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Figure 10. Scanning electron microscope (SEM) image of a 5-row multilayer MRR.

Future medical diagnostics will require biological detection using on-chip experimen-
tal techniques [35,36]. Silicon photonics enables the fabrication of compact planar sensors
using integrated CMOS processes, making it a promising approach for large-scale on-chip
biological detection. Zhang et al. [37] proposed a novel method for on-chip sensing using a
silicon-based MRR and designed a refractive index biosensor based on a silicon slit waveg-
uide ring resonator. By detecting the ring transmission spectrum, the shift of the envelope
resulted in a quality factor peak range of 2000-6000 at the wavelength of approximately
1.5 um. Furthermore, by tracking the spectral envelope wavelength shift, the sensitivity S
can reach 1300 nm/RIU when a liquid with a refractive index close to 1.33 fills the tank.
The extinction ratio of the critically coupled resonance is greater than 20 dB, which implies
that the LOD of the helically designed MRR in SOI photonics is lower than 1074,

To achieve improved sensitivity and a lower detection limit of the biosensor, Huang
et al. [38] proposed a silicon-based TM mode SWG waveguide MRR at a wavelength of
1550 nm. Owing to the enhanced interaction between photons and analytes, it exhibits
improved sensitivity and a lower detection limit. When the coupling length is 6.5 um,
the gap is 140 nm, and the silicon duty cycle is 0.7. The quality factor can reach a high
value of 9800 in a water environment, and the bulk sensitivity was 429.7 nm/RIU. The
corresponding detection limit was as low as 3.71 x 10~* RIU, a reduction of 32.5% compared
to the optimal value reported for other SWG microring sensors.

Compared with medium-refractive-index contrast material systems (such as
Si3N4/Si03), the use of high-refractive-index contrast material systems can reduce the
size of photonic devices and increase the electric field strength at the slot waveguide
interface, which improves the sensor sensitivity.

3.1.2. Chalcogenide Microring Optical Waveguide Sensor

Chalcogenide (ChG) rectangular waveguide sensors with small evanescent fields re-
quire a large waveguide length to enhance the light—gas interaction effect. To design a more
compact sensor, Mingquan [39] proposed a mid-infrared chalcogenide (ChG)/silicon fluo-
ride horizontal slot waveguide runway resonator sensor that detects methane (CHy). Opti-
mization of the waveguide parameters was achieved through the use of a sulfide/silicon
fluoride horizontal slot waveguide structure, as shown in Figure 11. A high-power con-
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finement factor of 44.63% was obtained at a wavelength of 3291 nm, which is five times
higher than that of other ChG rectangular waveguides. The waveguide length was reduced
by at least 30 times by optimizing the sulfide/silicon fluoride horizontal groove waveg-
uide. The resonator has an LOD of 3.87 ppm, an intrinsic waveguide loss of 3 dB/cm, an
amplitude-coupling ratio of 0.1, and a response time of less than 5 ps.
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Figure 11. Horizontal slot waveguide runway resonator sensor top view.

Chalcogenide materials exhibit excellent application prospects in the mid-infrared
wavelength range and near-infrared wavelength range. Compared with other materials
such as silicon, Si3Ny, or polymers, the medium refractive index (RI) of the GeygSb12Seg
chalcogenide material enables the optical field to maintain a strong confinement at small
bending radii while achieving a high sensitivity and high Q. Huang et al. [40] proposed a
liquid refractive index sensor using a Ge-Sb-Se MRR at a wavelength of 1550 nm to detect
different concentrations of NaCl solutions. The chalcogenide glass material GeygSb12Seg
enables the obtainment of a high sensitivity of 123 nm/RIU and high quality factor of
7.74 x 10*. The transmission loss of the waveguide is 4.3 dB/cm, extinction ratio is
approximately 40 dB, and LOD is approximately 3.24 x 10~* RIU. Owing to the high
refractive index contrast between the ChG core and SiO, substrate, the device size can be
reduced to the order of tens of micrometers without adding substantial bending losses.

ChG groove (ChGS) MRRs have broad application prospects in the field of mid-
infrared high-sensitivity sensing. Zhang et al. [41] fabricated a highly sensitive sulfide
slit MRR and proposed a ChGS MRR using GeSbSe thin film as the groove. The power
confinement factor (PCF) was enhanced through optimization of the core layer in the MRR.
Compared to the traditional evanescent-field waveguide sensor, the proposed structure
optimizes the curved groove waveguide to improve the sensitivity of the sensor. By fitting
the resonance peaks with a Lorentzian curve, the cavity realizes a quality factor of 1 x 10%,
which is one of the highest quality factors reported thus far for chalcogenide groove
MRRs. The sensor has a sensitivity of 471 nm/RIU, which results in a detection limit of
3.3 x 10~* RIU.

In ring-resonator sensors, the shift of the resonant wavelength is typically used to
study the sensing phenomenon. Ashok et al. [42] proposed a GeAsSe sulfide slit-ring
resonator for refractive index sensing. The sensitivity can reach 42 nm/RIU with the
highest FWHM value of 0.7 nm and a Q value of 6.5 x 103. When the refractive index was
varied from 1.33 to 1.43, the sensitivity of the structure was 42 nm/RIU at a wavelength of
1551.03 nm. When the effective index difference was set to 0.005, the minimum LOD of the
slot MRR was 1073 RIU. The refractive index sensor was fabricated using photolithography
and inductively coupled plasma (ICP) etching to deposit chalcogenide glass on a silicon
oxide wafer.

Chalcogenide glass has been identified as the material of choice for the design of
highly specific and sensitive integrated sensors, because of their wide infrared transparent
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windows. Richardson et al. [43] proposed a compact microdisk resonator to achieve a new
type of high-refractive-index contrast. The sensing material used in this study, chalcogenide
glass, also has potential applications in biochemical sensing. The sensor has single-mode
waveguide capability with core dimensions down to the submicron range. Through testing,
the refractive index sensitivity was determined to be 182 nm/RIU. Based on the water
absorption coefficient of ot = 9.6 cm ™! at a wavelength of 1550 nm, the estimated absorption
limiting factor Q was 19,000.

Wang et al. [44] proposed a nonlinear refractive index sensor based on a coupled
waveguide MRR, which consists of a coupled circular resonator with radius R. The sen-
sitivity of the nonlinear microresonator refractive index sensor proposed in this study
compared to the RI changes was two orders of magnitude higher than the theoretical
sensitivity value of the linear microresonator RI sensor, and the LOD of chalcogenide glass
reached 1012 RIU for Si.

3.1.3. Lithium Niobate Compound Microring Optical Waveguide Sensor

At present, optical waveguide sensors fabricated from lithium niobate materials are
used for electric field measurement. In addition, they are used in various high-performance
and high-power photonic microdevices, including high-Q WGM resonators [45,46], photonic
crystal (PhC) cavities [47], hybrid lithium niobate on insulators (LNOI) platform [48-50],
and microwave photonics [51-56]. Currently, their use in biochemical sensors is relatively
small. In addition, optical MRRs based on SOI technology have the advantages of strong
optical confinement, small transmission losses, small bending radius, and a well-established
manufacturing process. The high refractive index contrast of LNOI can result in a higher
mode confinement and a lower bending radius, which enables the fabrication of small
devices in integrated optics. Moreover, biosensing with a large measurement range requires
ultra-high sensitivity and low detection limits, and research in this area is still ongoing [57].

Guarino et al. demonstrated a ring microresonator with a Q factor of only 4.0 x 103 [58],
whereas Hu et al. demonstrated an optical ridge waveguide with an optical loss of
6.3 dB/cm [59]. The highest Q factor of the LNOI microdisk resonator [60] reached
4.7 x 107, whereas the lowest optical loss in single- and multimode LNOI waveguides
was 0.029 dB/cm [61] and 0.027 dB/cm [62,63]. The Q-factor and optical loss in the LNOI
photonic structure improved by approximately four orders of magnitude.

Naznin et al. [64] designed and simulated a label-free optical MRR biosensor based on
LNOI technology. To obtain a high sensitivity and large measurement range, the sensor
uses a double MRR model and transmission spectrum obtained from 2D simulation based
on the finite-difference time domain method. The refractive index of the sensing layer was
between 1 and 1.45, and the LNOI consisted of an outer and inner ring of 10 pm and 5 pm,
respectively. The sensitivity of the microring sensor is close to 68 nm/RIU, whereas the
minimum LOD is 10~2 RIU. The performance of the sensor was simulated with a glucose
solution model.

With the development of technology, both fluidic channels and waveguides can be
laser-written in glass, thereby paving the way for 3D optofluidic chips. Because a self-
trapped beam can be formed in a monolithic lithium niobate chip structure, an optical
waveguide refractive index sensor on a lithium niobate substrate can be fabricated using
this technology. Chauvet et al. [65] proposed a refractive index sensor, in which a ring-
shaped optical waveguide embedded in a lithium niobate substrate passes through a fluid
channel, enabling accurate measurement of the refractive index of transparent liquids.
A sensor was used to detect the refractive index of methanol, and the measured refractive
index at 640 nm was 1.317. When the refractive index was between 1 and 1.8, the sensitivity
of the sensor was approximately 5 x 102

Owing to the advantages of silicon waveguides such as low loss and low cost, most
integrated optical sensing devices use silicon nitride/silicon dioxide technology [36]. How-
ever, a disadvantage of the technology is the inability to externally control the light, which
is necessary in defining the operating point of an interferometric device. Moreover, lithium
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niobate has the advantage of controlling light via the electro-optic effect and can be used
to obtain waveguides with low losses and high resistance to light damage. To develop
LiNbOj3 biochemical optical waveguide sensors, the binding process of the antibodies on the
waveguide should first be studied. Suareza et al. [66] developed an LiNbO3 biochemical
optical waveguide sensor consisting of a planar waveguide fabricated on LiNbO3 us-
ing the gas-phase Zn diffusion method and a low-loss optical waveguide. LiNbO5:Zn
is a material with potential advantages in protein detection technology owing to its
electro—optic properties. To develop biochemical sensors using LINbO3 waveguides, the
binding problem of biomolecules to waveguides prepared via Zn diffusion must be solved
first. The calculations yielded a detection limit of around 700 molecules per pixel. The
results show that the light attenuation through the LiNbO3 waveguide can detect surface-
attached proteins via emission or absorption measurements. The combination of antibodies
and waveguides facilitates the use of antigen—antibody interactions as a model, which
paves the way for biosensor design based on LiNbOj3:Zn waveguides.

3.1.4. Polymer-Based Microring Optical Waveguide Sensor

In recent years, integrated optical waveguide sensors have exhibited many advantages,
such as being label-free, highly sensitive, and capable of real-time detection, in addition
to having excellent potential in biochemical sensing and monitoring [67]. Traditional
sensing is based on the evanescent wave principle, and the light-matter interaction in
the cladding part is relatively weak. Moreover, the slit waveguide structure increases
the interaction between the light and low refractive index, which improves the sensing
sensitivity. In addition, research on slit waveguides has primarily focused on SOI materials.
Polymer-based optical waveguides have the advantages of speed, high efficiency, and
low cost. Huanlin et al. proposed a polymer-based slit waveguide microring refractive
index sensor [68]. First, a silicon master mold was prepared, and a flexible soft mold was
prepared using the fluorinated polymer perfluoropolyether (PFPE) on the silicon master
mold. A polymer-based slot waveguide was fabricated using a UV soft imprinting process.
The polymer slit waveguide microring structure is shown in Figure 12, and the width and
height of the waveguide and the width of the slit waveguide were approximately 510, 830,
and 234 nm, respectively. The working wavelength was the near-infrared band at 890 nm,
and the sensitivity was 130 nm/RIU.
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Figure 12. Polymer-based slit waveguide microring.

Ring optical resonators in single-mode waveguides can improve the sensitivity of
devices owing to their low modal dispersion, low propagation loss, and small size. To
further realize low-cost and large-scale production, multimode waveguide resonators
with linewidths of several micrometers must be designed for refractive index sensing.
However, it is difficult to use the resonator as a sensor because of the multiple peaks in
the output transmission spectrum owing to modal dispersion. The S-bend resonator can
eliminate the multi-peak problem using mode-recognition technology. Kim et al. proposed
a polymer S-bend optical resonant cavity structure composed of multimode waveguides
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for refractive index sensing [69]. Optical resonator sensors detect changes in the external
effective refractive index by measuring changes in the resonance wavelength peak caused
by changes such as antigen—antibody reactions, temperature changes, and protein binding
in the sensing region. Figure 13 shows a schematic of an S-shaped curved resonator, where
N is the number of curved waveguide layers and R is the radius of the curved waveguide.
The performance of the S-bend resonator is related to the waveguide slope owing to the
thermal reflow of the low-viscosity SU8 polymer. It was found that reducing the sidewall
angle can increase the range and intensity of the evanescent field, resulting in an enhanced
resonator sensitivity owing to the change in the external refractive index. This study
provides a possibility for polymer-based millimeter-wave optical waveguide refractive
index sensors.
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Figure 13. Schematic diagram of an S-shaped bending resonator.

Finally, the performance of the microring-based optical waveguide refractive index
sensor was compared with that of previously reported sensors, and a summary is shown in
Table 2. In addition, the performance of the microring optical waveguide refractive index

biochemical sensor with different materials and structures was compared.

Table 2. Performance comparison of microring structure optical waveguide sensors.

. . S LOD
Year  Unit Construction (am/RIU) (RIU) Q
2008 Cornell University [25] Silicon slot MRRs 490 5000
University of Ghent, Belgium  Slot waveguide SOI (silicon
2009 . ) 298
[27] on insulator) ring resonator
. . One-dimensional photonic
2018 Beijing Umver51.ty O.f Posts crystal slot waveguide 97.47 10°
and Telecommunications [28] . .
microring
2020 Shanghai Jiaotong University Few-moc.ie SiN waveguide 91.79 10-5 2 % 104
[16] ring sensor
University of Southern . 3
2017 California [31] SOI coupled-ring resonators 382 10
" . . Sensors based on cascaded FP 6
2012 Zhejiang University [32] cavity lasers and MRRs 1000 3.8 x 10
2016 University of Paris-Saclay Silicon slot waveguide ring 1300 10-4
[37] resonator
2019  Columbia University [34] Silicon photonic waveguide 579.5 1700
sensors
2012 University of Central Florida Chalcc')gemfie glass compact 182 19,000
[43] microdisk resonance
2021 Ningbo University [40] Ge-Sb-Se MRR 123 104 7.7 x 10*
2022 Ningbo University [41] ChGS slot MRR 471 1074 1 x 10t
2016 Khulna university [64] LNOI label-free optical MRR 68 102
2020 Dalian University of Polymer-based slot 130

Technology [68]

waveguide microring
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3.2. MZI-Structured Optical Waveguide Sensor

MZI-structured sensors are common label-free optical sensing devices. Their structure
is relatively simple, easy to integrate, and can be used with special materials or combined
with other flexible optical devices. The detection limit is generally between 10° RIU and
107 RIU. It has the advantages of high refractive index sensitivity, strong anti-interference
ability, and high detection efficiency and exhibits good research significance and application
value in biochemical sensing.

Optical waveguide sensors, such as optical waveguide temperature sensors, stress sen-
sors, and various optical waveguide biochemical sensors, are research hotspots worldwide.
Research on optical waveguide biochemical sensors has primarily focused on surface plas-
mon resonance and waveguide grating sensors. These sensors exhibit high sensitivity and
response recovery characteristics. However, selectivity is poor, and the anti-interference
ability is weak. The MZI optical waveguide sensor has the advantages of high sensitivity,
strong selectivity, anti-interference ability, and small size. According to previous reports, the
phase-difference resolution of the MZI optical waveguide sensor can reach 5 x 107 x 2,
and the resolution of the refractive index change is approximately 2 x 10~8. The detection
of the lowest concentration of specific analytes was 107°. The transmission loss of the
optical waveguide is required to be less than 1 dB.

MRRs and MZIs are two common configurations used in waveguide-based sensors
for optical signal readout. MRR biochemical sensors exhibit high sensitivity during the
detection of proteins, DNA, viruses, and bacteria [9]. Wavelength-tunable lasers and
spectral analyzers are required to perform wavelength scanning, and the detection limit of
MRR-based sensors is limited by the resolution of expensive and complex external devices.
By contrast, the MZI readout configuration is based on the detection of light intensity and
does not require tunable lasers or optical spectrum analyzers. Therefore, miniaturization
and integration of an optical waveguide MZI as a sensing platform system is feasible.

3.2.1. Silicon-Based MZI Optical Waveguide Sensor

The MZI optical waveguide sensor has the advantages of high sensitivity, small size,
and strong anti-interference ability, and has attracted increasing attention in the field
of biochemical sensing [70,71]. In the literature, the refractive index of the MZI optical
waveguide sensor is approximately 2 x 1078, and the lowest concentration detection value
can reach 107 [35].

Moreover, CMOS circuits based on SOI materials have the advantages of low power
consumption, high integration density, strong anti-interference ability, and improved
performance compared to those of traditional silicon-integrated circuits. With advantages
of miniaturization, integration, and high sensitivity, new applications of biochemical
sensors can be realized. Yang et al., from Tsinghua University, proposed a biochemical
sensor based on an SOI planar optical waveguide [72]. The micron-sized sensor chip used
CMOS technology. The sensitivity of the sensor can reach magnitudes of 10~7 and the
corresponding changes of the output optical power in the order of 10~ magnitude.

A conventional MZI sensor consists of two channels: a beam splitter and a coupler
connected by a sensing arm and reference arm. To prevent evanescent coupling between
the waveguides, the arms must be relatively wide apart, and to recombine the signals
through the channels, additional bending or coupling structures are required, all of which
increase the size of the device. To reduce the size of the sensing area, a single-mode helical
waveguide is used in a conventional dual-channel MZI; however, balanced helical arms
and additional structures are still required for splitting and combining light. Liu et al. [73]
proposed a compact single-channel MZI biochemical sensor that consisted of two single-
mode silicon waveguides and used dual transverse mode helical waveguides for sensing.
The discontinuous node output is shown in Figure 14. Different concentrations of NaCl
solutions were injected into the sensor to measure the bulk refractive index sensitivity
of the sensor, which was 461.6 7t/RIU. The surface sensitivity of the sensor was found
to be 1.135 m/ng mm~2. By sampling the optical response of the stable region, the sen-
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sor exhibited a resolution of 0.01 7t and a detection limit of 2.2 x 10~° RIU. Finally, the
biosensing ability of the sensor was verified by measuring biotin—streptavidin interactions
at different concentrations.
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Figure 14. (a) Schematic diagram of the proposed sensor; (b) cross-section of a single-mode waveg-
uide; (c) cross-section of a dual-mode waveguide and the electric field intensity distribution of the
two transverse modes.

To improve the sensitivity and detection limit of the sensor, this study utilized the high
sensitivity of the MZI and the architectural improvement introduced by the Vernier effect.
In 2013, La Notte et al. [74] proposed an ultra-high-sensitivity chemical optical waveguide
sensor using the MZI-enhanced Venier effect, and the sensor chip was fabricated from
compact SOI material. A CO; sensor was designed, capable of detecting gas concentrations
as low as 5000 ppm, with significantly low detection limits, less than 5.5 x 10~7 RIU, and a
sensitivity greater than 1000 um/RIU. In addition, an ultra-high-sensitivity MZI-enhanced
Vernier effect NHj3 sensor for aqueous solutions was designed. The sensor can detect
ammonia concentrations as low as 2 ppm, with a sensitivity as high as 2500 um/RIU, and
an ultra-low LOD of 8.79 x 10~® RIU.

For the MZI sensing platform to be easily integrated with optical fiber communication
systems and optoelectronic systems, the coupling efficiency of the large-section SOl ridge
waveguide and the standard single-mode glass fiber must be high. Furthermore, the match-
ing must be improved, and the size of the MZI branch must be small. The sensing platform
is compact and can achieve a micron level. According to the analysis, the trench-based
MZI structure exhibits an improved performance compared to conventional configurations.
Therefore, using the basic EH polarization mode (hybrid mode in which the electric and
magnetic field components are mixed together, defined as EH mode) of the SOI ridge
waveguide, Yuan et al. [75] proposed an MZI biochemical sensor based on a large-cross-
section SOl ridge waveguide, as shown in Figure 15. At a working wavelength of 1550 nm,
a uniform sensitivity of 7296.6 % /RIU was obtained. Its LOD can reach 2.74 x 10~° RIU,
which is lower than that of the refractive index of the Si3sN4 ridge waveguide (less than
7 x 107° RIU).
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Figure 15. Schematic diagram of the MZI sensing platform based on a large-section silicon-on-
insulator (SOI) rib waveguide.

Xie et al. [76] proposed a sensor design rule based on MZI, as shown in Figure 16. By
properly selecting the MZI arm length, sensitivity can be adjusted to a value that is higher
than that of any other traditional MZI sensors. Using SOI materials, a low-cost optical
sensing system can be realized via proper selection of MZI arms with a device sensitivity
as high as 10® nm/RIU and a detection limit as high as 10~° RIU.

Figure 16. MZI sensor.

Conventional MZI sensors that use intensity interrogation require highly sensitive
power sensors and highly stable systems to achieve low noise levels and high sensitivity.
Although sensors with ring-resonator structures can overcome this problem by determining
the wavelength shift with high precision, a high-resolution spectrometer is required. For
the reported sensors based on two cascaded ring resonators, the Vernier effect was used
to significantly improve the sensitivity. However, the extremely high sensitivity resulting
from a significantly large Vernier factor has some disadvantages. Jiang et al. [77] realized
ultra-high-sensitivity silicon photonic biosensors using cascaded MZIs and ring resonators
with the Vernier effect. The sensitivities of the MZI and MZI ring sensors obtained were as
high as 2870 and 21,500 nm/RIU, respectively. Biosensing applications were demonstrated
by monitoring the interaction between goat and anti-goat immunoglobulin G (IgG). The
measurement results showed that 1 ng/mL IgG resulted in a wavelength shift of 0.035 and
0.5 nm for the MZI and MZI ring sensors, respectively. For the MZI and MZI ring-based
sensors, the measured temperature drifts were 76 and 271 pm/°C, respectively, and highly
sensitive sensors are anticipated to be used in medical diagnosis.

Exposure to pyridine vapor can inhibit the nervous system, leading to poisoning.
Therefore, there is an urgent need to develop a safe and reliable sensing technology to
monitor its concentration in real-time. Zhao et al. [78] proposed an MZI microsensor based
on a CMOS-compatible silicon nitride (Si3N4) waveguide with bipolar polycarbonate as
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the sensitive cladding material. The waveguide width and cladding thickness were varied
to tune the group index and evanescent field. In the final experiment, the sensitivity of
pyridine vapor can reach 63 pm/ppm, LOD was as low as 476 ppb, and the response time
was significantly reduced. The designed MZI sensor exhibited ultra-high sensitivity, and
the refractive index sensing sensitivity was greater than 30,000 nm/RIU in both the TE and
TM modes.

3.2.2. Chalcogenide MZI Optical Waveguide Sensor

Biochemical sensors have significant research significance in the field of photonics. The
increasing number of compounds has led to an increasing demand for monitoring systems
with high sensitivity, wide detection range, high stability, and low response time [79,80].
The on-chip integration of photonic sensors operating at near-infrared wavelengths has
been reported [81], and miniaturization can also be considered in mid-infrared sensing.
Recent advances have enabled the combination of mid-infrared (MIR) light sources (such
as quantum cascade lasers), waveguides, sensors, and detectors on the same chip [82-84].
There is a large selection of waveguide materials available. Among them, chalcogenide thin
films are suitable for several MIR photonic applications in sensing [85-90]. Chalcogenide
materials are particularly suitable for chemical sensing because most molecules vibrate in
the infrared medium.

Baillieul et al. [91] developed a Ge-Sb-Se microsensor device for in situ monitoring of
pollutants in environmental water, as shown in Figure 17. The sensor detects pollutants in
natural water in the mid-infrared spectral range of organic compounds. The experimentally
obtained detection of monoaromatics (BTX) using polyisobutylene (PIB) facilitates the
development of chalcogenide film-based optical microsensor devices with sensitivities
ranging from tens of ppb to hundreds of ppm.

Figure 17. Mid-infrared (MIR) sensor scheme with an MIR source, detector, microfluidic system, and
sensor fabricated from polyisobutylene (PIB) functionalized Ge-Sb-Se waveguides.

For the mid-infrared spectrum, quantum cascade lasers can be used as light sources
owing to their broad emission wavelength range and high-power efficiency [92]. Regarding
the optical platform, which is crucial to the sensor, although other MIR platforms such as
silicon, germanium, and gallium arsenide have been investigated [83], chalcogenides have
attracted much attention in the field of sensing because of their wide transparent windows
in the infrared range.

Studies have reported losses in mid-infrared integrated chalcogenide devices [93,94]
and high-quality factor microcavities [95,96], which can detect E. coli proteins in the reflec-
tion or transmission mode [97]. In 2017, Baudet et al. [98] reported that on a chalcogenide
mid-infrared platform, an evanescent wave was used for mid-infrared spectroscopy analy-
sis. The cladding layer was designed as a Gepg 1Sbe 35e45 using magnetron sputtering, an
ICP dry etching process, and a mid-infrared sensor with a guide layer of Gej, 55b25Seq; 5.
The measured waveguide loss is approximately 2.5 dB cm ™! in the 7.7 um band.
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ChG is particularly suitable for the fabrication of integrated MIR optical sensors owing
to its wide transparent window and low processing temperatures. Wang et al. [99] proposed
a suspended trough waveguide gas sensor for chalcogenide glass compounds that can
achieve a power confinement factor greater than 90%. When the target gas was methane,
the power-limiting factor of the proposed waveguide sensor was 93.81% at a wavelength
of 3.67 um. The sensitivity was 0.4578 and the LOD was 18.17 ppm. When the working
wavelength was 3.291 um, the power limiting factor was 91.98%, the sensitivity was 7.151,
and the LOD was 1.139 ppm.

Previously, a Ge-Sb-Se chalcogenide ridge waveguide sensor with a PCF of 5% was
proposed for the detection of CHy and N,O at 7.7 um [100]. In 2017, Ge-Sb-Se chalcogenide
glass ridge waveguide sensors with 8% PCF were used to detect CHy at 3.31 pm and
7.66 um and CO, at 4.3 pm [101]. Later, Kumari proposed a silicon horizontal double-slot
ridge waveguide sensor with 65.4% PCF for the detection of CHy at 3.67 um [102]. In
ref. [103], a ChG/silica sensor on a suspended silicon groove waveguide with a PCF of
85.77% was used to detect CHy at 3.291 um. In 2020, a ChG/SiO; sensor was implemented
on a fluorine horizontal trough waveguide runway resonator with a PCF of 44.63% to
detect CHy at 3.291 um [44].

Chalcogenide glasses exhibit high transmission in the near- and mid-infrared regions,
and good properties are obtained in thin films. Zamboni et al. [104] designed a photochem-
ical sensor based on an anti-resonant reflective optical waveguide (ARROW) structure, as
shown in Figure 18, the MZI is composed of an input waveguide and divided into two
parallel arms 1 and 2, which can detect gaseous pollutants, and its characteristic vibrational
absorption band is located in the mid-infrared region. In this study, Ges3Asi,Sess and
GepgSb1,Seqp materials were selected. At 1.064 um, their bulk refractive indices are ap-
proximately 2.586 and 2.707, respectively, their transparent windows are wide (0.8~16 pm
and 1~14 pum, respectively), and they exhibit good thermal stability. Using the 1.55 um
waveguide, the total optical loss on the tested sample was 6 dB.

Input light
P g ‘ pdroplets

y -

Output light
Figure 18. Sensing device with microfluidic circuit and MZI.

3.2.3. Lithium Niobate Compound MZI Optical Waveguide Sensor

Similar to SOI, LNOI has a high refractive index contrast, which strongly confines
light in the micro/nano level photonic structure. From the manufacturing and application
perspectives of photonic devices, it can be shown that LNOI has a transparent window
in the range of visible and mid-infrared wavelengths, which makes LNOI waveguides
suitable for biochemical photonics and nonlinear optical applications. Lithium niobate
is transparent in the visible and mid-infrared wavelength ranges, which makes LNOI
waveguides suitable for biochemical photonics [53].

Waveguide-based integrated evanescent field sensors enable the interaction between
evanescent waves and the surrounding matter to detect the concentration of chemical or
biochemical analytes.

Zamboni et al. [105] proposed an optofluidic device realized in monolithic lithium
niobate by combining an optical waveguide with a microfluidic channel. The channel was
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realized via thermal diffusion of thin strips of titanium on LN. In addition, the microfluidic
channels were mechanically engraved on the same substrate using a self-polishing saw.
The proposed optofluidic device was used for pH optical sensing of the analyte solutions.
The detection limit was 1.58 & 0.01 pM. The results showed an almost 18-fold improvement
compared with polymer waveguide systems. As the Ti:LN waveguide can guide light
beams of different wavelengths, the sensor can be used with pH indicators other than
bromothymol blue, which increases the pH range and broadens the application range of
the device. Furthermore, this device provides real-time monitoring required for a feedback
system. By integrating the device with a flow controller, a solution with the desired pH can
be easily obtained.

Kim et al. [106] proposed a single-mode porous silicon-integrated MZI waveguide
sensor. Using the MZI-structure optical waveguide biochemical sensor to quantify the detec-
tion of isopropanol, it was shown that the exposed area would produce a large measurable
phase shift of 9.77t. The measured sensitivity of the device was as high as 13,000 rad /RIU cm,
and it can detect refractive index changes as small as 10~°. The integrated interferometer
exhibited a more stable response than the fiber-based sensing approach.

3.2.4. Polymer-Based MZI Type Optical Waveguide Sensor

The refractive index of the polymer material can be adjusted, and the loss of the optical
waveguide device is smaller than that of the fiber coupling. Furthermore, its preparation
temperature and cost are low [107]. Therefore, polymer materials are widely used in optical
waveguide devices [108,109].

Xia et al. [110] proposed polymer-based integrated optical interferometric sensors
fabricated by hot-embossing and printing to realize low-cost sensors that are suitable for
mass production. Polymer materials are increasingly important in the field of optical
sensors owing to their diversity and compositional flexibility, as well as their ability to
construct polymers using large-area printing techniques. However, special consideration
must be given to polymer-based waveguide losses. In this study, an all-polymer MZI-type
waveguide structure based on an inverted-ridge waveguide was proposed. The structure
used a printing technique to form an inverted-ridge-groove waveguide structure in a
polymethyl methacrylate (PMMA) foil. The refractive index of the core layer was in the
range of 1.550-1.569. The sensor waveguide operates in a single mode, which enhances the
sensitivity of the MZI sensing area to changes in the environmental refractive index and
reduces the lower bending loss in the S-shaped curved waveguide.

Lab-on-a-chip technology is widely used in integrated and miniaturized chemical and
biological analyses. Integrated microfluidic platforms are highly portable, and the most
common microfluidic devices are based on polymer substrates such as polydimethylsilox-
ane (PDMS), cycloolefin copolymer (COC), and PMMA. This is because they are affordable
and guarantee a high degree of flexibility in design and manufacturing.

At present, air pollution is increasingly becoming a concern, it is of great significance
to develop gas sensors for volatile organic compounds (VOC) to detect polluted gases in
the air. Zheng et al. [111] proposed a non-equal-width MZI optical waveguide gas sensor.
By adjusting the evanescent field strength and group refractive index of the two arms of the
interferometer, a refractive index sensing sensitivity of 11,624 nm/RIU, and wavelength
change of 6.8 nm in the 2.3 ppm nitrobenzene gas environment were obtained through the
testing of p-nitrobenzene explosive gas.

Xueke [107] designed and fabricated a biochemical sensor based on an MZI using
5i/5i0; as the substrate, and the waveguide core and upper cladding were spin-coated with
4-um wide ZPU46 and 9-um wide ZPU44 polymers, respectively. The prepared polymer
MZI sensor waveguide core layer size was 4 um X 4 um, and the bending radius and
sensing window length of the Y-shaped branch structure were designed to be 3000 um and
111 um, respectively; thus, both sides of the sensing arm core layer were exposed to the
solution under test, improving the sensitivity of the sensor. The refractive index ranges of
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1.33-1.44 had good linearity. The average refractive index sensitivity was approximately
88 dBm/RIU, measured with glycerol aqueous solution at a wavelength of 1550 nm.

Yang et al. [112] added 5% dye material Disperse Red 1 (DR1) into a dilutive solution
of SU8 photoresist and prepared DR1/SU8 polymer material for the waveguide. The
structure was designed as an inverted ridge, reducing the waveguide loss of the sensor.
The refractive index measured by the NaCl solution at 1550 nm wavelength is in the range
of 1.585-1.593, which is significantly improved compared with that of SUS.

Yuanda et al. [5] proposed that the distance between the two arms of the MZI sensor
and the length of the arms should be 400 um and 12,000 um, respectively. Because the
sensitivity of the MZI sensor affects the change in the effective refractive index, the change
in the effective refractive index of the sensor is in the range of 0.5-2.0 (x 107), and the
corresponding output optical power change can reach the order of 10~#. Consequently, the
MZI sensing platform has significantly high sensitivity and is suitable for applications in
biochemical sensing.

Yu et al. [113] selected polymer materials for the waveguide core and upper cladding,
resulting in improved sensing performance and economical and efficient mass production.
When the polymer is dry-etched, the upper cladding in the sensing window is removed
with ease, and the rectangular sensing arm can be approached by the analyte to form a
three-dimensional (3D) structure. This structure significantly expands the sensing area and
increases the sensitivity by 3.5 times. In addition, by studying the dry-etching parameters,
the hydrophilicity of the polymer surface was increased, which enhanced the interaction
between the guided light and the test solution. The MZI waveguide sensor proposed
in this study uses the SU8 polymer as the core layer, polymethyl methacrylate-glycidyl
methacrylate (PMMAGMA) as the upper cladding, and silica as the lower cladding. The
refractive index measurement range at a wavelength of 1550 nm was 1.31-1.42, and the sen-
sitivity was 225.4 dB/RIU. By optimizing the structure of the sensing arm and performing
a surface treatment, the obtained sensing response time can be less than 20 s. This sensor
has many advantages, such as high sensitivity and fast linear response, which are suitable
for refractive index biochemical sensing.

Yu [114] proposed an asymmetric MZI sensor that designed the straight waveguide
part of a Y-shaped branch as a curved structure. When the length difference between the
two branches is 19.8 um, the refractive index is in the range of 1.470-1.545, thus maximizing
the internal sensing sensitivity. The device was then fabricated using photolithography
and wet etching, and the encapsulation process was optimized using PMMA films. The
output power of the device was tested with benzaldehyde and ethanol mutual solutions
with different refractive indices. The actual sensitivity value was 791 dB/RIU, and the
sensor resolution was 1.26 x 10~¢ RIU. Theoretically, two polymer sensor structures of
symmetrical MZI and asymmetrical MZI were optimized, and the theoretical value of the
sensing sensitivity increased to 1200 dB/RIU.

3.2.5. Gallium Arsenide-Based MZI Optical Waveguide Sensor

Gallium arsenide (GaAs) has a wide transparent window (0.9-17 pm) compared to
Si, SiOy, polymers, and Ge, making it suitable for various electronic and optoelectronic
devices. GaAs is heat-resistant, radiation-resistant, and sensitive to magnetic fields. In
particular, GaAs has been considered a promising material for MIR optical devices because
of its high nonlinear sensitivity, low absorption, high laser damage threshold, high thermal
conductivity, and developed material technology. Wang et al. [115] proposed a mid-infrared
biochemical sensor based on an asymmetric MZI with double-suspended GaAs waveguides.
The design uses a suspended GaAs waveguide to enhance the interaction between the
evanescent field and measured material. The asymmetric MZI structure improved the
RI sensitivity of the sensor. After optimization, the NaCl solution value with different
concentrations could reach 854.5 nm/RIU, whereas the value of Q obtained was 208.2.

To study a simple, low-cost, and mass-production-compatible biochemical sensor, the
MZI structure was used because of its advantage of a single-signal output. Owing to the



Appl. Sci. 2023,13, 3829

28 of 44

small step in the refractive index of the polymer system between the waveguide core and
cladding, the mode confinement in the polymer waveguide is small; hence, the bending
radius must be large to reduce the loss and the distance between the two interference arms.
Therefore, an asymmetric design of the MZI was chosen, using waveguides of different
widths in the straight sections of the two interferometer arms.

Compared with inorganic material systems, polymer sensors are less sensitive owing
to their low refractive index difference. Hofmann et al. [116] proposed an MZI optical
waveguide refractive index sensor integrated with polymer foil. In this study, deionized
water and glucose solutions were used as analytes for sensing and detecting, and the LOD

was determined to be 3 x 1073.
Table 3 shows the performance comparison of MZI optical waveguide sensors.

Table 3. Performance comparison of MZI optical waveguide sensors.

. . LOD
Year Unit Construction S (nm/RIU) (RIU) Q
Saint Petersburg itr;gvf-izgcele ds(:ﬂ‘f)cl):
2014 Polytechnic University & . 461.6 22 x107° /
(73] transverse mode helical
structure
. . Vernier effect/Vernier
2013 %‘Ef:rlg’fcmlf effect enhanced by SOI 132?// éir)go 10-7/10°8 /
Y material MZI
Tsinghua University Large cross-section SOI 7396.6 _6
2014 [75] ridge waveguide MZI ~ %/RIU 274 %10 /
2020 Zhe]‘a“g[;éi‘“’emy SOI material MZI 10° 10-¢ /
2014 Zhejiang University Venier effect MZI ring 21,500 /
[77] sensor
University of
Electronic . .
2022 Science and CM?ViizmlﬁZ:bﬁzst‘* 30,000 476 ppb /
Technology of China &
[78]
. . . Chalcogenide glass
2021 ngbo[ggr}lversny compound suspension 7151 1.139 ppm /
tank waveguide
2013 University of Single-mode porous 13,000 10-5 /
Maryland [106] silicon integrated MZI rad/RIU-cm
Southeast University 88
2015 [107] Polymer MZI sensor dB/mRIU / /
University of
Electronic Polymer-based
2021 Science and non-monospaced MZI 11,624 / /
Technology [111]
. . . PMMA film 791
2017 Jilin University [114] asymmetric MZI sensor dB/RIU / /
Henan Normal Asymmetric MZI double
2022 suspended GaAs 854.5 / 208.2

University [115]

waveguide Sensor

“/” means that the data is not given in the reference.

3.3. Cascaded Structured Optical Waveguide Refractive Index Sensors
3.3.1. MZI Coupled Microring Structure

Jiang et al. [117] proposed a novel high-sensitivity biosensor based on a cascaded
MZI and ring resonator with a wavelength-interrogated Venier effect. Using wavelength
interrogation, sensors based on MZI only and cascaded MZI rings with the Vernier effect
can achieve sensitivities of 1960 nm/RIU and 19,100 nm/RIU, respectively. With the free
spectral range of 600 nm, the sensitivity can be as high as 60,000 nm/RIU. A SiN sensor
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chip composed of an MZI and an array waveguide grating spectrometer was realized with
a detection limit of 0.6 x 10~ RIU.

Linghua et al. [118] proposed a new low-cost optical waveguide polymer material,
polysiloxane photonic polymer material (PSQ-Ls), and applied it to biochemical sensing
of the refractive index. By introducing an MZI-type tunable coupler into the passive
MRR, optical characteristic tuning under lower power consumption and three different
coupling states are realized. Through experiments, it was found that UV soft imprinting
technology has good compatibility with PSQ-Ls materials, and the process is simple and
can be repeated. The Q values of the device in air and water can reach 5 x 10* and 2.7 x 10%,
respectively, and the obtained absorption loss is 50 dB/cm.

3.3.2. Double Microring Cascade Structure

To achieve high-performance sensing devices, devices with multiple coupled or cas-
caded ring resonators are typically designed using two coupled rings, with the circumfer-
ence of the second ring being 1-2 times that of the first ring. Compared with the structure,
the fineness is enhanced, and the Q value can be 3 x 10* or higher.

Zhu et al. proposed a high-sensitivity sensor based on a cascaded reflective MZI and
MRRs [119]. As shown in Figure 19a, the sensor is composed of a microring and cascaded
MZI. In Figure 19b, the microring chip was fabricated on an SOI platform. The thickness
of the surface silicon layer here was 220 nm, and the thickness of the buried oxide was
2 pm. Embedded in the trench, the sensing chip was covered with SU8 upper cladding.
The microring’s straight waveguide has a width of 0.5 pm, while the ridge height, ring
diameter, and ring width are 0.22, 124, and 0.5 pm, respectively. The gap between the
straight waveguide and the ring is designed to be 0.5 um. The reflective MZI consisted of
a fiber coupler, with the two arms of the MZI coated with 200 nm Au on the output fiber
ends. Compared with a traditional bipolar MRR, the sensor has an average power increase
of 13 dB and can achieve a high sensitivity of 1892 dB/RIU.
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Figure 19. Schematic diagram of the microring and MZI cascading; (a) overall structure; (b) MRR.

Dwivedi et al. proposed a refractive index sensor utilizing the vertical coupling
between two SOI waveguides [120]. A schematic diagram of the proposed sensor structure
is shown in Figure 20, which consists of a planar single-mode SOI waveguide interacting
with another planar single-mode SOI waveguide of length L. Thus, it consists of three
planar waveguide sections: the I and III sections are identical single-mode silica-covered
SOI waveguides, whereas the middle section II is a directional coupler consisting of a
single-mode silica-covered SOI waveguide (WG1) and another single-mode SOI waveguide
(WG2) with the covering medium as the analyte. Using optimized waveguide parameters
for aqueous coverings, the bulk sensitivity of 7000 (3400) nm/RIU for a refractive index of
1.33 was achieved for TE and TM modes propagation in the optical communication band.
As a result of its high bulk and thin-layer sensitivity, this sensor has potential for use in
biosensing applications.
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Figure 20. Schematic diagram of the refractive index sensor.

3.3.3. Double MZI Structure

Wei et al. [121] prepared a refractive index photopolymer microresonator sensor by
direct laser writing. The sensor includes two tapered waveguides that can be directly
coupled and two MZIs (“Y”-shaped waveguide of the MZI) and microcylinders transiently
coupled to the MZI arms. The sensor had a sensitivity of 154.84 nm/RIU and was I
confirm.used to measure the refractive index of liquids. At approximately 1550 nm, the
FSR of the device was approximately 16.69 and 16.48 nm in the air and water, respectively.
The experiment obtained the highest Q factor of 6400.8 and 3902.5 in the air and water,
respectively. The total loss of the sensor was approximately 15 dB. Using NaCl solution
with a concentration of 0%-5% to measure the performance of the refractive index sensor, a
sensitivity of 154.84 nm/RIU was obtained.

Dai et al. [122] proved an ultra-sensitive temperature sensor based on the SOI dual-
MZI cascade, as shown in Figure 21. Sensor sensitivity is related to the FSR of the two-stage
MZI, which is related to temperature sensitivity. When the FSR of the two-stage MZI is
the same and the temperature sensitivity is different, the sensitivity of the entire sensor is
significantly improved. This can be achieved by adjusting the structural parameters of the
two-stage sensor. The sensitivity of the proposed sensor reaches 1753.7 pm/°C, which is
higher than that of any temperature sensor based on the previously reported SOI platform,
and 21.9 times higher than that of the conventional all-silicon temperature sensor.

TSMZI TIMZI

Figure 21. Schematic diagram of the sensor.

3.4. MMI Structured Optical Waveguide Sensor

A novel platform for chemical and biosensing based on optical MMI couplers was
presented in a 2005 article by Kribich et al. [123]. A proof-of-concept humidity sensor was
implemented, using hybrid sol-gel planar technology for integration onto a silicon substrate.
The experiments showed that the sensor was linearly responsive to relative humidity and
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the sensitivity could be adjusted using MMI design technology. Szewczuk et al. [124] also
presented a waveguide sensor based on MMI in 2010. The sensor layer was used as the
cover of the multimode section in the modeled systems. By selecting a material sensitive
to specific external conditions as the cover of the multimode section, the sensor could be
adapted to detect different physicochemical quantities. The study also investigated and
compared systems based on waveguides with step index profile and gradient distribution
of refractive index. It was demonstrated that the sensitivity of these systems could be
adjusted by properly selecting the dimensions of the multimode section.

Copperwhite et al. [125] characterized the sensing performance of a refractometric
sensing platform based on MMI couplers using a low-cost process with photocurable
organic-inorganic hybrid sol-gel materials. The sensing principle is based on the sensitivity
of the optical field distribution in the MMI coupler to changes in the refractive index of its
environment. The length of the MMI coupler section was found to be important, with longer
platforms being more sensitive. A porous sol-gel humidity-sensing enrichment layer was
coated on the MMI coupler, achieving a resolution of 0.097% for relative humidity detection.
The platform’s refractive index resolution was determined to be 2 x 10~® RIU, making it a
generic and label-free biosensor platform with immense potential for future applications.

Zinoviev et al. [126] discussed an integrated bimodal waveguide interferometric
biosensor for label-free analysis, as shown in Figure 22, which was highly sensitive with a
detection limit of 2.5 x 10~7 RIU for homogeneous sensing. It was fabricated using standard
silicon technology and successfully monitored biomolecular interaction in real-time. The
interferometric devices were simple and could be integrated into lab-on-a-chip platforms
for point-of-care diagnostics, making them a powerful tool for biochemical analysis.

) Light out

Sensing window

Figure 22. Schematic diagram of sensing waveguide structure and interaction between electromag-
netic field and surface sensing molecules.

Jhonattan et al. [127] proposed and demonstrated a new evanescent wave biosensor
that utilized the interaction between the fundamental and second-order modes, leading
to a high sensitivity behavior. The device was designed to only allow propagation of
these two modes, avoiding excitation of the first order mode, as shown in Figure 23. This
design resulted in stronger interaction between the evanescent field and the outer surface
compared to previous designs. The authors predicted that the limit of detection for the
polymer device in bulk will be approximately 7.34 x 10~7 RIU.
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Figure 23. MMI biosensor scheme. (a) Three-dimensional view of the MMI and its sensing area.
(b) Side view of the waveguide coupling region. (c) Top view showing the region where high-order
modes are excited and interact with the bioactive region.

Kumar et al. [128] described an integrated optical waveguide refractive index sensor
that had ultra-high sensitivity in the communication wavelength range. The proposed
sensor can be integrated with other sensing elements on a single chip. It had a sensitivity
ranging from ~1370 to 33,850 nm/RIU for TM and 1160-26,050 nm /RIU for TE polarized
input light, and this is the highest sensitivity reported for MMI-based sensors. Due to
the different length of the tail of TM- and TE-mode evanescent field extending out of the
waveguide core, the sensitivity is different.

Ramirez et al. [129] presented an interferometric transducer that was based on a tri-
modal optical waveguide concept and generated a readout signal from the interference
between the fundamental and second-order modes that propagated on a polymer waveg-
uide. The device was fabricated using the polymer SU-8 over a SiO; substrate and exhibited
a free spectral range of 20.2 nm and signal visibility of 5.7 dB. The device had a high sensi-
tivity to temperature variations of 0.0586 dB/°C, which made it a promising candidate as a
low-cost photonic transducer for use in sensing applications, including point-of-care.

The bimodal and the trimodal waveguides are both based on the interaction between
the fundamental mode and the higher-order mode. Generally, the input and output
waveguides are single-mode, and the middle is the interference part of multimode. When
the concentration of the material to be measured changes, the effective refractive index
difference between the modes changes, which changes the phase difference, and then
changes the power of the fundamental mode in the output waveguide so as to achieve
concentration detection.

There have been many reports on MMI fiber sensing areas in addition to the MMI
planar optical waveguide sensing area. A novel leaky mode coupler of MMI fiber structure
was proposed and experimentally demonstrated for surrounding refractive indices higher
than that of silica fiber by Saimon et al. [130]. The proposed sensor showed a high sensitivity
of 1682 nm/RIU and a limit of detection of 5.94 x 10~° RIU, which are significantly better
than those of conventional MMI waveguide sensors. In addition, ref. [131] also reviewed
many other types of MMI fiber sensors and their applications, which will not be repeated
in this paper.

Table 4 compares the characteristics of refractive index sensors based on three types of
optical waveguide structures: MMR, MZI, and MMI, under the same conditions. Although
MMR structures are widely used, their sensitivity varies greatly, with early sensitivity being
relatively low. Currently, sensor schemes have achieved certain sensitivity improvements
through the improvement of waveguide structures and process optimization, but the
sensitivity of MMR structures is still inferior to that of MZI and MMI structures. The
detection ranges of the three structure sensors do not differ significantly and all have wide
detection ranges that can meet the application requirements of sensors. In terms of size,
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typically, MMI sensors have smaller volumes than MMR sensors, and MMR sensors have
smaller volumes than MZI sensors. In terms of processing difficulty, MMR sensors may be
the most challenging to process because the diameter of the MMR is usually very small and
special processing techniques are required to manufacture them. In contrast, the processing
difficulty of MMI and MZI sensors may be relatively lower. In terms of losses, the losses of
MZI and MMI structure sensors are relatively lower than those of MMR structures. Overall,
different sensor structures may require different processing techniques and process flows,
depending on factors such as materials, device size, and design requirements.

Table 4. Comparison of properties of three structural types.

Performance Characteristics MRR [14,35] MZI1 [72,73] MMI [5,129]
Sensitivity (nm/RIU) 102-10° 102-10* 103-10%
Sensitivity (rad/RIU) / 46l1.67 /
Detection limit (RTU) 1072-107° 10-5-10° 10-6-10~7

Size Smaller Small Smallest
Fabrication Hard Easy Easy
Loss(dB/cm) 1-102 <1 <1

“/” means that the data is not given in the reference.

4. Discussion
4.1. Applications in the Field of Sensing

Because optical waveguide sensors can effectively convert biological or chemical re-
actions into measurable signals, they are widely used in the chemical industry, biological
processes, medical diagnosis, environmental monitoring, military defense, and scientific re-
search. Optical waveguide sensors have higher sensitivity than other sensing methods [132].
Because they can be fabricated into miniaturized and integrated devices, they have been
used in optical switches, sensors, and lasers [133]. Optical fibers and planar optical waveg-
uides are common types of optical waveguides. Optical fiber sensors [134-137] have been
widely used in the field of biochemical sensing; however, they are difficult to miniaturize
and integrate, and biochemical modification is difficult; thus, their applications are limited.
Planar optical waveguides are easy to process and modify, have high sensitivity, are easy to
use, and have excellent application value in the field of biochemical sensing [138].

In terms of gas and environmental monitoring, because optical waveguide refractive
index sensors have easy integration, high sensitivity, and strong anti-interference character-
istics, they are widely used in the fields of toxic, flammable, and explosive gas detection,
and environmental protection. The change in gas concentration can be obtained by mea-
suring the refractive index [139]. A large number of pollutants produced by industrial
production have caused serious air pollution, and the sensitive detection of volatile organic
gases in the air has become a research hotspot in biochemical sensing [140].

High-precision detection technology is essential for the detection of trace biochemical
compounds. Optical waveguide refractive index sensors are particularly valuable for
detecting these compounds optically. They have important applications in the fields of
biomedicine, human health detection, and pathogen tracing, enabling the detection of a
wide range of parameters including salt concentration in water, hemoglobin concentration,
glucose levels, blood pressure, E. coli, and DNA in the human body.

Chemical interactions between substances can be detected by measuring their concen-
trations, such as the interaction between proteins and nucleic acids or the binding of viruses
and cell membrane receptors. In 2015, a simple, sensitive, and selective biosensor was
proposed in the literature [141], which had a detection limit of 1.1 x 10~% and a detection
range of 1 x 1078 to 1 x 1076. In 2018, ref. [142] described the development status of optical
waveguide sensors in monitoring heavy metals, organic matter, and microbial pollution,
with a detection limit of 2.2 pm and a response time of 5 min. In 2013, a biosensor with
high optical selectivity and sensitivity was proposed in ref. [143], with a detection limit of
50 CFU/mL and a detection time of 2 h. In 2020, ref. [144] studied a sensor’s ability to iden-
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tify mutant proteins, which had high specificity and an extremely low detection limit, with
a detection limit of 11.4 fM. In 2020, ref. [145] proposed an optical biosensor that can be used
for point-of-care (POC) diagnosis of 10-100 virus detection within 30 min. In 2019, ref. [146]
proposed a biosensor that can be easily used to detect Salmonella typhimurium in vegeta-
bles with high sensitivity and specificity, and the detection limit can reach 10.2 ug/mL. In
2013, a label-free biosensor based on a polymer-coated optical waveguide was reported in
ref. [147], which can detect Escherichia coli O157:H7. The sensor has a detection limit of
20 CFU/mL (Colony Forming Units/mL) and a response time of 30 min. In 2012, ref. [148]
reported a portable, easy-to-use, and highly sensitive lab-on-a-chip biosensing device with
an operability that has a detection limit of 2.5 x 10~¢ RIU.

Other relevant literature review reports also show that optical waveguide refractive
index sensors have been applied to the quantitative detection of specific chemicals, viruses,
and bacteria with high sensitivity and specificity. The performance index is improving
with a lower detection limit, shorter detection time, and higher sensitivity, making this
type of sensor increasingly popular and widely used in biomedicine and food safety fields.
However, the detection limit of the sensor is inversely proportional to the quality factor
(Q) and the detection sensitivity (S) of the sensor. Therefore, to achieve a lower detection
limit, the focus should be on improving the quality factor and detection sensitivity of the
refractive index sensor.

4.2. Comparison with Other Structures of Sensors

Research on biochemical sensors typically focuses on SPR [149-151] and waveguide
grating-type sensors, which have high sensitivity and rapid response time; however, these
sensors have inferior selectivity and anti-interference ability due to defects. Moreover,
microrings [152-155] and MZI-type optical waveguide sensors [156,157] have high sensi-
tivity and selectivity, strong anti-interference ability, small size, and a wide application
range. This has good research significance [158]. It is reported that the microring optical
waveguide and MZI optical waveguide sensing platform can detect the concentration
of specific analytes above the ppm level; the microring optical waveguide sensor can
effectively increase the evanescence without increasing the length of the sensing waveg-
uide. Furthermore, the interaction length between the field and analyte to be measured
significantly reduces the size of the device.

4.2.1. Bragg Grating Structure Biochemical Sensing

The reflection wavelength of a Bragg grating varies with the refractive index, and its
effective refractive index decreases with a decrease in the fiber core radius and ambient
refractive index. The sensitivity of the effective refractive index increases with the am-
bient refractive index. Therefore, the sensitivity of the sensor can be obtained by fitting
the wavelength response to the range of the refractive index. In previous studies [159],
the hydrofluoric acid solution chemical corrosion method was used to detect glycerin
solution in the refractive index range of 1.33-1.43, and the refractive index sensitivity
was 172 nm/RIU. In another study [160], the fiber radius was designed to be 0.5 um, the
sensitivities measured under the refractive index conditions of 1.20-1.30 and 1.33-1.43 are
477.33 nm/RIU and 856.30 nm/RIU, respectively. By optimizing the production parameters
of the nanofiber grating, the linear sensitivity can reach 539.15 nm/RIU in the refractive
index range of 1.348-1.397 [161]. It can be seen that the sensitivity and integration of Bragg
grating refractive index sensing is not as good as that of optical waveguide refractive
index sensing.

4.2.2. Surface Plasmon Resonance Structural Biochemical Sensing

Surface plasmons are a type of surface electromagnetic wave caused by free electron
oscillations on a metal surface, which realizes local enhancement of light and tuning of the
electromagnetic field. It is an important research technology in the fields of micro/nano
processing and integrated optoelectronics. SPR sensing technology has the advantages of
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real-time monitoring, high response sensitivity, and elimination of labeling [162]. In the
film structure waveguide SPR sensor, when the analyte refractive index is in the range of
1.43-1.479 at a wavelength of 850 nm, the measured sensitivity is 1489 dB/RIU, and the
maximum power loss is 15.5 dB [163]. A tapered fiber-optic tungsten disulfide (WS2)-SPR
sensor with enhanced sensitivity was proposed in a previous study [164]. Experiments
were conducted by sequentially coating WS2 and sputtering gold films onto the tapered
optical fiber, as shown in Figure 24. The experimental results show that the refractive index
sensitivity can reach 4158.171 nm/RIU, which is 125.8% higher than that of the multimode
optical fiber SPR sensor, and higher than that of the multimode fiber SPR sensor. The
tapered fiber-optic SPR sensor was improved by 50.1%. SPR sensors can achieve high
sensitivity; however, they exhibit have poor selectivity and low anti-interference ability.

or | |

WS, Metal Sensing

z=0 .
layer layer medium

Figure 24. Schematic diagram of the structure of the tapered fiber optic surface plasmon resonance
(SPR) sensor.
4.3. Material Selection for Optical Waveguide Refractive Index Sensor

According to the previous description, the most commonly used materials for optical
waveguide refractive index sensors are silicon-based materials, chalcogenide materials,
lithium niobate materials, and polymer materials, as shown in Table 5.

Table 5. Comparing three material properties.

Refs. Structure Material Sensitivity (nm/RIU) LOD (RIU)
[37] Si 1300 1074
[41] Chalcogenide 471 33x 107
[64] MRR LNOI 68 10-2
[68 Polymer 130 -
[74] Si >1 x 100 <10~
MZI 6
[59,111] Polymer 11,624 10
[5,130] Si 1682 10~4-10"7
[6,130] MMI Polymer - 10~7

The sensitivity and LOD of different material systems under three sensing structures
of MRR, MZI, and MMI are compared. For MRR, devices made of silicon and Chalcogenide
have high sensitivity and low LOD, which are ideal materials [37,41,64,68]. For MZI, Si and
polymer-based devices have similar LOD, and the former has higher sensitivity [59,74,111].
For MM, Si-based devices have high sensitivity and LOD, polymer-based devices also
have low LOD [5,6,130].

It can be seen that different materials can be selected for each refractive index sensor
structure, which increases the flexibility of device design and preparation. Among them,
silicon and polymer materials have a wide application range and relatively excellent
performance, which can be used as the preferred material.
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5. Summary and Outlook
5.1. Advantages and Disadvantages of the Sensor in Terms of Performance Indicators

It can be concluded that a perfect optical waveguide refractive index sensor would
possess several key characteristics, including high sensitivity, selectivity, wide detection
range, fast response, stability and repeatability, and ease of integration and automation. The
ideal sensor would exhibit extremely high sensitivity, allowing for the detection of minute
changes in refractive index and the ability to detect target molecules even in extremely
low sample concentrations, thereby improving the accuracy and reliability of detection. To
improve the selectivity and specificity of detection, the sensor should be able to distinguish
between changes in the refractive index of target molecules and other molecules. A wide
detection range would enable the sensor to detect target molecules in samples with different
concentrations, making it suitable for a wider range of applications. The sensor should also
have a fast response time to detect the presence of target molecules in a timely manner. Good
stability and repeatability can ensure consistent detection performance under different
environmental conditions. Finally, a perfect optical waveguide refractive index sensor
should be easily integrated into practical applications and be able to automate detection
operations, thereby improving detection efficiency and accuracy. Unfortunately, a perfect
optical waveguide refractive index sensor is an idealized concept, and it may be challenging
for an actual sensor to possess all these characteristics simultaneously. Therefore, in
practical applications, it is necessary to select a suitable sensor based on specific application
requirements and actual conditions and optimize and adjust its performance accordingly.

In addition, according to different application requirements, the structure of the
optical waveguide refractive index sensor can be designed from the following aspects
to improve device performance. First, the structure of the waveguide has an important
impact on the performance of the sensor. Optimizing the size, shape, and material of the
waveguide can increase the sensitivity, selectivity, and stability of the waveguide. For
example, in gas detection, nanostructured waveguides can be fabricated using micro-nano
fabrication techniques to improve the rate and sensitivity of gas adsorption and reaction.
Second, the sensing layer is the core part of the optical waveguide refractive index sensor,
and suitable sensing layer materials can be selected to achieve high sensitivity and high
selectivity detection of specific chemicals, viruses, or bacteria. In gas detection, sensing
layer materials with high adsorption performance can be used to increase the rate and
sensitivity of gas adsorption and reaction. Third, the optimization of the optical system
can improve the sensitivity, resolution, and detection range of the sensor. For example,
in gas detection, light sources with multiple laser wavelengths can be used to increase
the sensitivity and selectivity to different gases. Fourth, different detection methods can
achieve high sensitivity and high selectivity detection of different target molecules, and the
device performance can be improved by optimizing the detection method. For example, in
gas detection, techniques such as surface-enhanced Raman scattering (SERS) or surface-
enhanced infrared absorption (SEIRA) can be used to improve the sensitivity and selectivity
of gas detection. In addition, the working environment of the sensor also has a great
influence on its performance. Optimizing the working environment of the sensor can
improve the sensitivity, selectivity, and stability of the sensor. For example, in gas detection,
environmental factors such as the temperature and humidity of the sensor can be controlled
to improve the sensitivity and selectivity of gas detection.

For instance, the microring cascading MZI structure and the double microring cas-
cading structure discussed in this study are potential designs to consider. To enhance the
sensing sensitivity of the sensor and widen the detectable range, a larger FSR, lower loss,
high extinction ratio, and broader bandwidth are essential. Upon analyzing the loss of
the optical waveguide, it becomes evident that a smaller bending radius is necessary to
achieve a larger FSR, while a larger bending radius is required for a lower loss. Therefore, to
minimize bending loss, it is necessary to optimize the confinement of the optical field with
a narrower bending radius. Additionally, the performance of the sensor can be improved
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by incorporating multi-ring cascading. As a result, the waveguide can be structurally
engineered to achieve this goal.

It is evident that different types of optical waveguide sensors have varying perfor-
mance indicators when detecting and measuring small concentrations of specific chemicals,
viruses, or bacteria. These performance indicators are influenced by factors such as sensor
preparation, detection substance properties, and sample processing, so it is necessary to
carry out targeted design and optimization according to specific ap-plication requirements.

5.2. Future Direction

In recent years, with the advancement of computer and optical communication tech-
nologies, silicon photonics has rapidly developed. For silicon photonics, the most popular
methods include the use of the electro—optic effect or thermo—optic effect. The use of the
thermo-optic effect results in almost no additional loss, making it a preferred choice. Silicon
photonics has many advantages, such as ultra-high refractive index contrast and large
transparent window, and is widely used in the design, manufacture, and packaging of
devices, and the sensor technology is moving towards integrated and industrial applica-
tions [165]. To obtain a highly integrated sensing system, it is necessary to integrate light
sources, sensors, and detectors into one chip, and silicon photonics provide a good platform
for their integration.

Photonic integration technology is a promising research field in photonics and will
be significant in the field of sensing in the future. In photonic integration technology, the
integration of multiple devices on multiple thin films of different materials is crucial. It is
also necessary to improve chip integration and performance and reduce production costs.
However, the rapid development and excellent application potential of silicon photonics
have further promoted research on photonic integration [166].

MIR sensing systems that have broadband light sources can be packaged into handheld
devices; however, systems based on quantum cascade lasers (QCLs) can be further scaled
down to the chip level. The level of integration achievable with MIR photonic devices is
expected to facilitate biomedical and diagnostic applications, as the label-free detection
of biomolecular interactions, such as DNA or protein content assays, can be detected
by selective MIR signatures. MIR spectroscopy is promising for the rapid screening of
specific diseases of the nervous system, respiratory tract, kidney, metabolism, and genetics;
however, it currently remains a research technique.

The development of technologies such as optical waveguides, silicon-based photonics,
and photonic integration technology and the application of new materials have enabled
the size of sensors to downscale from millimeters to microns or even nanometers, driving
the trend of miniaturization and integration of sensors.

6. Conclusions

In this study, the basic principles of optical waveguide refractive index sensing and
various design structures of refractive index sensors are introduced. The performance and
development prospects of optical waveguide refractive index biochemical sensors with
different structures and materials were studied by analyzing the principles and detection
mechanisms of two common optical waveguide refractive index sensors.

With the rise of intelligence and informatization, the demand for biochemical sensors
is constantly increasing in both biomedicine and environmental monitoring. Integrated,
convenient, and accurate biochemical sensors will be the main development direction
in the future. Biochemical sensors based on optical waveguide refractive index MRRs
and MZI structures have the advantages of high sensitivity, high quality factor, strong
anti-interference ability, easy mass production, and excellent research value. In this study,
we summarized and analyzed the structural characteristics and performance indicators of
two optical waveguide refractive index sensors. In particular, we compared performance
indicators such as sensing sensitivity, detection range, and quality factor. The results
show that the sensitivity and quality factors of the optical waveguide refractive index
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sensor are mutually restricted. Compared with the microring design, the MZI sensor has
higher sensitivity, whereas the MRR sensor has a higher quality factor. Optical waveguide
refractive index sensors exhibit improved performance indicators; however, their structures
are relatively complex.

Finally, the applications of refractive index sensing in the biochemical field for material
detection are discussed. They have significant advantages over other types of biochemical
optical sensors. Further research is necessary to realize sensors with high sensitivity, high
quality factors, and low losses. At present, silicon photonics technology and photonics inte-
gration technology are still undeveloped; however, owing to their significant advantages,
such as ultra-high refractive index contrast, wide transparent window, higher sensing sen-
sitivity, and high integration density, they are expected to become mainstream solutions for
sensing technology. Miniaturized and high-sensitivity chip sensors exhibit good prospects
for development.
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