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Abstract: Gas sensing is crucial for detecting hazardous gasses in industrial environments, ensuring
safety and preventing accidents. Additionally, it plays a vital role in environmental monitoring and
control, helping to mitigate pollution and protect public health. Integrated photonic gas sensors
are important due to their high sensitivity, rapid response time, and compact size, enabling precise
recognition of gas concentrations in real-time. These sensors leverage photonic technologies, such as
waveguides and resonators, to enhance performance over traditional gas sensors. Advancements in
materials and fabrication techniques could further improve their efficiency, making them invaluable
for environmental monitoring, industrial safety, and healthcare diagnostics. In this review, we
delved into photonic gas sensors that operate based on the principles of evanescent field absorption
(EFA) and wavelength interrogation methods. These advanced sensing mechanisms allow for highly
sensitive and selective gas detection, leveraging the interplay of light with gas molecules to produce
precise measurements.
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1. Introduction

Indoor and outdoor gas sensing is crucial for public health, safety, and environmental
protection [1,2]. Indoors, gas sensors detect pollutants such as carbon monoxide (CO),
volatile organic compounds (VOCs), and radon, which can reach hazardous levels and cause
serious health issues like respiratory problems, neurological damage, or even fatalities [3].
Continuous indoor gas sensing ensures good air quality in homes, offices, and industrial
buildings, verifying the effectiveness of ventilation systems and protecting occupants from
toxic exposures. Outdoors, gas sensors monitor air quality and track emissions of harmful
gasses like sulfur dioxide, nitrogen oxides, and ozone, which contribute to smog, acid
rain, and climate change, negatively impacting ecosystems and human health [4]. These
sensors help regulatory agencies enforce air quality standards, inform policy decisions,
and increase public awareness of pollution levels. In industrial settings, both indoor and
outdoor gas sensing is vital for detecting hazardous gas leaks, ensuring safe working
conditions, and preventing environmental contamination [5]. Comprehensive gas sensing
is therefore essential for protecting health, promoting environmental stewardship, and
ensuring regulatory compliance across various sectors [6-11].

Metal oxide (MOX), catalytic, electrochemical gas sensors each have distinct mecha-
nisms and applications, offering varied advantages and limitations. MOX sensors work
by measuring changes in the electrical resistance of metal oxide materials when exposed
to gasses [12,13]. They are robust, can detect a wide range of gasses, and operate well in
harsh environments. However, they often require high operating temperatures and can
suffer from drifting over time due to prolonged exposure to target gasses or environmental
contaminants [14]. Catalytic gas sensors detect gasses by catalyzing a chemical reaction,
usually combustion, on a heated element and measuring the resultant change in tempera-
ture or resistance [15-17]. These sensors are particularly effective for detecting combustible
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gasses like methane or hydrogen. They are reliable and have a fast response time, but
they consume more power due to the need for continuous heating and are generally less
sensitive to low gas concentrations [18]. Electrochemical sensors operate based on an
electrochemical reaction between the target gas and an electrolyte, producing a current
proportional to the gas concentration [19,20]. They are highly sensitive, selective, and
capable of detecting low concentrations of gasses. Their low power consumption makes
them suitable for portable applications [21,22]. However, they typically have a limited
lifespan, are sensitive to environmental conditions such as temperature and humidity, and
can be more expensive due to the materials used in their construction [19].

Integrated photonic sensors have revolutionized the field of gas sensing by leveraging
the principles of photonics to provide highly sensitive, fast, and reliable recognition of
various gasses [23-26]. These sensors utilize the interplay between light and gas molecules
to identify and quantify gasses with exceptional precision [27]. The amalgamation of
photonic components onto a single chip has significantly miniaturized gas sensors, making
them more compact, energy-efficient, and cost-effective compared to traditional meth-
ods. This miniaturization is predominantly significant in products requiring portable or
wearable devices, where size, weight, and power consumption are critical factors. The
primary significance of gas sensing with integrated photonic sensors lies in their high
sensitivity and specificity. Photonic sensors can detect minute concentrations of gasses,
often in the parts-per-million (ppm) or parts-per-billion (ppb) range, which is essential for
applications in environmental surveillance, industrial safety, and medical diagnostics [28].
For instance, detecting trace levels of dangerous gasses in industrial environments can
avert accidents and ensure worker safety. In environmental monitoring, these sensors can
track pollutants with high accuracy, contributing to better air quality management and public
health [29-31]. In medical diagnostics, integrated photonic sensors can be used for non-
invasive breath analysis to detect biomarkers for various diseases, enabling early diagnosis
and personalized treatment.

Another significant advantage of integrated photonic sensors is their rapid response
time and real-time monitoring capabilities. The interplay of light with gas molecules occurs
at the speed of light, allowing for instantaneous detection and continuous monitoring of
gas concentrations. This rapid response is crucial in scenarios where immediate detection is
required, such as in detecting gas leaks or monitoring volatile organic compounds (VOCs)
in industrial processes [32]. Additionally, the ability to provide real-time data enhances
the effectiveness of monitoring systems, allowing for timely interventions and informed
decision-making. Furthermore, the versatility and scalability of integrated photonic sensors
make them suitable for a broad spectrum of uses. These sensors can be designed to target
specific gasses by tuning the photonic components, such as lasers and waveguides (WGs),
to the characteristic absorption wavelengths of the desired gasses [33]. This tunability,
combined with the ability to integrate several sensing elements on a single chip, permits the
simultaneous detection of multiple gasses, providing comprehensive monitoring solutions.
The scalability of photonic integration also supports mass production, reducing costs and
enabling widespread adoption in various industries.

The paper is organized as follows: Section 2 provides a brief description of indoor and
outdoor toxic gasses and their impact on human health. Section 3 discusses the widely used
optical WG architectures for gas sensing applications. The focus of the paper is on two gas
sensing mechanisms, namely evanescent field absorption and the wavelength interrogation
method, which are detailed in Section 4. Section 5 covers other types of photonic gas sensors,
such as those based on metasurfaces, optical fibers, and photoacoustic spectroscopy. The
fabrication methods for integrated photonic sensors are outlined in Section 6. Section 7
addresses the challenges and prospects of integrated photonic gas sensors. Finally, the
paper concludes with a summary in Section 8.



Chemosensors 2024, 12, 143

30f25

2. Indoor and Outdoor Toxic Gasses

Indoor and outdoor environments both harbor a variety of toxic gasses that pose
significant health risks to humans. Indoors, common toxic gasses include CO, which is
produced by faulty furnaces, gas stoves, fireplaces, and tobacco smoke (Figure 1). Even
at low levels, CO can cause headaches and dizziness, while high levels can be fatal [34].
Radon, a radioactive gas from the natural decay of uranium in the soil, infiltrates homes
through cracks in floors and walls and is the leading cause of lung cancer among non-
smokers [35]. VOCs, emitted from household products like paints, cleaning supplies, and
furniture, can lead to respiratory issues, headaches, dizziness, and long-term health effects
including cancer [36]. Nitrogen dioxide (NO,), produced by combustion appliances like
gas stoves and heaters, exacerbates asthma and reduces lung function [37]. Formaldehyde,
found in building materials, tobacco smoke, and various household products, causes eye,
nose, and throat irritation and is a known carcinogen. Ammonia (NHj), released from
cleaning products, textiles, and plastics, causes respiratory irritation, coughing, and throat
irritation [38].
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Figure 1. Graphical illustration depicting indoor (Top) and outdoor (Bottom) air pollution.

On the other hand, outdoor environments are similarly affected by toxic gasses. CO
from vehicle exhaust and industrial processes can cause cardiovascular and neurological
damage. NO;, produced by vehicles, power plants, and industrial emissions, irritates
the respiratory system and reduces lung function. Sulfur dioxide (SO;), released from
burning fossil fuels and industrial activities, causes respiratory problems and aggravates
heart disease. Ozone (O3), a secondary pollutant formed by chemical reactions between
VOCs and nitrogen oxides (NOy) in the presence of sunlight, leads to respiratory issues and
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exacerbates asthma [39]. VOCs, emitted from industrial processes, vehicle exhausts, and
chemical solvents, cause headaches, dizziness, and respiratory tract irritation, and some
are carcinogenic [40]. Particulate matter (PM), though not a gas, carries adsorbed toxic
gasses and fine particles (PM2.5) that penetrate deep into the lungs, causing cardiovascular
and respiratory diseases and increasing mortality. Hydrogen sulfide (H,S), produced by
industrial activities and the decomposition of organic matter, causes respiratory irritation,
headaches, and neurological damage [41]. NHj3, released from agricultural activities and
industrial processes, irritates the respiratory system and eyes [42]. Benzene, a component
of vehicle exhaust and industrial emissions, is a known carcinogen that causes leukemia
and other blood disorders. Lead, emitted from industrial processes and historically from
gasoline additives, causes neurological and developmental issues, particularly in children.
Effective ventilation, emission controls, and regular supervising are crucial in mitigating
the health risks associated with these harmful gasses, both indoors and outdoors.

3. Types of Optical WG Architectures Widely Used for Gas Sensing

WG architectures for gas sensors are ingeniously designed to maximize light-matter
interplay, thereby enhancing sensitivity and enabling precise gas detection. One prominent
architecture is the planar WG, where light is confined in a thin film on a substrate [43]. The
evanescent field extends slightly beyond the WG, interacting with the surrounding gas [44].
This design can be further enhanced using materials with high refractive index contrasts,
such as silicon (5i) or silicon nitride (SiN), which increase the strength of the evanescent field
and thus improve sensitivity. Additionally, the surface of planar WGs can be functionalized
with selective coatings to bind specific gas molecules, enhancing the sensor’s selectivity
and response [45]. The incidence of light on the edge of a glass coverslip for a microscope
slide, deposited with a thin film on both faces, permitted the excitation of two resonances in
each polarization state of the input light, TE and TM. This dually nanocoated WG was used
for the simultaneous detection of two different parameters through further deposition of
suitable materials on each face (Figure 2a) [46]. For instance, the detection of temperature
and humidity was demonstrated using polydimethylsiloxane (PDMS) and agarose coatings,
respectively, paving the way for the expansion of other dual-parameter sensors and even
more parameters when each face of the coverslip is patterned. Additionally, the device was
optimized to position two resonances in the near-infrared (NIR) and two resonances in
the visible region, with sensitivities of 0.34 nm/°C and 0.23 nm/%RH in the visible region
and 1.16 nm/°C and 0.34 nm/%RH in the NIR, respectively, showcasing the potential of
the device for use in both spectral ranges and permitting the progress of sensors based on
multiple resonances, each linked with a different parameter to be sensed [46].

Slot WGs and subwavelength grating (SWG) WGs are innovative structures that hold
promise for gas sensing applications due to their exceptional properties. Slot WGs consist
of a narrow slot between two high-index materials, typically Si or SiN, allowing for strong
confinement of light in the slot region (Figure 2b) [47-50]. The E-field confinement in the
slot WG is displayed in Figure 2c [51]. This confinement enhances the interplay between
light and gas molecules, leading to increased sensitivity. Moreover, the slot region can be
functionalized with materials that selectively bind target gas molecules, further enhancing
the sensor’s specificity.

SWG WGs, on the other hand, utilize periodic structures with feature sizes smaller
than the wavelength of light, enabling precise control over the dispersion and confinement
of light [52]. By engineering the grating parameters, such as period and duty cycle, the
WG properties can be tailored to achieve desired sensing characteristics [53-55]. Both slot
WGs and SWG WGs offer opportunities for highly sensitive and selective gas sensing
platforms, holding potential for advancements in environmental surveillance, industrial
process control, and healthcare diagnostics. A photonic array of resonant circular dielectric
WGs with SWG was proposed as a robust and sensitive topological chemical sensor [56].
The device was tailored to identify trace amounts of a given chemical species through
photonic edge modes, which are impervious to most sources of disorder. A simulation
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in the MIR was performed, accounting for the absorption loss introduced by chemical
molecules in contact with a strongly coupled photonic lattice of resonators. Due to the
topological nature of the device, its chemical sensitivity scaled linearly with the system size,
reaching the ppb range at the millimeter scale. These findings suggested that topological
chemical sensors could allow the expansion of novel on-chip integrated photonic sensing
technologies. An SWG WG was employed to enhance light-chemical interplay (Figure 2d).
The strong coupling bridge resonator unit mediated the coupling between lattice sites in
the array (Figure 2e). The design featured a dielectric circular array with designated source
and drain for transmitting power. Gray rings represented lattice sites, while black rings
indicated bridge resonators connecting these sites. All rings functioned as SWG WGs, as
illustrated in the inset (Figure 2f). Red lines marked the topologically protected modes
propagating along the edges of the array. The inset depicted a unit cell of the lattice [56].
Photonic crystal (PhC) WGs represent a highly sensitive architecture due to their
ability to confine light in very small volumes [57,58]. These WGs consist of periodic
dielectric structures that create photonic bandgaps, trapping and guiding light in defect
regions (Figure 2g) [59]. The strong localization of light in these structures enhances the
interplay with the gas molecules, leading to significant changes in the optical properties
even with minute quantities of gas. Moreover, the PhC can be intended to operate at
specific wavelengths where the target gas has strong absorption, further boosting the
sensor’s sensitivity [60-62]. Table 1 provides an overview of various WG architectures
suitable for gas sensing applications, detailing their sensitivity and ease of fabrication.

Table 1. WG architectures for gas sensing: sensitivity and ease of fabrication.

WG Architecture Description Sensitivity Ease of Fabrication
Flat WGs typically fabricated =~ Moderate, limited interaction ~ High, with well-established
Planar WGs . - o
on a substrate. with evanescent field. fabrication processes.
. WGs with a raised ridge Enhanc.ed compared to planar Moderate, requires
Rib WGs structure on the substrate due to increased etching process
’ evanescent field. &P :
Similar to rib WGs but with . e .
Ridge WGs more pronounced ngher sensitivity than Mod.erate, requires
. . rib WGs. etching process.
confinement and elevation.
Narrow slot between two . . . . "
Slot WGs high-index regions, creating High, strong interaction of the =~ Moderate, precise fabrication

Plasmonic WGs

Hybrid Plasmonic WGs

Subwavelength Grating WGs

Suspended Membrane WGs

strong field confinement.

Utilize surface plasmon
resonances at metal-dielectric
interfaces for guiding light.

Combine dielectric and
plasmonic WGs to enhance
field confinement and
propagation length.

Use periodic structures with
subwavelength features for
guiding light.

WGs suspended in air or
another medium to maximize

interaction with
the environment.

evanescent field in the slot.

Very high, due to strong field
enhancement at interfaces.

High, combining benefits of
both dielectric and
plasmonic fields.

High, strong interaction with
periodic structures.

Very high, maximum
evanescent field exposure.
Highly suitable for

gas sensing.

needed for narrow slot.

Complex, requires
nanofabrication and precise
metal deposition.

Complex, advanced
fabrication techniques for
hybrid structures.

Moderate to complex, requires
precise control over
grating patterns.

Complex, requires suspension
techniques and
careful handling.

A suspended membrane WG for gas sensing is another advanced technology designed
to enhance the detection and measurement of gas concentrations with high sensitivity and
selectivity [63]. This WG consists of a thin, flexible membrane suspended over a substrate,
allowing it to interact more directly with the surrounding gas molecules (Figure 2h) [64].
The membrane’s material is typically chosen for its specific interaction properties with the
target gas, and its suspended nature reduces background interference from the substrate,
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improving detection accuracy [65]. When gas molecules adsorb onto the membrane,
they induce changes in its optical or mechanical properties, such as refractive index or
vibration frequency, which can be measured and correlated to gas concentration [64]. This
configuration not only improves the sensor’s sensitivity and response time but also enables
miniaturization, making it suitable for portable and remote sensing purposes [66].

Surface plasmon (S5P) WGs combine the advantages of plasmonics and WG technology
to attain high sensitivity [67]. In these sensors, a metal layer, in general gold or silver,
is integrated with a dielectric WG (Figure 2i) [68]. The interplay of light with the metal
surface excites surface plasmons, which are highly sensitive to changes in the refractive
index near the surface. When gas molecules adsorb onto the metal surface, they alter the
local refractive index, shifting the surface plasmon resonance (SPR) condition. This shift
can be detected with high precision, making SP WGs particularly effective for detecting low
concentrations of gasses. Additionally, metal-insulator—metal (MIM) configurations [69]
are also employed as highly sensitive WG structures (Figure 2j) [70].
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Figure 2. Different WG configurations for sensing purposes: (a) planar WG, (b) slot WG and E-field
distribution (c) [51], (d) SWG WG [56], (e) ring resonator for coupling [56], (f) SWG WG-based ring
resonator structures for sensing [56], (g) photonic crystal WG [59], (h) suspended membrane WG [64],
(i) surface plasmon WG [68], (j) MIM WG [70].
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4. Two Widely Employed Gas Sensing Mechanisms

Gas sensing mechanisms such as evanescent field absorption (EFA) and wavelength
interrogation offer distinct yet complementary approaches to detecting gasses using op-
tical WGs. When gas molecules are present near the WG surface, they interact with the
evanescent field, leading to absorption at specific wavelengths characteristic of the gas.
This absorption causes measurable changes in the light’s intensity, which can be correlated
to gas concentration [26,71]. On the other hand, the wavelength interrogation method
involves observing shifts in the wavelength of light that resonate within the WG, often
using structures like a Mach-Zehnder interferometer (MZI) [28] or ring resonators [72]. In
this case, functional polymers like polyhexamethylene biguanide (PHMB) play a crucial
role in enhancing the sensitivity and selectivity of gas sensors. When used in gas sensors,
PHMB can be coated onto the surface of a sensing substrate, such as an optical WG [73,74].
Upon exposure to the target gas, PHMB undergoes changes in its physical or chemical
properties, such as refractive index alteration, or conductivity variation. These changes
can then be detected by the sensor’s transduction mechanism—be it optical, electrical, or
another modality—allowing for the precise quantification of the gas concentration [75]. The
high affinity of PHMB for specific gasses, combined with its robustness and stability, makes
it particularly effective for applications in environmental surveillance, industrial safety,
and medical diagnostics, where accurate and reliable gas detection is paramount. Both
mechanisms offer high sensitivity and specificity, making them valuable for applications
ranging from environmental surveillance to industrial safety and medical diagnostics.

4.1. Gas Sensors Based on the Mechanism of EFA

The mid-infrared (MIR) region, typically defined as the wavelength range from 2.5 to
25 um, is particularly significant for gas sensing applications due to its strong absorption
characteristics for many molecular gasses [76,77]. The absorption wavelengths listed in
Table 2 are representative of strong absorption peaks within the MIR region [76].

Table 2. Absorption wavelengths for various gasses in the MIR region.

Gas Absorption Wavelengths (um)  Absorption Wavenumbers (cm ™)
Carbon Dioxide (CO,) 4.26,14.99, 15.45 2349, 667, 648
Methane (CH,) 3.31,7.66 3020, 1305
Water Vapor (H,0) 2.66,6.27 3756, 1596
Nitrous Oxide (N,O) 4.50,7.80 2222,1282
Ozone (O3) 9.60, 14.24 1042, 702
Sulfur Dioxide (SO5) 7.34,8.72 1363, 1147
Ammonia (NHz) 297,922 3368, 1085
Carbon Monoxide (CO) 4.67 2143
Nitric Oxide (NO) 5.30, 5.44 1887, 1838
Formaldehyde (HCHO) 5.72,9.60 1750, 1042

The actual absorption spectrum for each gas is broad and can contain many more
peaks. In this spectral region, fundamental vibrational transitions of molecules occur,
providing distinct and strong absorption features that can be used to identify and quantify
various gasses with high sensitivity and specificity. Utilizing the MIR region for gas sensing
enables the detection of a wide range of gasses, including CO,, CHy, and VOCs, which
have critical absorption bands in this range. Advances in MIR sources, such as quantum
cascade lasers, and detectors, like mercury cadmium telluride (MCT) photodiodes, have
greatly enhanced the capabilities of MIR gas sensors. These technologies allow for real-
time, in situ monitoring of gas concentrations, making them invaluable in environmental
surveillance, industrial process control, and medical diagnostics, where precise and accurate
gas detection is crucial.

Integrated photonic sensors utilizing the EFA mechanism represent a sophisticated
approach to gas detection, leveraging the interplay between light and gas molecules at the
interface of a WG [77]. In these sensors, light is guided through a photonic WG, and a small
portion of the light, known as the evanescent field, extends beyond the surface of the WG
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into the surrounding medium [78]. When gas molecules are present near the WG surface,
they interact with this evanescent field, leading to absorption of specific wavelengths of
light that correspond to the characteristic absorption spectra of the gas molecules [33,79,80].

Determining the evanescent field ratio (EFR) of a WG is vital for enhancing the
performance and accuracy of gas sensors working on the principle of EFA [81]. The EFR
quantifies the extent to which the optical field penetrates the neighboring gas medium
outside the WG core. This penetration enables the sensor to detect variations in the gas’s
refractive index or absorbance, which are indicative of the presence and concentration of
specific gas molecules. A higher EFR leads to a more significant interplay between the light
and the gas, thereby improving the sensor’s sensitivity and detection limit. Accurately
determining this ratio allows for the optimization of the WG design and material properties
to maximize the sensor’s responsiveness and precision [26].

One of the primary advantages of using the EFA mechanism in integrated photonic
sensors is the ability to perform real-time and continuous surveillance of gas concentra-
tions [33,82]. The absorption of light by the gas molecules leads to a measurable change
in the intensity or phase of the light propagating through the WG. This change can be
detected and analyzed in real time, providing immediate feedback on the presence and
concentration of the target gas. This capability is particularly valuable in applications
such as industrial safety, where rapid detection of hazardous gasses can prevent accidents
and ensure timely responses. Furthermore, integrated photonic sensors based on EFA can
be miniaturized and integrated into compact, low-power devices. The use of photonic
integration allows multiple sensing elements to be combined on a single chip, enabling
multi-gas detection and reducing the overall footprint of the sensor system [83]. This minia-
turization is advantageous for portable and wearable applications, where space and power
are limited. Additionally, the robustness and stability of photonic WGs contribute to the
durability and long-term reliability of these sensors, making them suitable for deployment
in harsh environments.

Photonic gas sensors operating in the MIR region rely on specific material platforms
to achieve efficient detection. Among the prominent materials are chalcogenide glasses,
which offer wide transparency windows and high refractive indices, enabling the construc-
tion of compact and sensitive sensors. Another significant platform is silicon-on-insulator
(SOI) [25], known for its compatibility with complementary metal oxide-semiconductor
(CMOS) technology, facilitating the integration of photonic components with electronic
circuits for enhanced functionality and performance. Additionally, III-V semiconductor
materials like indium phosphide (InP) [84,85] and gallium arsenide (GaAs) [86] are utilized
due to their superior optical properties and compatibility with laser sources, enabling
direct on-chip integration of light sources and detectors. These material platforms play a
fundamental role in the extension of robust and efficient photonic gas sensors for various
applications ranging from environmental monitoring to industrial safety. Table 3 offers a
comprehensive overview of various WG-based gas sensors operating on the principle of
EFA mechanism. The evaluations of CHy gas sensors utilizing SOI technology, as illustrated
in [33,87], have been thoroughly investigated. However, these studies have revealed a
drawback beyond the wavelength of 3.6 um, where the S5iO, material experiences high
absorption. Subsequently, the implementation of SOI-based WGs in the MIR region has
become impractical. Given this limitation, alternative materials with a broad transparency
range in the MIR region, as mentioned in [88-90], have emerged as feasible options. Mate-
rials such as Ge and CaF,, characterized by high-index contrast, have been identified as
promising substitutes for CHy gas sensing applications compared to SOI materials. For a
thorough understanding of gas sensor evaluations for various gasses, significant contribu-
tions have been made in [91,92]. These investigations collectively enrich the broader field of
gas sensing technologies, offering significant comprehensions into the diverse applications
and material considerations necessary for enhancing sensor performance.

Optical structures fabricated using SOI technology offer an efficient platform for
creating highly compact, versatile, and cost-effective devices. Yebo et al. demonstrated the
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potential of this technology for integrated, low-power, and low-cost optical gas sensing.
A room-temperature ethanol vapor sensor utilizing a ZnO nanoparticle film coating on a
5 um radius SOI micro-ring resonator was presented in [92]. The local coating on the ring
resonators was prepared from colloidal suspensions of ZnO nanoparticles approximately
3 nm in diameter. The porous nature of the coating provided a large surface area for
gas adsorption. The refractive index changes in ZnO upon vapor adsorption shifted the
resonance wavelength through evanescent field interaction. This sensing configuration
detected ethanol vapor concentrations as low as 100 ppm, with an estimated detection limit
below 25 ppm [92].

A multi-gas sensor system was developed by Dong et al., employing a single broad-
band light source and multiple pyroelectric detectors for CO, CO,, and CHy [91]. This
system utilized the time division multiplexing (TDM) technique. To facilitate and enhance
multi-gas detection, a stepper motor-based rotating mechanism and a single-reflection
spherical optical mirror were designed and implemented. Comprehensive measurements
were conducted in both static detection mode (without rotation) and dynamic mode (with
rotation) to evaluate the performance of the sensor system for detecting the three gas
species. The influence of the motor’s rotation period on sensor performance was also
investigated, revealing that a rotation speed of 0.47 rad /s was necessary to achieve stable
sensing performance, with a detection period of approximately 10 s for a full detection cycle.
Allan deviation analysis indicated that the 1o detection limits under static operation were
2.96 (parts per million in volume) ppmv for CO, 4.54 ppmv for CO,, and 2.84 ppmyv for
CHy. Under dynamic operation, the 1o detection limits were 8.83 ppmv for CO, 8.69 ppmv
for COy, and 10.29 ppmv for CHy. This sensor showed promise for applications in various
fields requiring the detection of CO, CO;, and CHy, such as in coal mines.

Jin et al. developed a chip-scale MIR sensor for detecting hydrocarbon gasses [93].
Fabricated using CMOS processes, the sensor utilized amorphous Si (a-5Si) optical ridge
WGs, as illustrated in Figure 3a. To assess the optical performance of these WGs, a MIR
test station was setup, as shown in Figure 3b. The illumination source utilized was a
pulsed laser operating at a 150 kHz repetition rate, with a pulse duration of 10 ns and an
average power of 150 mW. A reflective lens collimated the probe light into a fluoride fiber
featuring a 9 pm core and 125 pm cladding, which was subsequently butt-coupled into
the WG. Precise alignment between the optical fiber and the a-Si WG was ensured using a
microscope equipped with a long working distance 10x objective lens. The gas delivery
system comprised three mass flow controllers (MFCs) to manage the flow rates of C,Hj,
CHy, and Ny, adjusting the analyte concentration by modifying the gas flow ratios. The
gas sample was introduced into a sealed PDMS chamber placed on top of the WG sensor,
thereby exposing the a-S5i WGs to the gas analytes. MIR signals emitted from the WGs
were concentrated using a calcium fluoride biconvex lens with a 25 mm focal length and
captured by a liquid nitrogen-cooled InSb camera. The WG exhibited a sharp fundamental
mode throughout the A = 2.70-3.50 um range. Sensing performance was evaluated by
measuring CHy and acetylene, identifying characteristic C—H absorption bands for CH, at
A =3.29-3.33 um and for acetylene at A = 3.00-3.06 um through spectral mode attenuation.
Additionally, real-time surveillance of CH4 and acetylene concentrations was demonstrated
at A = 3.02 and 3.32 um. This MIR WG sensor thus enabled precise and instant analysis of
hydrocarbon gas mixtures [93].

Two theoretical proposals for optical WG sensors based on slot WG and subwavelength
slot (SWGS) WG utilizing SOS (silicon-on-sapphire) were introduced by Song et al. for
CO;, detection, as presented in Figure 3c,d [77]. The operational wavelength stands at
4.23 um, corresponding to the maximal absorption line of CO,. Power confinement factor
(B) values exceed 40% and 50%, while propagation loss measures at 0.98 dB/cm and
2.99 dB/cm for the slot WG and SWGS WG, respectively. An inverted tapered structure
facilitates the transition from strip WG to slot WG, constituting the sensing absorption
region, with coupling efficiency exceeding 90%. Optimal absorption lengths for the slot
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WG and SWGS WG are 1.02 cm and 0.33 cm, respectively, yielding maximum sensitivities
of 6.66 x 107> (ppm~1!) and 2.60 x 107> (ppm~1).
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Figure 3. (a) Graphical illustration of a-Si ridge WG for hydrocarbon gas detection [93], (b) gas
sensing setup [93], (c) slot WG structure [77], (d) subwavelength grating slot WG structure [77].

Kazanskiy et al. proposed a polarization-independent design for a hybrid plasmonic
waveguide (HPWG) optimized at a 3.392 um wavelength, corresponding to the absorption
line of CHy, as shown in Figure 4a [94]. This WG design demonstrated high mode sensitivity
(Smode) and EFR for both TE and TM hybrid modes. The modal analysis of the WG was
conducted using two-dimensional (2D) and three-dimensional (3D) finite element methods
(FEMs). At optimized WG parameters, the TE hybrid mode achieved S;,,4e and EFR values
of 0.94 and 0.704, respectively, while the TM hybrid mode achieved Sy,,4. and EFR values of
0.86 and 0.67, respectively. Additionally, both TE and TM hybrid modes exhibited a power
dissipation of approximately 3 dB for a 20 pm long hybrid plasmonic WG at a 60% gas
concentration. The inset of Figure 4a illustrates the field confinement for both TE and TM
polarizations. The proposed WG scheme presented in this study is believed to overcome
the limitations associated with polarization-controlled light, making it suitable for use in
gas sensing applications.

Nanophotonic WGs have become central to a wide range of optical sensors. These
structures channel light along specific paths on photonic chips, enabling light-matter inter-
action via an evanescent field. Despite their potential, WGs have yet to surpass free-space
optics in sensitivity-critical applications like trace gas detection. The primary challenges
hindering on-chip gas sensing include short optical path lengths, low interaction strengths,
and spurious etalon fringes in spectral transmission. However, Vlk et al. proposed an MIR
integrated WG sensor that addresses these issues effectively [82]. This sensor achieved
a 107% evanescent field confinement factor in air, surpassing free-space beams in per-
length optical interaction. Additionally, minimal facet reflections resulted in a flat spectral
background and record-low absorbance noise, rivaling free-space spectroscopy. The sen-
sor’s performance was confirmed at 2.566 pm, demonstrating a 7 ppm detection limit for
acetylene with just a 2 cm long WG. The WGs were evaluated in an end-fire coupling con-
figuration employing the combined imaging and spectroscopy setup displayed in Figure 4b.
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For the TM polarization, a WG propagation loss of 6.8 dB cm ! was measured (Figure 4c,d).
This loss was primarily due to light absorption in the Ta,Os film caused by residual OH
and water, and it is expected to decrease significantly with an optimized film deposition
process [82].

TM hybrid mode
/
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Figure 4. (a) Schematic representation of a polarization-independent HPWG structure [94],
(b) outline of the experimental setup [82], (c) top-view MIR image of the WG at 2.566 um, showing
the guided mode visible through out-of-plane scattering at WG roughness and imperfections [82],
(d) propagation loss determined from the decay of out-of-plane scattered light for both TM and TE
polarizations. The TE mode, which is well confined in the Ta;O5 membrane, experiences higher loss
due to material absorption compared to the strongly delocalized TM mode [82].

Table 3. Gas sensors based on different WG configurations working on the mechanism of EFA.

WG Configuration Gas Wavelength (um) EFR/Sensitivity/LOD Ref.
Slot WG N,O 2.86 46% [71]
HPWG CH,4 3.392 3 dB power reduction for 60% of gas [94]
Slot CO, 4.23 6.66 x 107> ppm~! [77]
SWGS CO, 423 2.60 x 107° ppm~! [77]
Suspended membrane WG Athylene 2.566 7 ppm [82]
Slot and double HPWG CHy 3.39 3 dB power decay for 20-22% of gas [48]
Dual HPWG CH,4 3.392 0.0715 mW /gas conc. [79]
Strip WG CO, 4.26 14-16% [83]
Ridge WG CHy 3.39 55% [33]
Rib WG Cco 4.67 >30% [95]
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4.2. Gas Sensors Based on the Mechanism of Wavelength Interrogation Method

Photonic sensors based on the wavelength interrogation method represent a cutting-
edge approach to gas detection, capitalizing on the interplay between light and gas
molecules. This method encompasses monitoring shifts in the wavelength of light as
it passes through or interacts with a gas sample [28]. Functional polymers that are sensitive
to gas absorption play a crucial role in the development of advanced photonic gas sensors.
These polymers are designed to interact specifically with certain gas molecules, causing
changes in their physical or chemical properties upon gas absorption. Such changes can
include alterations in refractive index, optical absorption, or fluorescence properties, which
can be precisely detected using photonic methods. Polymers like polyhexamethylene
biguanide (PHMB) [28,73,96-98], polyaniline (PANI) [99-101], polypyrrole (PPy) [102-104],
and poly (ethylene oxide) (PEO) [105,106] have been extensively studied for their gas-
sensitive properties. When integrated with photonic structures such as WGs or resonators,
these polymers can significantly enhance the sensor’s sensitivity and selectivity [70,74]. The
gas-induced changes in the polymer can lead to detectable shifts in the light propagation
characteristics within the photonic device. This interplay allows for real-time monitoring of
gas concentrations with high accuracy. Moreover, functional polymers offer the advantage
of tunability, where their chemical structure can be modified to target specific gasses, mak-
ing them highly versatile for different sensing applications. Additionally, these polymers
are often lightweight, cost-effective, and compatible with various substrates, facilitating
their integration into compact and portable sensing platforms. Future research is focused
on improving the stability and response time of these polymers, as well as exploring new
polymer compositions and hybrid materials. Such advancements are expected to broaden
the range of detectable gasses and enhance the overall performance of photonic gas sensors,
making them indispensable tools for environmental monitoring, industrial safety, and
healthcare diagnostics.

Mi et al. reported a Si photonic refractometric CO, gas sensor capable of detecting
CO, at atmospheric concentrations and operating at room temperature [98]. This sen-
sor employed a PHMB polymer that undergoes a reversible change in refractive index
upon absorbing and releasing CO, molecules, functioning independently of humidity
(see Figure 5a). The sensor’s SEM image is depicted in Figure 5b. For the CO; sensing
experiment, the chamber was preconditioned by flooding it with N; gas for 10 min. The
initial resonance spectrum of the micro-ring resonator (MRR), centered around the 1.55 um
wavelength, is displayed by the black curve in Figure 5¢c. This spectrum revealed a loaded
quality factor (Q factor) of 1.92 x 10* (4-2%) for the MRR. Subsequently, 0.5% CO, gas
was introduced into the chamber, and the resonance spectrum was measured again after
2 min once the sensor’s response had stabilized. The presence of CO, gas resulted in
the resonance spectrum shown by the red curve in Figure 5c, with a loaded Q factor of
1.87 x 10* (£2%), which matches the initial Q factor within experimental uncertainty. Thus,
the two resonance spectra are nearly identical except for a small blue shift in the resonance
wavelength. This shift indicates that CO, absorption reduces the refractive index of the
PHMB polymer while having a minimal effect on optical absorption. This refractive index
change is attributed to a redistribution of the electron density in the polymer’s repeating
units due to CO, molecule binding, altering its polarizability. The sensor detected CO,
concentrations ranging from 0 to 500 ppm with a sensitivity of 6 x 10~ (refractive index
unit) RIU/ppm and a detection limit of 20 ppm. The MRR transducer offers a promising
integrated solution for creating low-cost, compact CO, sensors, ideal for use in sensor
networks for precise environmental monitoring of greenhouse gasses [98].
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Figure 5. (a) Diagram of the Si MRR CO, gas sensor featuring a PHMB functional layer coating
on the MRR WG [98], (b) SEM image of the Si MRR [98], (c) measured resonance spectrum of the
functionalized MRR. The black curve represents the initial spectrum in pure N, gas, while the
red curve shows the spectrum in the presence of a 0.5% CO; gas concentration. The blue dashed
line indicates the resonance curve fit, which is used to correlate the transmitted powers to relative
wavelength shifts [98]. (d) Schematic representation of the dual-gas sensor, comprising an array
of three MRRs: Ref-MR for reference, Pd-MR for H; sensing, and PHMB-MR for CO, sensing.
Cross-sectional diagrams illustrating [96] (e) the Pd functional layer and (f) the PHMB coating [96],
(g) SEM image of the Pd-MR, (h) spectral response of the dual-gas sensor measured under N, gas
flow conditions [96], (i) LT-MZI structure [28], (j) transmission spectrum of LT-MZI structure in the
presence of varying CO; concentration [28].

A year later, Mi et al. introduced a Si photonic dual-gas sensor utilizing a wavelength-
multiplexed MRR array for detecting both H, and CO, gasses simultaneously [96]. The
schematic of this dual-gas sensor, depicted in Figure 5d, features an array of three MRRs
evanescently coupled to a single straight WG. The sensor was built on an SOI substrate
with a Si layer of 220 nm thickness on a 3 pm thick SiO, layer. The WG, designed to
be 450 nm wide, supports a single TE mode with an effective index (neg) of 2.29 at the
1.55 um wavelength. Microring 1, air-clad, acts as a reference sensor to monitor temperature
and laser power variations. Microrings 2 and 3 serve as sensors for H, and CO, gasses,
respectively, functionalized with Pd and PHMB, as revealed in the cross-sectional diagrams
in Figure 5e f. The SEM image of the Pd-MRR is presented in Figure 5g. Figure 5h shows
the spectral response of the sensor chip after the test chamber was preconditioned by
flooding it with N; gas for 10 min. The plot clearly shows three distinct resonances, each
corresponding to one of the MRRs. Gas sensing experiments revealed that the PHMB-
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functionalized MRR was highly sensitive to CO; gas and had excellent selectivity against
H;. Conversely, the Pd-functionalized MRR showed sensitivity to both H; and CO, gasses,
making it unsuitable for detecting H, in a CO,-containing gas mixture. The dual-gas
sensing approach was shown to enable accurate measurement of H, concentration in the
presence of CO, by compensating for the cross-sensitivity of Pd to CO,.

In a recent study, M. A. Butt conducted a numerical analysis on the loop-terminated
Mach-Zehnder interferometer (LT-MZI) structure aimed at CO, gas detection applications
(Refer to Figure 5i [28]). The sensing arm was treated with a PHMB polymer, known for
its high sensitivity and selectivity to CO; gas. When CO, gas was absorbed, it led to a
reduction in the refractive index of the host material, which caused a shift in the interference
pattern of the LT-MZI structure. This shift resulted in a redshift in the device’s transmission
spectrum, as illustrated in Figure 5j. The device demonstrated sensitivities of 7.63 pm/ppm,
34.46 pm/ppm, and 74.78 pm/ppm for sensing arm lengths of 5 pm, 10 pm, and 15 pm,
respectively. Although increasing the sensitivity is possible, it would require a larger
device size. This advanced sensor design enabled the detection of a wide range of CO, gas
concentrations from 0 to 524 ppm. The device, being both compact and highly sensitive,
is a crucial tool for monitoring indoor CO; levels, thereby fostering a healthier breathing
environment for occupants. Table 4 summarizes the significant reports on WG-based gas
sensors working on the principle of the wavelength interrogation method.

Table 4. Recently proposed integrated photonic gas sensors based on different designs working on
the principle of wavelength interrogation method.

Platform Sensor Design Sensing Material Gas Sensitivity/LOD Ref.
9.15 x 1074 pm/ppm for H, and
SOI MRR array Pd and PHMB Hj; and CO, 1.44 x 10~% pm/ppm for CO, [96]
SOI RR PbSe CO, 10 ppm [107]
SOI RR - VvoC 1.7 pm/1000 ppm [108]
SOI LT-MZI structure PHMB CO, 74.78 pm/ppm [28]
. MIM WG based square
Plasmonic ring cavity PHMB CO, 135.95 pm/ppm [70]
Plasmonic VUM WG based Methane sensitive ¢y, ~12.017 nm/% [109]
E-shaped cavity membrane

5. Other Kinds of Photonic Gas Sensors

Apart from integrated photonic gas sensors, several other widely used photonic gas
sensors are discussed in this section. These include metasurface (MS)-based gas sensors,
optical fiber-based gas sensors, and photoacoustic spectroscopy (PAS) gas sensors. Each
of these technologies leverages unique photonic principles to achieve high sensitivity and
selectivity in gas detection. Together, these photonic gas sensor technologies are crucial in
various applications, including environmental monitoring, industrial safety, and medical
diagnostics, pushing the boundaries of gas detection capabilities.

5.1. MS-Based Gas Sensors

MS-based gas sensors leverage engineered surfaces with sub-wavelength structures
to manipulate light in novel ways, enhancing gas detection capabilities [110-112]. These
MSs are composed of an array of nanostructures that can modify the phase, amplitude, and
polarization of light, enabling highly sensitive and selective detection of gasses [113,114].
Nanostructures can be designed to support resonant modes that enhance the interplay
between light and gas molecules, thereby increasing the sensitivity of the sensor. When a
gas molecule adsorbs the functional polymers deposited onto the MS, it causes a measur-
able shift in the resonant frequency or intensity of the transmitted or reflected light, which
can be correlated with the gas concentration [73,111]. MS-based gas sensors are advanta-
geous due to their ultra-thin profiles, which enable integration into compact devices, and
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their ability to operate across a wide range of wavelengths, including the visible and IR
regions [115]. These sensors are particularly useful for detecting trace amounts of gasses in
environmental monitoring, industrial process control, and medical diagnostics [116]. The
flexibility in designing the nanostructures enables the tuning of the sensor’s response to
specific gasses, providing high selectivity and sensitivity [117]. Additionally, progress in
assembly methods, such as electron beam lithography (EBL) and nanoimprint lithography
(NIL), has facilitated the mass production of MS-based sensors, making them a promising
technology for widespread gas sensing applications [118].

5.2. Optical Fiber-Based Gas Sensors

Optical fiber-based gas sensors utilize the properties of light transmission through
optical fibers to detect and measure gas concentrations [30]. These sensors operate on
various principles, including absorption spectroscopy, fluorescence, and surface plasmon
resonance (SPR). In absorption spectroscopy-based optical fiber sensors, light transmitted
through or along a gas-sensitive fiber segment is attenuated at specific wavelengths where
the gas absorbs light [119,120]. This attenuation is used to determine the gas concentra-
tion. Fluorescence-based sensors involve the interplay of the target gas with a fluorescent
material coated on or incorporated into the fiber [121-123]. The gas-induced changes in
fluorescence intensity or wavelength shift are measured to quantify the gas concentra-
tion [124,125]. SPR-based optical fiber sensors employ a metal-coated fiber where the
interplay of light with the metal surface excites surface plasmons, which are sensitive to
changes in the refractive index near the fiber surface caused by gas adsorption [126,127].
Optical fiber sensors are highly sensitive, offer real-time monitoring, and can be deployed in
harsh environments due to their robustness and resistance to electromagnetic interference.
They are widely used in applications such as industrial safety monitoring, environmental
pollution detection, and medical diagnostics. The ability to perform remote sensing and
multiplexing, where multiple sensors are integrated into a single fiber, further enhances
their utility in various gas sensing scenarios [128,129].

5.3. Photoacoustic Spectroscopy (PAS) Gas Sensors

Photoacoustic spectroscopy (PAS) gas sensors exploit the photoacoustic effect to detect
gas concentrations with high sensitivity and selectivity [130,131]. In PAS, modulated light
is absorbed by gas molecules, causing periodic heating and cooling, which generates
pressure waves or acoustic signals. These pressure waves are detected by highly sensitive
microphones or quartz tuning forks. The amplitude of the acoustic signal is proportional
to the gas concentration, allowing for precise quantification of trace gasses. PAS sensors
can operate across a wide range of wavelengths, from UV to IR, making them versatile
for detecting various gasses [132-134]. The key advantages of PAS sensors include their
ability to provide real-time measurements, their high sensitivity, which can reach ppb
levels, and their minimal interference from other gasses, as the detection is based on the
unique absorption characteristics of the target gas [135]. PAS technology is particularly
effective in detecting gasses such as CO,, CHy, and VOCs. The development of compact,
portable PAS sensors has expanded their use in field applications, providing a powerful
tool for on-site gas analysis [136]. Advances in laser technology, such as the use of quantum
cascade lasers (QCLs) [136], have further enhanced the sensitivity and selectivity of PAS
sensors, making them an indispensable technology for modern gas sensing [137].

6. Research towards Developing Commercial Gas Sensor Products

For gas sensors to achieve commercial success, they must excel in sensitivity, selec-
tivity, longevity, cost-effectiveness, and measurement speed. Integrated optical sensors,
particularly those targeting ammonia, offer a promising solution [138]. These sensors
retain the benefits of optical detection while potentially reducing costs and minimizing the
footprint compared to existing commercial products. Photonic integrated circuits (PICs) are
particularly well-suited for environmental and agricultural monitoring due to their small
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size and scalability. These attributes make it feasible to deploy extensive sensor networks.
Current technological advancements, especially in indium phosphide-based commercial
foundries, have reached the maturity needed to detect ammonia at concentrations below
100 ppb. Despite this progress, the market still lacks portable, low-cost ammonia sensors
capable of such sensitivity, which hinders widespread emission monitoring, such as in
pig farms. To assess the feasibility of these sensors, an analysis was conducted using
standard noise figures from multiproject wafer platforms operating around the 1550 nm
wavelength. This study was further extended to include other gasses with absorption
features near telecom wavelengths, demonstrating the broad potential of these sensors for
various applications [138].

Hansel et al. introduced a fully integrated optical ammonia sensor utilizing a PIC
equipped with a tunable laser source and a hollow-core fiber (HCF) serving as the gas
interaction cell [139]. This PIC also incorporated a photodetector capable of recording
the absorption signal within the same device. The sensor was designed to target an
ammonia absorption line at 1522.45 nm, achievable with indium phosphide-based, telecom-
compatible PICs. The setup included a 1.65 m long HCF connected at both ends to a
single-mode fiber (SMF) using a mechanical splice, enabling rapid filling and purging
of the fiber within minutes. As a proof of concept, the detection of a 5% ammonia gas
concentration was demonstrated, showcasing the sensor’s capability and its potential to
detect significantly lower concentrations. This development represents a significant step
towards creating low-cost, integrated, and portable gas sensors with broad applications in
environmental gas sensing.

7. Fabrication Methods of Integrated Photonic Sensors

The fabrication of integrated photonic devices, including sensors, involves several
sophisticated techniques that enable the miniaturization and integration of optical compo-
nents onto a single chip [140]. These methods leverage advancements in materials science,
nanotechnology, and semiconductor processing to create devices that can manipulate light
with high precision and efficiency. One of the primary methods used in the fabrication of
integrated photonic devices is photolithography [141]. This process involves transferring a
geometric pattern from a photomask to a light-sensitive chemical photoresist layer on the
substrate. The exposed areas of the photoresist are then developed, revealing the underly-
ing substrate, which can be etched away to create the desired structures. Photolithography
can produce features with dimensions in the order of nanometers, essential for the intricate
designs required in photonic circuits.

Another critical fabrication technique is chemical vapor deposition (CVD). CVD is
used to deposit thin films of materials, such as SiO, or SiN, which are essential for WGs
that channel light in photonic devices [142]. In this process, gaseous precursors react on the
substrate surface to form a solid film. Variations in CVD, such as plasma-enhanced CVD
(PECVD), can offer better control over film properties and deposition conditions, which
is crucial for achieving high-quality optical components. Techniques such as atomic layer
deposition (ALD) and molecular beam epitaxy (MBE) are used for the precise deposition of
ultra-thin films and the growth of high-quality crystalline layers, respectively [143]. ALD
allows for the deposition of conformal layers with atomic-level control, which is beneficial
for creating multilayer structures and coatings with precise thicknesses [142]. MBE is used
to grow epitaxial layers of materials, often with tailored electronic and optical properties,
which are critical for the performance of photonic devices.

Alternatively, the sol-gel method combined with dip-coating processes offers a promis-
ing avenue for the development of low-cost photonic sensors [144]. The sol-gel technique
involves the synthesis of inorganic materials from molecular precursors, typically metal
alkoxides, via a solution-based route. This method allows for precise control over ma-
terial composition, structure, and morphology, facilitating the customization of sensor
properties. By employing dip-coating, thin films of the synthesized sol-gel materials can
be uniformly deposited onto substrates, enabling the fabrication of sensor coatings with
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tailored thickness and optical characteristics. This approach not only minimizes material
wastage but also reduces production costs associated with traditional deposition techniques.
Furthermore, the simplicity and scalability of sol-gel processing make it accessible for mass
production, contributing to the affordability of photonic sensors without compromising
performance [145]. Table 5 offers a comprehensive comparison of deposition methods and
their characteristic features.

Table 5. Different deposition methods and their characteristics.

Deposition Method  Features Cost Materials Film Quality
Uses chemical reactions
of vapor-phase . Semiconductors, High-quality, uniform films
CVD precursors at elevated Moderate to High dielectrics, metals with good adhesion.
temperatures.
Utilizes plasm.a to . . High-quality films, often
enhance chemical . Dielectrics, .o, .
PECVD . . Moderate to High . with improved properties
reactions, allowing for semiconductors
due to plasma.
lower temperatures.
Sequ.entlal self—hrpltmg . - Extremely high-quality,
reactions for precise . Oxides, nitrides, metals, . .
ALD . High . ultra-thin, and uniform
thickness control at semiconductors films
atomic scale. :
](;)Jrsfrioalekz:(flrer; ((Zlfijeté)t?; Very high-quality,
MBE Very High Semiconductors, oxides crystalline films with

Dip-Coating Process

at the substrate in an
ultra-high vacuum.

atomic precision.

Substrate is dipped into

a solution and then Variable quality, dependent
withdrawn at a Low Polymers, oxides, glasses  on solution properties and
controlled rate to form withdrawal speed.

a thin film.

Conventional photolithography and electron beam lithography (EBL) are both ad-
vanced microfabrication techniques, each with unique strengths and limitations. Pho-
tolithography employs ultraviolet (UV) light to transfer patterns from a photomask onto a
photoresist layer, facilitating large-scale patterning at high throughput and relatively low
cost [146]. This method is effective for creating features ranging from several micrometers
to sub-micrometer sizes [147]. In contrast, EBL uses a focused beam of electrons to directly
write patterns onto a substrate with exceptional precision, achieving feature sizes as small
as a few nanometers [148,149]. While EBL offers unparalleled resolution and design flexibil-
ity, it operates at slower speeds and higher costs compared to UV photolithography. Both
techniques are indispensable in semiconductor manufacturing, nanotechnology research,
and the advancement of optical and electronic devices, each selected based on specific
needs for resolution, throughput, and economic feasibility. Etching processes, including
both dry etching (such as reactive ion etching (RIE)) and wet etching, are employed to
remove material and define the final geometry of the photonic devices [150,151]. Dry
etching uses plasma to etch away material in a highly controlled manner, allowing for
anisotropic etching profiles essential for vertical sidewalls in WGs. Wet etching, on the
other hand, uses liquid chemicals to selectively dissolve materials, which can be more
suitable for certain materials and applications.

8. Challenges and Prospects

Integrated photonic gas sensors represent a promising frontier in gas sensing tech-
nology, leveraging the advantages of photonics to achieve high sensitivity, selectivity,
and miniaturization. These sensors integrate photonic circuits on a single chip to detect
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and measure gas concentrations, using light-matter interactions. However, despite their
potential, several challenges need to be addressed to realize their full capabilities and
widespread adoption. The selectivity of photonic gas sensors poses significant challenges
in their practical implementation. One primary concern is the interference from other
gasses present in the environment, which can lead to false readings or inaccurate detection.
Achieving high selectivity requires sensor designs that can discriminate between target
gasses and potential interferents effectively. Additionally, variations in environmental
conditions such as temperature and humidity can further complicate selectivity, as they
may influence the sensor’s response to different gasses. Developing robust algorithms for
signal processing and pattern recognition is essential to enhance the selectivity of photonic
gas sensors, enabling reliable and accurate detection in real-world applications.

Another major concern is the fabrication and integration complexity. Creating inte-
grated photonic circuits that can precisely and reliably detect gasses requires advanced
manufacturing techniques, often involving sophisticated lithography and material depo-
sition processes [152]. Ensuring consistent quality and performance across large-scale
production adds another layer of difficulty. Additionally, integrating various components,
such as light sources, WGs, detectors, and gas-sensitive materials, into a single compact
device without compromising performance remains a significant engineering challenge.
Another critical issue is the sensitivity and selectivity of the sensors. While photonic gas sen-
sors can achieve high sensitivity due to their interaction with light, distinguishing between
different gas species accurately can be problematic [153]. This is because many gasses may
exhibit similar optical absorption features, leading to cross-sensitivity and potential false
readings [154]. Developing materials and sensor designs that enhance selectivity, possibly
using functionalized surfaces or advanced signal processing algorithms, is essential to
overcome this challenge [155].

Ensuring the stability of photonic gas sensors is crucial for their reliable and long-term
operation. One significant issue is the drift in sensor response over time, which can result
from factors such as aging of sensor materials, variations in manufacturing processes, and
exposure to environmental conditions. Drift can lead to a decrease in sensor accuracy and
sensitivity, impacting the reliability of gas detection. Maintaining stability often requires
careful calibration and periodic recalibration of the sensor to correct for any deviations in its
response. Furthermore, efforts to enhance the stability of photonic gas sensors may involve
the use of robust materials, protective coatings, and advanced encapsulation techniques
to minimize the effects of environmental factors and ensure consistent performance over
extended periods.

The limit of detection (LOD) presents a critical challenge for photonic gas sensors,
influencing their effectiveness in detecting trace amounts of target gasses. Achieving low
LODs is essential, particularly in applications where detecting very low concentrations
of gasses is necessary for safety or environmental monitoring. However, several factors
can limit the LOD of photonic gas sensors, including inherent noise in the sensor system,
background interference from other gasses, and limitations in the sensor’s sensitivity and
dynamic range. Improving the LOD often involves optimizing sensor design parameters,
such as the selection of appropriate sensing materials, enhancing signal-to-noise ratios
through advanced signal processing techniques, and minimizing cross-sensitivity to non-
target gasses [156]. Additionally, advancements in nanotechnology and materials science
have opened new avenues for enhancing the sensitivity and selectivity of photonic gas
sensors, potentially pushing the LOD to even lower levels [157].

Despite these obstacles, the prospects for integrated photonic gas sensors are promis-
ing. Advances in material science, such as the development of novel nanomaterials and
metamaterials, offer pathways to enhance sensor performance [110,111,116,117,158]. These
materials can be engineered to have specific interactions with certain gas molecules, im-
proving both sensitivity and selectivity. Moreover, the integration of photonic sensors
with complementary technologies, such as microelectromechanical systems (MEMSs) and
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microfluidics, can lead to the development of multifunctional sensing platforms that are
compact, robust, and capable of real-time monitoring.

In terms of applications, integrated photonic gas sensors have the potential to revo-
lutionize fields such as environmental monitoring, industrial process control, and health-
care [96]. For instance, they could provide real-time, on-site monitoring of air quality
with unprecedented precision, helping to address environmental and public health con-
cerns [159]. In industrial settings, these sensors could be used for the continuous monitoring
of hazardous gasses, improving safety and operational efficiency. In healthcare, they could
enable non-invasive diagnostics through the detection of biomarkers in one’s breath, offer-
ing a new avenue for early disease detection.

9. Concluding Remarks

Gas sensing plays a vital role in ensuring safety and prevention by detecting harmful
gasses before they reach dangerous levels. In industrial settings, gas sensors can identify
leaks of toxic or flammable gasses, preventing explosions and protecting workers from
poisoning. In homes and commercial buildings, they can detect carbon monoxide, provid-
ing early warnings that prevent fatalities. Additionally, gas sensing is critical in disaster
prevention, such as detecting methane leaks in mining operations to avert explosions. By
providing real-time monitoring and alerts, gas sensing technologies significantly enhance
safety and prevent accidents in various environments. Integrated photonic gas sensors
have demonstrated significant advancements in sensitivity, selectivity, and miniaturization,
offering a robust platform for real-time and on-site gas detection. These sensors leverage
the principles of photonic integration to enhance performance and reduce the size and cost
of traditional gas sensing systems.

The successful integration of various photonic components on a single chip has en-
abled the detection of multiple gasses simultaneously with high precision. Looking forward,
the future of integrated photonic gas sensors is promising, with ongoing research focused
on further enhancing their sensitivity, expanding their detection range, and improving their
robustness in diverse environmental conditions. Advances in materials science, nanofabri-
cation techniques, and data processing algorithms are expected to play crucial roles in these
developments. Additionally, the integration of these sensors with the Internet of Things
(IoT) could revolutionize environmental monitoring, industrial safety, and healthcare appli-
cations by providing continuous, real-time monitoring and analysis of gas compositions.
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