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ABSTRACT

The global trends of urbanization and industrialization have given rise to critical environmental and air pollution issues that often receive
insufficient attention. Among the myriad pollution sources, volatile organic compounds (VOCs) stand out as a primary cluster, posing a
significant threat to human society. Addressing VOCs emissions requires an effective mitigation action plan, placing technological
development, especially in detection, at the forefront. Photonic sensing technologies rooted in the infrared (IR) light and matter interaction
mechanism offer nondestructive, fast-response, sensitive, and selective chemical measurements, making them a promising solution for VOC
detection. Recent strides in nanofabrication processes have facilitated the development of miniaturized photonic devices and thus sparked
growing interest in the creation of low-cost, highly selective, sensitive, and fast-response IR optical sensors for VOC detection. This review
work thus serves a timely need to provide the community a comprehensive understanding of the state of the art in this field and illuminate
the path forward in addressing the pressing issue of VOC pollution.
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I. INTRODUCTION
A. Definition and features of VOCs

Volatile organic compounds (VOCs) constitute a subset of
organic compounds characterized by high vapor pressure and low
water solubility. This diverse group encompasses hydrocarbons, aro-
matic hydrocarbons, alcohols, ketones, ethers, halogenated hydrocar-
bons, nitrogen-based compounds, and so on. Different definitions for
VOC:s exist across countries and organizations. The United States (U.
S.) Environmental Protection Agency (EPA) describes VOCs as
organic compounds participating in atmospheric photochemical reac-
tions, excluding carbon monoxide, carbon dioxide, carbonic acid,
metallic carbides or carbonates, and ammonium carbonate.' The
European Environment Agency (EEA) defines VOCs as organic chem-
ical compounds that, under normal conditions, are gaseous or can
vaporize and enter the atmosphere.” For the sake of this introduction,
the infrared (IR) sensors discussed in this article are those monitoring
organic compounds that evaporate or vaporize under normal atmo-
spheric conditions of temperature and pressure.

The comprehensive overview provided in Fig. 1 highlights the
myriad sources of VOCs, underscoring their diverse origins arising
from both natural processes and various human activities in contem-
porary society.” In natural processes, organisms release a diverse array
of VOCs as a result of metabolic activities, playing a crucial role in
facilitating interactions with the environment. In plants, there are four
significant VOC biosynthetic pathways: shikimate/phenylalanine,
mevalonic acid, methylerythritol phosphate, and lipoxygenase path-
ways. These pathways give rise to the emission of various VOC classes,
including benzenoids/phenylpropanoids, sesquiterpenes, monoter-
penes, hemiterpenes, diterpenes, volatile carotenoid derivatives, and
methyl jasmonate/green leaf volatiles.” These emissions serve various
functions, such as attracting pollinators and seed dispersers, as well as
protecting against pathogens, parasites, and herbivores.” For instance,
sage plants exhibit an increased release of terpenes at elevated
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temperatures.” Furthermore, the co-occurrence of multiple stressors or
threats can directly or indirectly impact VOC emissions.” Humans,
too, contribute to VOC emissions, releasing numerous odorous and
non-odorous compounds influenced by lifestyle, age, or medical con-
ditions. Common sources of human VOC emissions include breath,
feces, and bodily secretions. For example, individuals with different
diseases emit distinctive VOCs, such as acetone in the case of diabetes,”
mercaptans associated with liver disease,” dimethylamine and trime-
thylamine in instances of uremia,'” and alkanes indicative of lung can-
cer.'" These emitted VOCs provide unique “odor-fingerprints,”
holding potential for applications in health monitoring."”

Apart from natural processes, human activities in both industrial
production and daily life contribute significantly to VOC emissions.
The combustion of biomass fuels is a notable contributor to alkane
emissions.”” For instance, in the pursuit of multiple growing seasons
and pest control, farmers find open-burning rice straw an appealing
practice. However, these uncontrolled burning events unavoidably
release vast pollutants, including polycyclic aromatic hydrocarbons."*
Similarly, fossil fuels contribute to alkane release through incomplete
combustion and fuel evaporation in automobiles."” Beyond combus-
tion, the production processes of various industrial raw materials, such
as crude oil, gas, paint solvent, and metals, result in the release of
VOCs. In the realm of oil and gas exploration and extraction, a range
of hydrocarbons, including methane and n-hexane, is emitted
throughout the production, transportation, processing, and storage
phases.'” Post-production, the utilization of materials like those used
in automobile painting releases aromatic hydrocarbons, alcohols, gly-
col ether, ketones, and esters.'® Furthermore, routine activities like
cooking, painting, and cleaning in everyday life also contribute to
heightened indoor VOC levels.'”

While not all VOCs directly contribute to environmental pollu-
tion, they play a role in atmospheric photochemical reactions, leading
to the generation of secondary pollutants. Oxidized VOCs can form
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FIG. 1. Schematic illustration of VOC emission sources and associated health hazards. Natural processes, incomplete combustion of fuels, and decorative materials contribute
significantly to VOC emissions. Some VOCs actively participate in photochemical reactions, generating secondary pollutants, while others directly pose health risks to humans.
Both types of pollutants have detrimental effects on both human health and the environment.
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secondary organic aerosols, contributing to ground-level ozone and
NO, production, crucial components of photochemical smog.'® Some
VOCs, such as aromatic compounds and ketones, pose health risks,
particularly in indoor environments."” The total volatile organic com-
pounds (TVOCs) are commonly used as a sum parameter for assessing
indoor air quality.'””’ According to the EEA definition, most non-
methane VOCs (NMVOCs) are toxic gases present in the air.”' Table I
outlines VOC emission sources, atmosphere lifetimes, and hazards to
human health. Indoor exposure to NMVOCs can lead to various
effects, including ocular, nasal, and pharyngeal irritation, headaches,
dizziness, nausea, allergic skin reactions, and potential harm to the
liver, kidneys, and central nervous system.22 Furthermore, it can
increase susceptibility to certain types of cancer.

As a primary cluster of pollution sources, governments have
taken proactive measures by enacting legislation to regulate VOC
emissions. These measures include implementing process modifica-
tions and installing air pollution control equipment. Simultaneously,
the identification of pollution sources and the precise detection of
VOC levels stand as crucial prerequisites for effectively managing
VOC discharge. In this context, VOC sensors play an indispensable
role, serving as vital tools for collecting essential information in the
pursuit of environmental control and regulation.

B. Miniaturization background for VOC detection

Accurate information regarding VOCs, encompassing their types
and concentrations, holds significant value across diverse applications.
Governments are increasingly focused on the detection of toxic VOCs
in wastewater as part of comprehensive environmental monitoring ini-
tiatives. Understanding VOC concentrations from industrial and
vehicular sources is critical to preventing their harmful reactions with
nitrogen oxides or ozone. Additionally, in the oil and gas industries,
VOC sensors play a pivotal role in detecting combustible gases, miti-
gating the risk of leaks, and enhancing the safety of transportation.

Beyond safety considerations, certain VOCs serve as crucial indi-
cators in various applications. For instance, the concentration of VOCs
in breath samples is utilized as biomarkers for diagnosing metabolic
states in healthcare.” In production processes, monitoring VOC con-
centrations is essential to ensure product quality, as seen in applica-
tions like fruit ripening.”” Consequently, the need to monitor VOC
components and concentrations is undeniable, leadjng to a consistent

REVIEW pubs.aip.org/aip/are

increase in the demand for VOC sensors year by year. In 2022, the
global VOC gas sensor market size reached approximately 154.1 x 10°
U.S. dollars, experiencing robust growth with a compound annual
growth rate (CAGR) of approximately 5.3%.”

Despite the diversity array of VOC sensor types available for
commercial use, the performance assessment indicators for these sen-
sors exhibit fundamental similarities. Therefore, before delving into
detailed introductions, it is essential to understand the following key
and common indicators of VOC sensors: limit of detection (LOD),
sensitivity, selectivity, response time, and robustness. Understanding
these indicators is crucial for evaluating the effectiveness of VOC sen-
sors across various applications and ensuring their reliability in provid-
ing accurate and timely data.

The limit of detection (LOD), also referred to as the minimum
detection limit in certain literature, serves as a key indicator of sensor
performance, signifying the lowest concentration or quantity of a sub-
stance detectable by the analyte.”” LOD is typically expressed in com-
mon units such as parts per million (ppm), parts per billion (ppb), and
parts per trillion (ppt), occasionally adapting other forms like parts per
million per volume (ppmv) when considering the detection volume.
The determination of LOD and its corresponding integration time rely
on the correlation nature with the signal integration process, often
derived using the Allan deviation, represented as follows:*”

K-1

T () = 7:(0), (1)
k=1

1
2
ou(7) = 2K —1)
where o, is the Allan deviation, K is the total number of time series,
and y,(t) denotes the average concentration within the time interval
of 7 of the time series at k.

Sensitivity is a critical aspect of sensor performance, represented
by the calibration curve showcasing the average measured signals con-
cerning concentration.”” When utilized as a gauge for sensor perfor-
mance, “sensitivity” specifically refers to the slope of the analytical
calibration curve.”” It also denotes the smallest concentration variation
that can be considered a credible change in the measured signal.
Sensitivity is expressed in various units, such as “dB/ppm””” in absorp-
tion spectroscopy to signify the change in light intensity due to analyte
absorption and “nm/ppm”>’' in interferometry techniques to record
the resonance wavelength shift caused by variations in background

TABLE I. Characteristic sources and hazards of selected VOCs. Data sourced from the World Meteorological Organization (WMO)** and the National Institute for Occupational

Safety and Health (NIOSH).”

Atmospheric Daily exposure
VOCs lifetime (approx.) Characteristic sources limit (ppm) Hazard
Acetylene 15 days Vehicular emission, biomass burning 2500 (<15 min) Asphyxia
Propane 11 days Liquefied Petroleum Gas (LPG), Natural gas 1000 Asphyxiation
Benzene 10 days Industrial and vehicle emissions, biomass burning 0.1 Cancer (leukemia)
Butane 5 days Vehicle emissions, LPG 800 Drowsiness and

other narcotic effects

Ethanol 4 days Plants, biofuel 1000 Eye, respiratory, and skin irritation
Pentane 3 days Vehicle emissions, gasoline evaporation 120 Skin and nervous system effects
Toluene 2 days Solvents, vehicle emissions 100 CNS depression
Formaldehyde 1 day VOC oxidation, biomass burning 0.016 Nasal cancer
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refractive indices. Distinguishing itself from “LOD,” sensitivity requires
concurrent consideration of both sensitivity and noise level to accu-
rately characterize sensing system performance, akin to the role of
LOD. For example, at the same sensitivity, a lower signal-to-noise ratio
(SNR) results in a higher LOD. However, at the same SNR, higher sen-
sitivity may not alter the LOD, as it could also lead to increased noise
levels. Sensitivity serves as an indicator of signal strength in data proc-
essing, yet it alone cannot fully signify system performance.

Selectivity is the capability of sensors to distinguish specific spe-
cies from others. In refractive-index-based optical sensors, the proper-
ties of waveguides guiding light may undergo changes when exposed
to various analytes, exhibiting poor selectivity.”””> To enhance this
performance, it is common to employ intermediate chemical absorp-
tion transducers. These transducers, such as PDMS,”” PMMA,** zeo-
lites,”” and polyethylene,” possess the ability to selectively trap analyte
molecules, thereby improving differentiation in the response signal. In
absorption-based optical sensors, the interaction between light and
analytes relies on absorbance information at specific wavelengths.
These sensors inherently boast excellent selectivity by carefully select-
ing different absorption transitions of analytes at specific wavelengths
and controlling the bandwidth of the operating light source.

Response time, defining the duration from sensor exposure to the
analyte to the output of the corresponding concentration-dependent
electrical signal,” is primarily determined by the sensing principle and
device structures employed by the sensor. A shorter response time is
generally beneficial for real-time continuous monitoring, preventing the
risk of missing critical information due to delayed detection.” However,
a longer integration time is often necessary simultaneously to achieve a
better SNR for more accurate sensing results, indicating a clear trade-off
in practical application. Additionally, recovery time is another crucial
time-related indicator, representing the duration for sensors to return to
the initialization state.”” This is particularly significant for sensors with
absorption transducers, as the material properties of the sensing layers,
influencing both recovery and response time, play a pivotal role.

Robustness is another critical and comprehensive feature of sen-
sors, necessitating evaluation considering both external factors, such as
temperature and humidity, and internal factors, like the nonlinear
response of sensor components,” or sensor failure. External influen-
ces, including fluctuations in background temperature and humidity,
can lead to the measurement instability. Variations in temperature
may impact circuit or sensor resistance, and in resonance structures,
temperature fluctuations can cause shifts in resonance frequencies.
Humidity changes can influence detection intensity, particularly in
methods like TR spectroscopy, where water molecules’ IR absorption
occurs within specific wavelength ranges. Additionally, the nonlinear
response of sensors can introduce complexities in calibration pro-
cesses.”” To enhance sensor robustness, researchers have developed
various solutions, including dual-wavelength configurations,”® redun-
dant sensor arrays,”” and algorithm mitigation."’

Beyond these performance indicators, factors like cost and lifetime
exert direct or indirect influences on the commercial utilization of these
sensors. Moreover, size has gained increasing significance in sensor
selection. We compare some commercial available sensors in Table II.
In the context of the Internet of Things (IoTs), miniature, lightweight,
and energy-efficient VOC sensors are more appealing than bulk VOC
sensor systems.”' Deploying numerous miniaturized VOC sensors stra-
tegically across various production sites and supply chains enhances

REVIEW pubs.aip.org/aip/are

TABLE II. Comparison of commercial sensor types. Sensor information is taken from
SGX SENSORTECH, EMERSON, ION SCIENCE, AMETEK MOCON, and Thermo
Scientific. EC: Electrochemical, PID: Photo-ionization detection, MOS: Metal-oxide-
semiconductor, IR: Infrared, MEMS: Micro-electromechanical systems.

Sensor type EC PID MOS IR" MEMS
Package size (cm?) ~6 ~6 ~0.05 ~4 ~0.04
Power consumption +++ + +4 + 4+
Selectivity e s
Multi-component analysis + ++ + 44+ +
LOD ppb  ppb  ppm  ppm  ppm
On-chip integration ++ + 4+

“Discrete optical components based IR sensor.

feedback efficiency. Wearable and implantable sensors have gained pop-
ularity due to their ability to offer precise and continuous monitoring of
various physiological parameters. Integrating miniaturized VOC sensors
into wearable and implantable devices provides a nondestructive and
convenient means to monitor disease-related VOC signals.
Consequently, the combined assessment of these factors makes metal-
oxide-semiconductor (MOS) VOC sensors, IR-based VOC sensors, and
photo-ionization VOC sensors the primary choices for VOC detection.”®
MOS-based VOC sensors, the most common type of field effect transis-
tor (FET) sensors, are highly favored in the industry for their compact
size, affordability, and ease of integration. However, their selectivity
remains a limiting factor when analyzing multiple components.
Additionally, achieving results often requires high working temperatures
during sensing. On the other hand, photo-ionization VOC sensors
exhibit exceptionally low LOD in specific scenarios. Commercial photo-
ionization sensors, with compact and portable designs, are advantageous
for field applications. Nevertheless, their cost and limited selectivity pose
challenges.””*' Meanwhile, IR sensors offer remarkable selectivity and
the capability for multi-component analysis but are typically larger due
to their discrete component configurations. However, in recent years,
established nanofabrication technologies have not only demonstrated
the potential for cost-effective, high-volume production of devices but
have also indicated the feasibility of developing miniaturized VOC sen-
sors. These technologies are also being explored to reduce the impact of
these adverse factors on size and volume while keeping the selectivity of
IR sensors, which is the focus of this review.

As a subset of IR-based VOC sensors, the distinguishing advan-
tages of IR spectroscopic VOC sensors, highlighted in this review, are
their remarkable selectivity and label-free detection capabilities.”” *’
These unique attributes effectively overcome selectivity limitations
found in other sensors without resorting to destructive detection meth-
ods. Furthermore, IR spectroscopic sensors demonstrate compatibility
with conventional IR-refractive index-based sensors and provide
immunity to electromagnetic interference."® In recent years, advanced
fabrication technologies, such as complementary metal-oxide semicon-
ductors (CMOS), have played a critical role in the development of
miniaturized IR spectroscopic sensor devices. Figure 2 illustrates the
concept of miniaturization in the IR spectroscopic VOC sensor system.
Compared to traditional bulk IR spectroscopic sensing systems, minia-
turized IR spectroscopic VOC sensors offer several advantages, includ-
ing the analysis of small samples,” multiplexing capabilities,”” easy
integration with other components,”® and reduced cost and weight.
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FIG. 2. Concept of miniaturization spectroscopic VOC sensor system. The IR light
is emitted from an integrated laser and detected by an integrated detector. The sub-
stance to be measured around the sensor will absorb light at a specific wavelength.

These advantages underscore the potential for swift and convenient
VOC analysis.

This article provides a comprehensive review of state-of-the-art
IR spectroscopic-based VOC sensors, with a specific emphasis on the
growing trend of miniaturization. Section II delves into the IR
absorption-based detection mechanism and setup. In Sec. III, we
explore the research advancements in selective, fast-response IR spec-
troscopic sensors with high LOD, encompassing fiber-based, inte-
grated photonics-based, and surface enhancement-based technologies.
Additionally, we will investigate the potential of monolithic integrated
VOC sensor systems, address current challenges, and provide future
perspectives in Sec. I'V.

Il. IR ABSORPTION-BASED DETECTION MECHANISM
AND SETUP

This section provides an in-depth exploration of the infrared
absorption-based detection mechanism and the corresponding setup
employed in VOC sensors. Understanding these fundamental aspects
is pivotal for comprehending the subsequent advancements discussed
in the paper.

A. Why optical sensors focus on the IR spectrum?

The utilization of the infrared (IR) spectrum in optical sensors is
rooted in the dual capacity of light as an information carrier, encom-
passing both communication and sensing functions. While the IR
waveband is conventionally associated with optical communication, it
is crucial to recognize that nearly every organic substance, including
VOCs, exhibits specific vibrational absorption characteristics in the IR
region. This inherent feature renders the IR spectrum exceptionally
well-suited for sensing applications. We consider VOCs as an illustra-
tive example. Vibrations within VOCs manifest two fundamental
types: stretching and bending vibrations, as depicted in Fig. 3. When
IR light interacts with those molecules, the photon energy of specific
frequencies contributes to vibrational energy level transitions. In the
case of VOCs, the total vibrations can be deconstructed into various
harmonic vibrational modes, each corresponding to specific absorp-
tion lines. Notably, several functional groups within VOCs exhibit
principal vibration absorption. Through a detailed analysis of the loca-
tion, amplitude, and linewidth of these principal absorption peaks, it

REVIEW pubs.aip.org/aip/are

becomes possible to accurately and effectively determine the type of
VOC:s present and their respective concentrations.

Lights in the IR region with a wavelength range from 0.75 to
2 yum are commonly known as near-infrared (NIR), while the adjacent
longer wavelength range from 2 to 20 um falls into the categorized of
mid-infrared (MIR)." While organic molecules exhibit absorption
lines in both NIR and MIR,"** the fundamental vibrations of most
VOCs occur in the MIR, with NIR typically representing the overtones
absorption region. In the overtone region, molecules absorb photons
with twice or higher the energy of the original photons, facilitating
transitions between two or more distinct energy levels. Due to the low
probability of molecule transitions in the overtone region, VOC
absorption in NIR can be orders of magnitude lower than in MIR.
This feature theoretically endows MIR spectroscopy with an elevated
signal-to-noise ratio, enabling the detection of lower limits. As such,
MIR is often referred to as the “fingerprint region” and is a preferred
region for VOC detection.”* Common chemical bond absorptions in
the MIR include the C-H stretching absorption peak of alkane at
3.33-3.52 um, the C=C stretching vibration absorption peak in
alkenes at 5.9-6.13 um, and the C=O stretching vibration absorption
peak in aldehydes at 5.7-6 um.”” Considering factors like mass effects,
coupling effects, and ring strain that can influence the absorption
peak’s location, the optimal spectroscopic sensing approach involves
detecting and comparing molecular fingerprint spectra with a set of
combined peaks. Furthermore, when identifying mixed analytes, the
component and concentration of the analyte could be recovered by
combining the vibration fingerprint spectroscopy of different func-
tional groups or molecules with machine learning algorithms.
Fundamental fingerprints of many VOCs are depicted in Fig. 3.
Additionally, due to the IR absorption influence from water, only the
3-5 and 8-12 um regions, known as atmospheric transparent win-
dows, are relatively transparent for IR detection.”” These transparent
wavebands are suitable for outdoor sensing environments, such as
hyperspectral images, to obtain city-scale VOC fingerprints.””"

In addition to its efficacy in vibration absorption, the choice of
materials for the development of optical sensors in the IR wavelength
offers distinct advantages. It is noteworthy that different dielectrics
exhibit different responses across different IR subbands. Surprisingly, sil-
icon (Si), a widely used semiconductor material, demonstrates transpar-
ency throughout the wavelength spectrum, ranging from 1 to 8.5 um.
Silicon dioxide (SiO,), another common material, can also support IR
wavelengths up to 3.6 um.”" These readily available materials feature
transparent windows that cover either a substantial or complete portion
of the VOC vibration line. To effectively address sensing wavebands
within the MIR spectrum that may not be entirely covered, a strategic
approach involves combining Si with other materials or opting for alter-
natives like germanium (Ge) and chalcogenide glass (ChG).
Importantly, extensive research and practical applications related to
these material platforms have steadily matured.” " Furthermore, these
materials exhibit noteworthy characteristics such as nonlinear effects
and flexibility, opening up unexpected applications and paving the way
for new opportunities and directions in development.

B. Measurement technologies of IR absorption
spectroscopy

Spectroscopic sensing follows the Beer-Lambert Law, a combina-
tion of Lambert’s law in 1760 and Beer’s law in 1852. Lambert’s law
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FIG. 3. Schematic spectral regime for VOC analysis. The varying depth of color signifies the intensity of absorption within the spectrum, and the bars indicate the optical atmo-
spheric transparent windows (ATWs) of materials. The substances featured in the schematic are drawn from the VOCs list E761346 curated by the Environmental Protection

Agency (EPA).® The corresponding IR spectra are sourced from the National Institute of Standards and Technology (NIST),”® underscoring the relevance of the depicted spec-
tral regions for the accurate identification and analysis of VOCs.

asserts that light attenuation is directly proportional to material thick-
ness, while Beer’s law states that light attenuation correlates with mate-
rial concentration. The modern Beer-Lambert law expressed as Eq. (2)
describes light transmission through an absorbing material””

where I(v),,, and I(v),, are incident and transmitted light intensities,
o(v) is the absorbance at optical frequency v, o(v) is the absorption
cross section at the corresponding frequency, C is the concentration,
and L is the optical absorption path length.

—a(v) o)L Under a uniform line of sight, the absorbance a(v) is further
I(V) g = 1(V) € =1(v);,e J @) expressed by the following equation:*’
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a(v) = Z S;(T)PX¢;(v, T, P, X)L. (3)
i
Here, j denotes a specific absorption transition, and S(T)
(cm™2 x atm™!) is the line strength as a function of temperature T
(K), P (atm) is the pressure of the absorbing species, X is the species
mole fraction, ¢ (cm) is the line shape function, and L (cm) is the
absorption path length.
The line shape function ¢ is normalized to 1 [Eq. (4)].°'

—+00
J ¢dv=1. (4)
—00
The integrated absorbance of an absorption transition A; is given by
the following equation:*”

—+00

(©)

With this understanding, we can delve into advanced systematic
sensing applications based on IR absorption spectroscopy. Three main
extended techniques in IR spectroscopy are tunable diode laser absorp-
tion spectroscopy (TDLAS), broadband absorption spectroscopy
(BAS), and cavity ringdown spectroscopy (CRDS). Despite their
unique achievements, the fundamental configuration of optical sensors
remains consistent, comprising a light source, a sensing cell, and a
detection unit.

Aj = J+w a(v)dv = Sj(T)PXLJ

—00

1. Tunable diode laser absorption spectroscopy (TDLAS)

Tunable diode laser absorption spectroscopy (TDLAS) represents
a classical optical sensing principle,”” as illustrated in Fig. 4, distin-
guished by its unique light source configuration. The pivotal compo-
nent in this setup is a tunable diode laser characterized by a narrow
and singular linewidth. Complementing this, photodetectors tuned to
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the response spectrum corresponding to the laser’s emission are inte-
gral to the system. To be more specific, TDLAS systems can be further
categorized into two main types: direct absorption spectroscopy (DAS)
and wavelength modulation spectroscopy (WMS). DAS offers notable
advantages such as operational simplicity, wide applicability, straight-
forward data analysis, and the ability to determine absolute concentra-
tion.”**> On the other hand, WMS, while not directly providing
absolute concentration values, excels in suppressing background noise.
This characteristic enhances the LOD and overall robustness com-
pared to DAS. In Secs. I B 1 a and I1 B 1 b, a more detailed exploration
of these two systems will be presented.

a. Direct absorption spectroscopy (DAS). In the realm of DAS, the
most important factor is the judicious selection of laser emission wave-
length, a choice contingent upon identifying a suitably strong and iso-
lated absorption line. Unlike keeping the wavelength constant over
time, as observed in fixed-wavelength DAS, traditional DAS involves
scanning the emitted light’s wavelength around the absorption line
during spectroscopic sensing. Fixed-wavelength DAS, due to its limited
spectral information, is more susceptible to the inherent fluctuations of
lasers and non-absorbing losses, rendering it less robust.”” After the
interaction between light and the analyte within the sensing cell,
absorption spectroscopy is retrieved by scrutinizing the light intensity
signal captured by a designated detector, such as a photodiode. The
accurate determination of the absorption line shape relies on analyzing
the spectral variation of light intensities. The fitting line-shape rela-
tionship between gas properties (e.g., concentration, pressure, and tem-
perature) and absorbance is derived through the examination of
integrated absorbance or absorbance at specific wavelengths. The LOD
and corresponding integration time, indicative of the sensing system’s
stability and sensitivity, are determined through Allan deviation
analysis.

Scanned DAS, achieved by faster or wider wavelength scanning
around the absorption line, mitigates background fluctuations, such as
variations in emitted light wavelength due to temperature instability.

— FIG. 4. Schematic of tunable diode laser

absorption  spectroscopy.  Wavelength
modulation spectroscopy in tunable diode
laser absorption spectroscopy uses sinu-
soidal modulation at a significantly higher
frequency than wavelength scanning
around the selected absorption line. The
extracted higher-order harmonics help
reduce noise and enhance sensing
robustness. It is also worth noting that, in
comparison, direct absorption spectros-
copy does not use sinusoidal modulation
and directly determines analyte concentra-
tion by analyzing variations in light inten-
sity. I: light intensity. Ic: Injection current. f.
frequency. t time. A: wavelength. o
absorbance.
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Nevertheless, it fundamentally relies on subtle variations in measured
power, which is susceptible to non-absorbing losses like unintended
beam deflection from vibration and transmission losses due to instru-
ment aging. In scenarios of low SNR measurements, DAS faces chal-
lenges in distinguishing absorbed signals from background noise,
potentially leading to longer integration time and introducing addi-
tional sources of instability.

b. Wavelength modulation spectroscopy (WMS). WMS constitutes
another facet of TDLAS renowned for its efficacy in eliminating back-
ground noise, building upon the principles of DAS. In the WMS para-
digm, the diode laser not only scans the wavelength around the
selected absorption line but also undergoes simultaneous sinusoidal
modulation at a significantly higher frequency f. Moreover, both the
laser wavelength and output light intensity are modulated by the injec-
tion current that tunes the lasers.”” *® After transversing the sensing
cell, the light, now partially absorbed, is detected by a sensor.
Subsequently, the signal undergoes processing through a lock-in
amplifier to isolate the desired nth harmonic at the detection frequency
nf, where n is an integer (e.g, 1, 2,.. .).”% This enables the extraction of
absorption information carried by the harmonics, effectively isolating
it from noises outside the lock-in amplifier’s filter bandwidth.

The harmonic technique improves resistance to non-absorbing
losses by elevating the frequency above common noise sources operat-
ing at lower frequencies. In sensing applications, the first and second
harmonic signals (1f and 2f) are frequently utilized to determine gas
properties, particularly in low SNR situations.”” The 2f harmonic is
preferred due to its relatively stronger signal and lower non-absorbing
background noise at higher frequencies, such as residual amplitude
modulation (RAM).°**” The normalized 2f/1f ratio is a commonly
employed technique to strengthen WMS immunity to non-absorbing
variations in light intensities resulting from non-ideal laser and detec-
tor effects, which tend to vary more slowly than the modulation fre-
quency f/° This technique contributes to improving the LOD and
overall sensor robustness. Higher-order harmonics (beyond 2f) are
generally not adopted due to their lower signal strength. Nevertheless,
some studies suggest that higher-order harmonics (e.g., 3f, 4f, ...), giv-
ing a lower normalized ratio, may aid in mitigating the nonlinear
response between light intensity and injection current, providing more
accurate results.”’

Compared with DAS, WMS does not directly yield absolute ana-
lyte concentrations.”” The 2f signal in WMS is proportional to species
concentration. Establishing the relationship between absolute concen-
tration and signals traditionally involves sensor calibration with ana-
lyte line parameters, temperature, and pressure to obtain standard gas

REVIEW pubs.aip.org/aip/are

concentration. Recent advancements in WMS, however, introduce
calibration-free techniques through developed models or spectral-
fitting techniques.””

2. Broadband absorption spectroscopy (BAS)

When the incident light’s linewidth is not sufficiently narrow,
sensing methods commonly fall under the umbrella of broadband
absorption spectroscopy (BAS). The schematic in Fig. 5 depicts the
fundamental elements of BAS. Various wideband IR sources, including
light-emitting diodes (LED), amplified spontaneous emission (ASE),
thermal/IR emitters, and supercontinuum sources, find applications in
developing measurement methods based on BAS. Notable examples
include non-dispersive infrared (NDIR) spectroscopy and Fourier
transform infrared (FTIR) spectroscopy.

a. Non-dispersive infrared (NDIR) spectroscopy. NDIR spectros-
copy stands out as a cost-effective and efficient approach for analyte
detection. This method involves the utilization of thermal emitters or
IR LED paired with photodiodes (PD). Adhering to the Beer-Lambert
law, the concentration of VOC is deduced by comparing the measured
power difference under the exposure to VOC and non-VOC condi-
tions. The setup, with or without an optical filter, can measure concen-
tration, but the inclusion of filters designed for VOCs’ characteristic
spectral lines enhances component identification. Alternatively, config-
urations employing multiple LEDs and PDs contribute to increased
measurement stability.

NDIR spectroscopy offers an economical solution for VOC sens-
ing, particularly well-suited for single gas detection. However, its per-
formance tends to be comparatively lower in multi-component
identification when juxtaposed with other laser-based methods.

b. Fourier transform infrared (FTIR) spectroscopy. In contrast to
NDIR, FTIR extends its focus beyond concentration detection to
encompass mixture component analysis. When utilizing a broadband
light (e.g., thermal emitter) as the carrier of VOC sensing information,
instruments such as a spectrometer are employed to reconstruct absor-
bance. While tunable lasers in TDLAS typically have a narrow line-
width but a relatively limited measurement bandwidth, resulting in
higher analysis precision but fewer detectable molecule types in the
MIR, the spectrometer in FTIR offers a broader sensing range albeit
with lower resolution.

Notably, the production of a high-quality tunable laser is a com-
plex task, making the accessibility of a spectrometer considerably more
straightforward. Consequently, in FTIR, the responsibility of

Iy LA |
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(NDIR)

FIG. 5. Schematic of broadband absorp-
tion spectroscopy. NDIR uses a detector
with or without an optical filter to detect

broadband light intensity. FTIR uses a
Fourier transform spectrometer to recover
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measuring absorption wavelengths shifts from the tunable laser to the
spectrometer. The spatial heterodyne Fourier transform spectrometer
(SHFTS) is widely used in absorption spectrum reconstruction, operat-
ing on the principles of the Fourier transform. Designs such as the
Michelson interferometer and Mach-Zehnder interferometer, both
featuring dual optical pathways, are commonly employed in SHFTS.
These pathways are split by a splitter and then recombined into a sin-
gle channel. For monochromatic light, one optical path maintains a
fixed length (reference path) with an optical phase ¢, while the other
varies linearly, changing the wave phase from ¢ to ¢ 4+ Ag. The result-
ing interference yields light intensity (I) with periodic variation within
the 0-1 range, intrinsically linked to the corresponding phase differ-
ence (Ap).

In the case of broadband sources, different IR wavelengths exhibit
distinct output intensities due to their specific optical phase differences.
Fourier transform spectrometry involves establishing the relationship
between wavelength intensity and interferogram at different phase dif-
ferences, enabling the measurement of absorption peaks in FTIR. In
FTIR, the absorption peaks are measured via the Fourier transform
spectrometer (FTS). In scenarios involving samples with multiple
unknown VOC components featuring identical or closely situated
absorption peaks, differentiation can be challenging with a low-
resolution FTIR. Typically, a resolution between 2 and 4 cm ™" is gen-
erally adequate for the analysis of liquid-phase organic compounds,
given their spectral bands naturally spanning several wavenumbers.
However, achieving a resolution of <1cm™' in gas-phase detection
significantly enhances accuracy, particularly in scenarios requiring
multi-component analysis.”*

3. Cavity ringdown spectroscopy (CRDS)

Compared to TDLAS, the main difference in the sensor configu-
ration of cavity ringdown spectroscopy (CRDS) lies in the requirement
for its sensing cell to function as a cavity resonator, as shown in Fig. 6.
CRDS-based sensors accommodate either pulsed or continuous wave
(CW) laser. The operational sequence involves injecting light into a
cavity resonator. Upon reaching resonance conditions and establishing
stable resonance, the transmitted light experiences a significant
increase. Subsequently, the incident light is extinguished, and the decay
time of optical power exiting the cavity, both with and without the
analyte, is measured to deduce species properties. The exponential
decrease in light intensity is primarily determined by the reflectivity of
cavity reflectors (R,,) and absorbance (x) and is quantified using a
modified Beer-Lambert law for CRDS*”

- [(I—Rm )+1(1/)]L’t
L

1(t) = Ine™ " = Iye

J L t ALA. A
Pulse ] ’
Laser

(6)

Analyte
Cavity

')
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Here, © represents the decay time with an analyte, ¢ is the speed of
light, and L remains the optical absorption path length, akin to the
effective path length of the cavity with a physical distance d, where
L = %, disregarding scattering losses. The absorbance is derived as

1-R,>
L/1 1
) o
C\T To

Here, 1 signifies the decay time without an analyte.

One of the most significant features of CRDS is its excellent LOD
attributed to the extended actual path length, spanning meters or even
kilometers, and the augmented light power facilitated by resonators.
Furthermore, as analyte properties are assessed based on time differ-
ences rather than variations in measured power directly obtained from
detectors, CRDS mitigates non-absorbing losses, particularly the
amplitude fluctuations of lasers.

lll. ADVANCES IN MINIATURIZATION OF IR
ABSORPTION-BASED VOC SENSORS

In Sec. 11, we provide a concise overview of common IR measure-
ments, emphasizing the pivotal role of the sensor in various configura-
tions. Optical fibers, photonic chips, and metamaterial antennas have
emerged as promising components for miniaturized IR VOC absorp-
tion sensors. Notably, the NIR waveband, extensively used in commu-
nication applications, has witnessed significant advancements in
miniaturized NIR devices, such as optical modulators, with Si and
SiO, serving as standard and well-established material platforms for
production.”” The mature design and fabrication processes, particu-
larly in the realm of optical fiber-based NIR sensors, have facilitated
successful research, development, and commercialization.”

The evolution of compact and integrated communication devices
has catalyzed the exploration of MIR sensing simultaneously. New
platforms and fabrication technologies are being explored for minia-
turized MIR sensors. However, the reduction in size of these devices
inevitably leads to a diminished interaction region, influencing sensi-
tivity and LOD. To mitigate these effects, specific measures are neces-
sary. This section reviews advanced designs and techniques employed
in these miniaturized sensors, aiming to attenuate or eliminate the
challenges associated with size reduction and its impact on sensitivity
and LOD.

A. Optical fiber-based absorption sensors

A conventional fiber-based sensor consists of a light source (typi-
cally a laser source), a sensing cell, measurement devices, and optical
input/output components (I/O). Based on their function, fiber-based
sensors can be classified into two categories: extrinsic sensors and

intrinsic sensors.” "’

))Vithout analyte FIG. 6. Schematic of cavity ringdown

b spectroscopy. Once the cavity achieves
i\ ..-With analyte stable resonance, the incident light is
RN extinguished, and the decay time is mea-
sured under both conditions: with and

without the analyte. The species proper-
ties are deduced by comparing these

Detector ¥ o .
decay times. I: light intensity. t: time. A:

wavelength. «: absorbance.
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In extrinsic fiber-based sensors, fibers primarily serve as intercon-
nectors between components.”® In this configuration, light is directed
to an external sensing cell where it interacts with external transduction
elements. The output signal is then coupled back into fibers for analy-
sis. Extrinsic sensors are generally cost-effective and simpler in struc-
tures, although precision alignment of input and output fibers can
pose challenges. These sensors find widespread use in measuring
speed, rotation, displacement, and acceleration.”””® When applied to
VOC sensing, guided light passes through the target analyte directly or
interacts with absorption transduction elements in the gas cell. Despite
being labeled as “fiber-based” sensors, their use of optical fibers often
leverages advantages such as low attenuation, enabling remote sensing,
and the potential for multiplexing in creating multipoint sensor net-
works.”” In some cases, optical fibers are merely tools for light delivery
in scenarios where miniaturization is not a requirement.

In intrinsic fiber-based sensors, fibers not only transmit signals
but also act as sensing cells.”® In these sensors, the guided light is mod-
ulated within a specially designed sensing region of the fiber. For VOC
sensing, researchers alter the characteristics of light by studying and
exploiting the physical properties of fibers. These developed fiber
structures aim to achieve better LOD and selectivity. While
manufacturing challenges may arise, intrinsic sensors eliminate the
need for precise fiber alignment by avoiding external gas cells, facilitat-
ing sensor miniaturization.

A fundamental theory in fiber sensors is fiber evanescent wave
spectroscopy (FEWS), where light propagation is based on attenuated
total reflection (ATR) principles.”” Analyte sensing is accomplished by
utilizing the evanescent field generated by ATR, occurring at the inter-
face between the fiber core and the surrounding layer, typically pene-
trating a few micrometers into the adjacent sensing layer.

The Beer-Lambert law, employed in intrinsic fiber-based sensors
using unclad fibers with a special sensing medium (Fig. 7), describes
the attenuation of the evanescent field"’

Lout = Iineié(na)Lﬂv (8)

Here, £(n) is the decay coefficient of the evanescent field as a function
of the refractive index of the surrounding sensing medium #, that
absorbs analytes, and L, is the length of the sensing film.

The attenuation results from the interaction between the evanes-
cent field and surrounding analytes, and the decay coefficient is repre-
sented as”’

1,74 cos?0;
2rm(n? — n2)sinf;’

&)

<(na)

Sensing film

Core
Cladding s
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where 7 is the bulk decay coefficient of the analyte, r is the radius of
the fiber core, n, is the corresponding refractive index of the unclad
fiber, and 0; is the incidence angle at the core-medium interface.

1. Single-mode solid fiber (SMF)

For MIR optical fiber sensors based on FEWS, selected fibers gen-
erally fall into two categories: solid fibers, further classified as glass-like
fibers, polycrystalline fibers, and hollow fibers. Among solid fibers, the
prevalent glass-like material in the MIR region is ChG, with a maxi-
mum transmission region exceeding 20 um.** ** Another noteworthy
example is polycrystalline fiber, exemplified by silver halide (AgX),
providing a broad transmission range of 3-18 um,” covering a signifi-
cant portion of the MIR spectrum.

Sensors employing these solid fibers are typically categorized
based on fiber geometry standards.”® In 1988, the first chemical optical
sensor using ChG fiber was introduced for butanone characteriza-
tion.”” These fibers, maintaining a straight geometry, form the basic
type used in FEWS sensors. In this context, various polymers are cho-
sen and coated on the fiber core to enhance selectivity and enrich the
analyte within the sensing region. For instance, Krska et al. combined
FTIR with ATR optical fiber to design a sensor based on low-density
polyethylene-coated AgX fiber, enabling the first in situ ppm level
detection of chlorinated hydrocarbons (CHCs) in water.”® Su et al.
introduced a sensor using a novel Ge-As-Se-Te ChG fiber coated with
polydopamine for in situ sensitive detection of p-xylene in water
[Fig. 8(a)].”” The polydopamine coating significantly amplified absor-
bance at the absorption line by 18 times and improved the detection
limit by 40 times. Howley et al. designed a sensor based on polydime-
thylsiloxane (PDMS)-coated sapphire fibers for hydrocarbon detec-
tion, proving its capability to detect ppm levels.”” Other polymers,
such as PMMA, PAB, PSB, and polyethylene, have been explored for
various targeted analytes,” ™ significantly enhancing sensing
performance.

To further enhance sensing performance, alternative fiber geome-
tries have been developed. Bending the fiber, formed through geomet-
rical deformation, has demonstrated improved performance by
enhancing the penetration depth of the evanescent field.”” Houizot
et al. demonstrated a sensor based on ChG fiber for ethanol sensing
[Fig. 8(b)].” In this study, the fiber was meticulously shaped into a
compact loop with a 2mm diameter. The results were compelling;
when compared to a single U-turn geometry, the fabricated three full
loops of fiber exhibited superior global sensitivity. A mechanical
robustness test further underscored the durability of this design,

FIG. 7. Schematic of fiber sensor and
evanescent wave spectroscopy. In the
sensing region, the sensing film surrounds
iy the fiber core rather than the cladding.
The analyte interacts with the evanescent
wave in the sensing film.

Ng lout

Analyte
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FIG. 8. Fiber sensors based on fiber evanescent wave spectroscopy. (a) Scanning electron microscope (SEM) image of a ChG fiber coated with polydopamine.”” Reprinted
with permission from Su et al., Opt. Express 28(1), 184 (2020). Copyright 2020 The Optical Society.”’ (b) Schematic of the ChG fiber loop.” Regrinted with permission from
(

Houizot et al., Sensors 14(10), 17905-17914 (2014). Copyright 2014 Authors, licensed under a Creative Commons Attribution (CC BY) license.”

c) Image of modified AgX

fibers with a planar sensing region with (top) and without (bottom) coated polymer.”® Reprinted with permission from Lu et al., Nat. Protoc. 11(2), 377-386 (2016). Copyright
2016 Springer Nature.” (d) Schematic of side-polished ChG fiber coated with graphene oxide.'” Reprinted with permission from Yang et al., Ceram. Int. 49(1), 1291-1297
(2023). Copyright 2023 Elsevier.'”® (e) Images of AgX fibers with different lateral surfaces.'* Reprinted with permission from Korsakova et al., Infrared Phys. Technol. 128,

104529 (2023). Copyright 2023 Elsevier.'*

revealing that a complete loop of fiber could withstand forces 130
times greater than those tolerated by the classical ChG fiber.

Another method involves reducing the diameter of one section of
the fiber to less than that of the core of the original uniform fiber.
Fibers with this specific geometry are referred to as tapered sensors, as
the heated uniform fiber is pulled to create a thin taper waist.
Mizaikoff and his group designed a series of sensors, [Fig. 8(c)], using
modified AgX fibers for more sensitive detection of VOC in water.
This includes CHCs like monochlorobenzene (MCB), dichlorobenzene
(DCB), trichloroethylene (TCE), chloroform (CF), and monocyclic
aromatic hydrocarbons such as benzene, toluene, o-, p-, and
m-xylene.””**””'"’ The diameter of a specific fiber section was inten-
tionally decreased to amplify the evanescent field, and a polymer mem-
brane was applied to enhance selectivity in water. The coated polymer
not only facilitated analyte enrichment but also provided improved
mechanical robustness for their specially structured fiber. In addition
to these two strategies, another approach involved introducing a planar
sensing region into the fiber to increase the number of internal reflec-
tions. This technique, reported in another work'’" by the same group,
revealed the observation of surface-enhanced infrared absorption
(SEIRA) on nonmetallic substrates for the first time. All these three
strategies were employed to improve the sensor’s performance,
ultimately achieving a significant improvement in the detection limit
to the parts per billion level.

Utilizing side polishing of fibers is another effective method to
enhance the limit of detection (LOD). These side-polished fibers (SPF)
with a D-shape geometry facilitate easier leakage of evanescent waves,
increasing the contact area between the wave and the analyte, thereby
enhancing the interaction with the analyte. For example, Goya et al.
developed a sensor using fluoride SPF, employing fluoride fibers for
MIR online sensing systems.'’> Compared to other MIR optical fibers,

fluoride fibers can be produced on a commercial scale. Yang et al.
designed a sensor using a ChG SPF for highly sensitive butane sensing,
as depicted in Fig. 8(d).'”” The sensing area was coated with graphene
oxide, a novel 2D material with abundant oxygen-containing func-
tional groups that enhance the absorption of specific organic com-
pounds. Its structure offers a large contact area with gas molecules.
Concerns about the response time and repeatability were also
addressed. Additionally, Korsakova et al. demonstrated a sensor based
on AgX fibers with lateral notches for ethanol detection, illustrated in
Fig. 8(e).'”" In this study, the LOD was improved by leveraging the
optimized bending radius and the notched lateral fiber surface.

For fiber-based sensors utilizing DAS or WMS, the focus is on
enhancing the interaction between light and analyte per unit absorp-
tion path length. Typical resonant structures of fibers, such as fiber
Bragg gratings (FBGs) and long-period gratings (LPGs), are commonly
applied in sensors based on interferometry strategies that depend on
changes in refractive index. In absorption spectroscopy, these struc-
tures are often adopted in sensors based on CRDS.

As mentioned before, compared to TDLAS, CRDS can reduce
non-absorbing interferences since it does not rely on the direct changes
of detected intensity."”” At present, many works on all-fiber CRDS,
also known as fiber loop ringdown spectroscopy (FLRDS), are focused
on the NIR region. In this context, we will delve into several notable
works with the aim of inspiring related endeavors in the MIR. For
example, Pu et al. proposed a method to enhance the interaction
between light and analyte while averting the compromise of mechani-
cal robustness resulting from fiber geometry modifications.'”® By
incorporating a pair of LPG into the fiber link, over 99% of the light
was coupled out from the fiber core to the cladding, facilitating interac-
tion with the analyte. This engineered LPG cavity ensured a low inser-
tion loss for the sensing unit, a design validated in an FLRDS sensing
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system. In this system, the conventional highly reflecting mirrors
found in free-space CRDS setups were replaced with two 1 x 2 cou-
plers with a 1%/99% ratio, commonly used in FLRDS sensors.
Experimental results demonstrated that this sensor could detect 1-
octyne at a minimal concentration of 0.62%. Another advancement
was showcased by Hu et al. in the form of an all-fiber wavelength-
scanned cavity ringdown sensor.'”” This system featured an automatic
wavelength scanning process that enabled the acquisition of both the
empty cavity loss and the absorption spectrum within the same scan-
ning operation. The operation wavelength was determined by stretch-
ing the FBG using a piezoelectric transducer.

2. Microstructured hollow fiber

Hollow fiber, also known as microstructured optical fiber, is char-
acterized by a core (solid or hollow) with distributed holes along its
length, allowing the formation of a low-volume analyte cell for sensing
applications. Two main types of hollow fibers are prevalent in MIR
sensing: photonic crystal fiber (PCF) and inhibited coupling fiber
(ICF), distinguished by their respective guiding principles.

In PCFs, air holes are arranged periodically in the cladding, as
exemplified by those with solid cores [Fig. 9(a)]."% The higher refrac-
tive index of the core section, compared to the surrounding air holes,
enables light confinement within the core through total internal reflec-
tion (TIR)."””""* This index guided TIR-PCF has been demonstrated
in MIR sensing applications with low confinement loss, showcasing
the potential for fiber sensors.''” Nevertheless, the majority of PCFs
feature hollow-cores [Fig. 9(b)], guiding light through the photonic
bandgap (PBG) effect.''*"'® The PBG fiber, utilizing traditional mate-
rials, offers a large overlap between the analyte and sensing light due to
its ability to guide light in the air core. This approach provides lower
transmission loss in the MIR region. Gayraud et al. designed a meth-
ane sensor using PBG-PCF, where the adopted silica-based PBG fiber
exhibited a low transmission loss of approximately 2.6 dB/m around a
3 um wavelength.'"® Compared with traditional optical fibers, PCF
allows more flexible adjustment of optical properties, such as core size,
numerical aperture, nonlinearity, and dispersion. However, it is note-
worthy that currently widely used hollow-core PBG-PCFs support
multiple guided modes, leading to intermodal interferences that can
curtail sensor performance.u“ For instance, in the NIR region, several
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studies have explored the impact of modal interference in a widely
used commercial PBG-PCF HC-1550-02 on VOC sensing.'”' >’

ICFs, another crucial type of hollow fiber, rely on inhibited cou-
pling between core and cladding modes. The Kagome hollow-core
fiber, the first reported ICE,'** offers enhanced modal stability.125
Applications of ICF in methane sensing have been demonstrated, par-
ticularly using Kagome hollow-core fiber for absorption spectroscopy,
as shown in Fig. 9(c)."*® Here, WMS was employed to mitigate the
influence of interference fringes, achieving a LOD at the ppmv level.
An alternative structure within the ICF realm is the anti-resonant hol-
low-core fiber (ARHCEF), which can be viewed as a simplified ICF
structure.”” This configuration comprises a cladding formed by sev-
eral circular capillaries,"”* """ allowing for single-mode propagation
with a relatively larger hollow-core diameter than PCF [Fig. 9(d)].
ARHCEF has been reported to exhibit good modal stability.'*’ For
instance, Gomolka et al. designed a highly sensitive methane sensor
based on ARHCF paired with an MIR interband cascade laser."”" The
implemented WMS system demonstrated experimentally verified parts
per billion -level detection limits and continuous week-long monitor-
ing of ambient methane proved feasible. Several recent works in this
domain are summarized in Table IIL

B. Integrated photonic devices-based IR absorption
sensors

In addition to the fiber structure, extensive efforts have been
directed toward miniaturizing optical VOC sensors by utilizing the
photonic integrated circuit (PIC) platform. Contrasted with fibers, PIC
occupies a smaller footprint and offers greater flexibility in implement-
ing intricate structures. Among these structures, the optical waveguide,
serving as a fundamental unit in PIC, is crucial for controlling the opti-
cal flow. Optical modes in the photonic waveguide are categorized into
transverse electric (TE) mode and transverse magnetic (TM) mode
based on the direction of the electrical field [Fig. 10(a)]. Similar to opti-
cal fibers, these modes are not entirely confined to the waveguide core.
The confinement factor or sensing overlap I' is chosen to measure the
evanescent field of the propagation mode in the analyte, assessing
light-matter interaction.””>"”® This is expressed as the following
equation:

(a)

A1558i

(d)

A
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FIG. 9. Fiber sensors based on microstructured optical fiber. (a) SEM image of a solid core PCF for sensing purposes.''* Reprinted with permission from Konorov et al., Opt.
Express 13(9), 3454 (2005). Copyright 2005 The Optical Society.""* (b) SEM image of a hollow-core PCF tailored for sensing application.''® Reprinted with permission
from Dhawan et al., Optik 124(18), 36713673 (2013). Copyright 2012 Elsevier." (c) SEM image of a Kagome ICF for sensing purposes.'“® Reprinted with permission from
Nikodem et al., Opt. Express 26(17), 21843 (2018).'*° (d) SEM image featuring an ARHCF for sensing, considered as a simplified ICF."*" Reprinted with permission
from Gomtka et al., Opt. Laser Technol. 170, 110323 (2024). Copyright 2024 Elsevier.*
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TABLE IlI. Performance of fiber-based IR absorption VOC sensors. L: liquid, G: gas, RT: response time, and AT: average time.

Work Structure Method Waveband (um) Phase LOD (analyte) RT/AT
132 Straight AgX fiber with a polymer coating DAS 3.4-3.47 1L 46 ppb (Crude oil) A few
(Epoxidized polybutadiene, EPB) seconds (RT)
37 Tapered ChG fiber with a polymer coating DAS 6.596 L 50 pg/ml (P-xylene) 575 s (AT)
(Polydopamine)
929 Straight AgX fiber having a planar sensing DAS 2.5-12.66 L 1.385ppm (1,3-dichlorobenzene) N/A

region with a polymer coating 0.669 ppm (p-cymene)

(Ethylene/propylene copolymer, E/P-co)

102 Side-polished fluoride fiber DAS 2.515-3.735 LG 0.52% (methane) N/A
103 Side-polished ChG fiber with graphene oxide DAS 3.37 G 0.5vol.% (butane) 195 s (RT)
coating
106 Looped fiber with LPG CRDS  1.5332-1.5354 L 0.62% (1-octyne) N/A
131 Silica-based ARHCF DAS 3.27 G 1.54 ppbv (methane) 20 s (AT)
133 Silica-based ARHCF WMS 3.334 G 24 ppbv (methane) 40 s (AT)
134 ChG based ARCHF WMS 10.5 G 10 ppb (ethylene) 80 s (AT)
126 Kagome ICF WMS 3.33 G 0.505 ppmv (methane) N/A
119 Silica-based hollow-core PCF DAS 32 G 50 ppm (methane) N/A
) where C is the gas concentration, o is the waveguide loss, and L, is the
g JJdE |"dxdy absorption length. Therefore, Eq. (11) indicates that certain degrees of
= A (10) freedom, as illustrated in Fig. 10, can be adjusted to achieve higher

sensing performance.

na J J 8|E\2dxdy

) ) 1. Evanescent field enhancement
Here, E represents the amplitude of the electrical field, ¢ denotes the

permittivity of the material, A refers to the mode area requiring evalua-
tion, and g and n4 represent the optical mode group index and refrac-
tive index, respectively. In a waveguide sensor, A stands for the analyte
cladding region interacting with the evanescent field. The Beer-
Lambert law can be reformulated as the following equation:

Low = Iinei(rCJra)Lm (11)

@ f fAleIdedy (b) L,

a. Conventional photonic waveguide structures. To enhance VOC
sensing performance, the initial focus is on improving the confinement
factor I'. In PIC fabrication, the thickness of the standard wafer is typi-
cally 220 nm, leading to a lower height than the width in a conven-
tional rectangle waveguide [Fig. 10(a)]. This shape strongly confines
the lateral electrical field, making the TE polarization mode used in
PIC due to its lower propagation loss. However, the TM polarization

FIG. 10. The substance absorbs the eva-

nescent wave outside the photonic struc-
tures. Three optimization strategies are
used in integrated photonic sensors for
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enhanced analyte detection, including
increasing (a) mode field confinement, (b)
effective optical path, and (c) group index.
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FIG. 11. Straight waveguide sensors on different material platforms. (a) Left: false-color cross section of the Si waveguide methane sensor. Right: mode profile optimized for
larger I"."*’ Reprinted with permission from Tombez et al., Optica 4(11), 1322 (2017). Copyright 2017 The Optical Society."*’ (b) ChG waveguide on Si0,."*" Reprinted with
permission from Jin et al., Anal. Chem. 91(1), 817-822 (2019). Copyright 2019 American Chemical Society.“’

mode leaves a larger evanescent field E in the air or analyte, resulting
in a higher I' compared to the TE mode. TM mode is thus widely
applied in most straight waveguide sensors. The left panel of Fig. 11(a)
illustrates commonly used high refractive index material waveguides,
such as Si (n ~ 3.43), fabricated through etching processes, specifically
designed for IR VOC sensing. A 250-nm-thick Si waveguide with a
55nm SiN layer on top is designed near the cutoff of TM mode to
achieve higher I, as shown in the right panel of Fig. 11(a)."”” The sen-
sor’s optimal performance was observed in the NIR 215 overtone band
of CH, through TDLAS, reaching an LOD of 20 ppmv over an integra-
tion time of 1000s. Additionally, research involving materials like Ge
(n ~ 4.02)"* and HgCdTe (MCT, n ~ 3.5)"? shows waveguide
designs for methane and acetone sensing in the MIR, respectively.

It is noteworthy that employing a lower refractive index material
for TM mode waveguides contributes to a larger evanescent field and
higher sensitivity. Jin et al. demonstrated a MIR chip sensor utilizing
As,Se; thin-film waveguides, as depicted in Fig. 11(b)."*" With a
refractive index of 2.79, lower than that of Si or Ge, As,Se; facilitates a
larger evanescent field and a higher confinement factor, enhancing
absorption efficiency. The substantial index contrast between As,Se;
and SiO,, coupled with a thin-film semielliptical ridge structure,
ensures MIR wave propagation. Utilizing deposition instead of etching
in the fabrication process results in smoother waveguide edges and
surfaces, reducing TM wave propagation loss to 0.16 dB/cm. This
diminished propagation loss directs the attenuation of light intensity
primarily toward molecule absorption rather than scattering losses,

extending absorption paths for VOCs and correlating with lower LOD
and heightened sensitivity.

In TDLAS measurements, an IR camera replaces the IR detector.
Acetone and ethanol vapor absorption intensities were measured at
different wavelengths from 3.4 to 3.5 um by recording mode images
and intensities, with a 5-s response time for VOC detection. Mixtures
of ethanol vapor and N,, ranging from 0% to 100% concentration in
20% steps, were also measured. Alternative technologies addressing
propagation losses, such as the deposition of ChG and magnesium
fluoride (MgF,) on Si wafers, provide a viable solution to mitigate con-
straints posed by SiO2 absorption issues at longer MIR wavelengths.
Specifically, the WMS detection method is employed for this ChG-
on-MgF, methane sensor.’® In addition to ChG, materials like silicon
nitride (SiN, n ~ 1.94),141 aluminum nitride (AIN, n ~ 1.97),"** and
niobium pentoxide (Nb,Os, 1 ~ 2)"*” also provide a lower core index,
making them promising candidates for waveguide VOC sensors.

b. Hollow-waveguide structures. In addition to the methods dis-
cussed previously, an alternative approach to enhance sensitivity and
lower the LOD involves direct absorption of IR light by VOCs, akin to
spatial optics, as opposed to relying on evanescent field sensing.
Hollow-core waveguides, similar to hollow fibers, could be employed
for sensor miniaturization while ensuring promising light propagation.
For example, Biirger et al. designed a type of 3D-nanoprinted anti-res-
onant hollow-core micro gap waveguides and detected the absorption
spectroscopy of ammonia using the TDLAS method [Fig. 12(a)].""

Normalized Transmissio
o
©

1501.6 1501.8
Wavelength [nm]

FIG. 12. Hollow-core waveguide structures enabling direct interaction between light with the analyte. (a) Anti-resonant hollow-core micro gap waveguide absorption sensor."*
Reprinted with permission from Biirger et al., ACS Photonics 9(9), 3012-3024 (2022). Copyright 2022 American Chemical Society.'** (b) Layered structure iHWG with yin-yang
waveguide shapes.'* Reprinted with permission from Wilk et al., Anal. Chem. 85(23), 11205-11210 (2013). Copyright 2013 American Chemical Society.'*® (c) SEM image of
Fabricated Si-HWG (after dicing)."” Reprinted with permission from Fathy et al., Proc. SPIE 11355, 113550T (2020). Copyright 2020 SPIE."*’
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Thanks to label-free detection, the sensor can be readily adapted for
VOC vapor detection.

Another notable hollow-waveguide type is the substrate-
integrated hollow waveguide (iIHWG), a hollow channel with light
propagating through it, directly fabricated in a solid substrate material
with a layered structure. Wilk and colleagues'* introduced a VOC
sensor utilizing an iHWG constructed from an Au-coated AIMg; alloy.
This waveguide exhibits a yin-yang shape and is fabricated on an Al
substrate, offering a sensor with a centimeter-level footprint
[Fig. 12(b)]. IR total reflection occurs on the Au surface. The device
boasts a nominal optical absorption path length of over 22 cm and can
be configured with an FTIR spectrometer. The certified gas mixture,
including isobutylene, methane, cyclopropane, and butane, is analyzed
with around 6-11 ppmv LOD. In addition, it is worth mentioning that
for the Si-integrated iHWG sensor, Zheng et al. demonstrated an
NDIR iHWG gas sensor on the Si substrate."** After the Si etching
process, metal is deposited on the surface. The wafer bonding process
was then utilized to bond two wafers with the mirror waveguide chan-
nel. NDIR detection is available by employing off-chip sources and
detectors. Moreover, Fig. 12(c) illustrates a cross-sectional SEM of the
Si-iHWG sensor demonstrated by Fathy et al. This 2-cm-length iHWG
shows the possibility of integration with a micro-electromechanical

REVIEW pubs.aip.org/aip/are

systems (MEMS) FTIR." After interacting with butane, the MEMS
FTIR could reconstruct the butane absorption spectra ranging from 2
to 4.5 um.

In these chip-sized hollow-core waveguides, fabrication (e.g., 3D-
print) and customization are more accessible and cost-effective.
Compared to dielectric core waveguides, these waveguides exhibit
insensitive to wavelength variation, with their core serving as the light-
matter interaction region. Furthermore, they are easily coupled with
off-chip sources and detectors, and both LAS and BAS can be config-
ured with different measurement setups. However, challenges such as
lower propagation and bend loss, as well as packaging with IR sources
and detectors, still await exploration.

c. Slot and subwavelength structure waveguides. Although the con-
finement factor I" in TE mode is not as high as in TM mode, there is a
growing interest in exploring TE mode in waveguide sensing to avoid
mode conversion from TM to TE for other devices on the same chip.
To enhance the sensing effect of TE mode, additional techniques are
employed."** The middle and right panels in Fig. 13(a) show the
potential of energy confinements in slot waveguides and subwave-
length structure waveguides (SSWs), aiming to improve the interaction
between TE mode and VOCs."” Kita et al. introduced a judgment
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FIG. 13. (a) Electrical field confinement in different wavegwdes 1% Left: strip waveguide. Middle: Slot waveguide. Right: SSW. Reprinted with permission from Kita e al., Optica
5(9), 1046 (2018). Copyright 2018 The Optical Society.'* (b) NIR slot waveguide-based VOC sensors and Xylene absorbance between different structures.'®” Reprinted with
permission from Lai et al., Proc. SPIE 8990, 89900Z (2014 Copynsght 2014 SPIE.™" (c) Nanofluidic slot waveguide.'*" Reprinted with permission from Lin et al., Nano Lett. 14
(1), 231-238 (2014). Copyright 2014 American Chemical Society.'" (d) 3D and SEM images of SSW Sensor. The energy is mainly confined to the air gap.'®” Reprinted with
permission from Zhou et al., ACS Nano 17(1), 711724 (2023). Copyright 2023 American Chemical Society.'’
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method, I'/a, and asserted that a conventional straight waveguide is
more suitable for TM mode sensing due to lower loss and higher I
compared to TE mode, while TE mode achieves higher sensitivity
enhancement in slot waveguides and SSWs.'

For TE mode in the slot waveguide, the optical energy can be
effectively confined in the air slot [the middle panel of Fig. 13(a)].""
Exploiting this characteristic, Lai et al. demonstrated a 300-um-long
NIR slot waveguide absorption spectroscopy liquid sensor.'” The
light-matter interaction between xylene and the NIR light was
strengthened 10 times compared to the strip waveguide, achieving an
impressive around 1ppb LOD in the liquid phase, as illustrated in
Fig. 13(b). In MIR, Lin et al. introduced a MIR nanofluidic channel
structure [Fig. 13(c)]. The core sensor device consists of a vertical Si
slot waveguide covered by PDMS."”" When an unknown VOC liquid
fills the waveguide slot, it serves to confine the MIR optical energy,
enhancing the interaction between the analyte and light. Through
measurements of the output power at 3.25 and 3.45 um (the absorp-
tion peaks of n-bromohexane, isopropanol, and toluene) using the
TDLAS method, the study successfully demonstrated an enhanced
LOD by a factor of 50 compared to air-clad pedestal Si waveguides.

For SWW sensing structures, when the feature size is significantly
smaller than the wavelength in the propagation direction (i.e., in the
deep-subwavelength region), each element composed of periodic
nanostructures in the SWW can be treated as a uniform dielectric ele-
ment with an effective refractive index value. This structure allows for
the energy to exist in the air gaps of subwavelength structure in each
effective dielectric element, showing an improved optical spatial over-
lap and, consequently, enhanced interaction with VOC molecules [the
right panel of Fig. 13(a)]. The Bloch mode in periodic structures of
SWW plays a crucial role, and the confinement factor I' is expressed
in a 3D form using perturbation theory:

ng JJJ ¢|E| dxdydz
r= A

N J J J ¢|E| dxdydz

The energy distribution in the propagation direction must also be
taken into account. With a growing demand for NIR PIC, various sub-
wavelength structure devices have been designed for the NIR
range.”'** In MIR, Zhou e al. experimentally demonstrated an SSW
sensor on the silicon-on-insulator (SOI) platform within the wave-
length range of 3.708-3.803 um."”” As shown in Fig. 13(d), the period
of these subwavelength structures was designed to be smaller than the
Bragg period, ensuring the device operates in the deep-subwavelength
region. In addition, the I" and propagation loss were optimized to con-
fine the energy into the air gap and improve the sensing LOD. With
the help of both the machine learning algorithms and this SSW, the
ternary mixture (acetone, IPA, glycerin) in water with different mix
ratios could be effectively differentiated and broken down into individ-
ual component spectra. This approach enables the extraction of indi-
vidual component spectra below the LOD of 972 ppm (based on a 3¢
criterion). Furthermore, Ruan et al."*® designed a subwavelength slot
waveguide to further confine the energy in the analyte. Using a strip-
to-subwavelength slot mode converter, the mode confinement in Si
decreases from 90.9% to 33.8%. However, it is noteworthy that the
losses of the slot waveguides and SSWs are higher than conventional
strip and ridge waveguides. Particularly in the MIR, significant losses

(12)
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can potentially overshadow the small sensing signal with environmen-
tal thermal noise. Therefore, a careful trade-off is necessary to maxi-
mize VOC absorption rather than incurring additional transmission
loss when designing a corresponding type of VOC sensor.

d. Suspended membrane waveguide. An alternative way to
improve I' involves the use of suspended membrane waveguides, pro-
moting molecule interaction with the entire evanescent field surround-
ing the waveguide.”” In particular, employing a suspended Si
waveguide on the SOI platform reduces substrate absorption effects,
especially at wavelengths exceeding 3.6 um, while retaining the advan-
tages of the SOI platform. Ottonello-Briano et al. developed an MIR
absorption spectroscopy sensor featuring a suspended Si waveguide,
eliminating substrate restrictions at 4.26 um [Fig. 14()]."" This free-
standing design enhances performance, and a low-index material
suspended membrane was also demonstrated. Vk et al. utilized a free-
standing high-aspect-ratio tantalum pentoxide (Ta,Os) membrane
[Fig. 14(b)]. A shallow rib is employed to constrain the TM mode
laterally, achieving a TM mode T" larger than 100%.'°" The suspended
membrane reduces TM mode interaction with the substrate, yielding a
2 cm waveguide with a 7-ppm acetylene detection limit at 2.566 ym.

Several studies have explored the combination of subwavelength
structures with suspended waveguides. The subwavelength structure is
recognized as an effective dielectric to provide optical lateral confine-
ment and mechanical support. Liu ef al. designed a suspended Si wave-
guide sensor on a SOI platform at 6 um, incorporating subwavelength
structures [Fig. 14(c)]."*” A spiral structure minimizes device size occu-
pation, and the suspended membrane enhances light-toluene interac-
tion, achieving a 75 ppm LOD at the 6.65 um absorption peak, with a
rapid 0.8 s response time and a 3.4 s recovery time. Additionally, the
same group proposed a suspended subwavelength comb waveguide'**
[Fig. 14(d)] operating in the deep-subwavelength region. This design
exhibits smaller optical loss, reaching up to 114% I" and demonstrating
a 10ppm fast detection LOD for acetone at 7.33 um within 3.8 s
response time and a 2.5 ppm LOD within a 20 s average time. Another
ultra-broadband suspended rib-SSW sensor on the SOI platform
shows multi-VOC spectroscopic sensing potential.'”” At most times,
mature SOI platforms and fabrications ensure cost-effectiveness for
VOC sensors compared to other platforms. However, Yoo et al.
expanded the gas sensor to the InGaAs-InP platform for integration
with light sources and detectors.'”* Utilizing a suspended SSW
[Fig. 14(e)] at 6.15 um, this platform, transparent across the entire
molecular fingerprint region, supports both TE and TM modes, with a
3mm sensing length achieving 5ppm sensing LOD. It is crucial to
consider structural stability in suspended sensor designs to prevent
changes in performance due to external factors such as collisions.

2. Absorption path length enhancement

a. Conventional compact waveguides. While the fabrication of
waveguide structures is straightforward, achieving longer absorption
path L, is often required to improve LOD and sensitivity, which can
be at odds with the goal of maintaining a small size. In an effort to
extend the sensing path, Tombez et al. presented a 10 cm long zigzag-
shaped methane waveguide sensor [Fig. 15(2)]."” Much of the
research on extended-length waveguide sensing predominantly
employs spiral waveguide-based approaches. As depicted in Fig. 15(b),

Appl. Phys. Rev. 11, 031306 (2024); doi: 10.1063/5.0197236
Published under an exclusive license by AIP Publishing

11, 031306-16

85:6€1/1 ¥20z Isnbny |


pubs.aip.org/aip/are

Applied Physics Reviews

REVIEW

pubs.aip.org/aip/are

TE, A =4.24 um

 Carbon
 Hydrogen

Etching
openings

>

Sy W, Ta;05
Gas outlet
— 4
D P MALO,

Mass-flow controllers

Towards MIR camera

/.= 2566 nm
TM-polarized

Flow cell with
the waveguide chip

00,

Intensity (a.u.)
o
8

200 400 600 800 1000
Time (Seconds) A

\Suspended
SWWs

Y

Mid-IR detector

FIG. 14. (a) SEM of suspended membrane waveguides on SO platform.'®” Reprinted with permission from Ottonello-Briano et al., Opt. Lett. 45(1), 109 (2019). Copyright 2019
The Optical Society. (b) 3D Views and SEM of suspended tantalum pentoxide membrane waveguides.'®' Reprinted with permission from Vik et al., Light 10(1), 26 (2021).
Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY) license.'®" (c) Suspended membrane spiral waveguides on SOI platform.®* Reprinted with
permission from Liu et al., Nanophotonics 10(7), 1861-1870 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY) license.'™” (d)
Suspended subwavelength assisted comb waveguides on SOI platform.'®* Reprinted with permission from Liu et al., Nano Lett. 22(15), 6112-6120 (2022). Copyright 2022
American Chemical Society.®® (e) Suspended subwavelength membrane waveguides on III-V platform." Reprinted with permission from Yoo et al., ACS Sens. 5(3), 861

869 (2020). Copyright 2020 American Chemical Society.'*

Han et al. used a broadband ChG spiral waveguide to improve the inter-
action between methane and the MIR evanescent wave.” This design
increases the waveguide length while keeping a relatively small footprint.
The wavelength range for TDLAS is from 3.28-3.34 um, with the

maximum absorption peak occurring at 3.31 um, representing methane
absorption with a 2.5% LOD. Other platforms, such as germanium-rich
silicon-germanium (SiGe) spiral waveguides designed for methane sens-
ing at 5-6 um, have also been proposed.'” These waveguides, including

(a)
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FIG. 15. (a) Zigzag-shaped long Si waveguide methane absorption sensors in the NIR."*” Reprinted with permission from Tombez et al., Optica 4(11), 1322 (2017). Copyright
2017 The Optical Society."’ (b) ChG spiral waveguide methane sensor.” Reprinted with permission from Han et al., Appl. Phys. Lett. 108(14), 141106 (2016). Copyright 2016

AIP Publishing.”®
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bends, contribute to a longer L, with an acceptable increase in footprint
compared to conventional straight waveguides.

b. Cavity-enhanced structures. To achieve a longer absorption
length in stringent size constraints, alternative approaches become nec-
essary. The cavity-enhanced technique, known as cavity-enhanced
absorption spectroscopy (CEAS), is a widely used method to enhance
interaction by significantly increasing the effective optical absorption
path length. In free-space optical sensors, the multi-pass gas cell
(MPGC) is a representative approach utilizing reflection mirrors to
enable light to traverse the sensing cell repeatedly.'*” Another way
involves placing the analyte inside the laser cavity, a technique known
as intracavity laser sensing.'®” In free-space optical sensors, the Fabry-
Pérot cavity is a common choice for CEAS.'°%198-173 Bor PIC devices,
cavities such as ring resonators are commonly employed to effectively
increase the optical path length L,.'”* Taking microring resonators as
an example, as shown in Fig. 10(b), this resonator is composed of a
bus waveguide, and a waveguide is looped back on itself. When the
optical modes meet the condition between resonance wavelengths A,
and round-trip length L,

) Hefr L
Jpes = ——, m=1,2,..., (13)
m

resonance will occur, trapping corresponding energy in the cavity,
where 7. is the optical mode effective index and m denotes an inte-
ger.]75 The quality factor (Q) is used to measure the sharpness of the
resonance at the central wavelength:

— /lres
FWHM’

where FWHM denotes full width at half maximum. A higher Q indi-
cates a longer photon lifetime, corresponding to a longer L,.'”” In the
presence of first-order dispersion, the spacing between these resonance
wavelengths, which is known as the free spectral range (FSR), is
denoted as

Q

(14)

/12
FSR = —, (15)
ngL
where 7, is the mode group index.'” In addition to adding L,, this
technique supports a resonance linewidth comparable to lasers and
thus helps distinguish VOC from spectra.

This extensively studied photonic cavity has reached a high level
of maturity and can be readily adapted to various platforms or func-
tional devices in the NIR. Efforts have been made to extend its applica-
tion into the MIR range. Chen et al. demonstrated a heterogeneously
integrated cavity sensor for ethanol, toluene, and isopropyl alcohol
detection.'”® As shown in Fig. 16(a), the Si microring was transferred
from an SOI wafer to a calcium fluoride (CaF,) substrate. The ring res-
onator’s intrinsic Q is 6.2 x 10* at 5.2 um, showing a 0.05 ng LOD for
liquid-phase ethanol. The discrimination between ethanol and toluene
mixtures was achieved by measuring both the resonance wavelength
shift and peak extinction ratio change. A related study from the same
group reported CHC glass-based resonators with a Q value of 6 x 10°
on a CaF, substrate."”” In this case, the measured ethanol absorption
was 110cm™" around 5.2 um. Additionally, Zhou et al. proposed a
silicon-rich silicon nitride (SiNy) serial microring resonator array in
MIR."”® In Fig. 16(b), four different round-trip resonators with
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different resonance peaks (3.393, 3.416, 3.440, and 3.463 um) were
employed to sample VOCs such as hexane and ethanol. The absor-
bance ratio between different VOC gases was then compared. It is
important to note that in a single sensing cavity, the dynamic sensing
range is typically constrained by the FSR. A small FSR may lead to
multiple peaks, resulting in the blending of information from different
wavelengths. Improving the FSR often requires reducing the cavity
length L, but this can decrease the Q due to higher bending loss.
Introducing an additional ring with a slightly different FSR coupled to
the original resonator, forming a Vernier system, could modify the
FSR of this dual-ring system. This alteration allows for a rewritten
expression:

FSRringl X FSRringZ

FSR = .
‘FSRringl + FSRringZ‘

(16)
The cascaded microring resonator will have frequency shifts and peak
variations in its resonant peak envelope due to the refractive index
change of the cladding and absorption intensity variation caused by
the concentration of the VOCs to be measured. The Vernier effect has
been experimentally demonstrated in MIR'” and applied to VOC
sensing [Fig. 16(c)].180 Additionally, thermal-optical (TO) modulation
is adopted to achieve overlap between the maximum envelope and
absorption peak. In the absorption sensing experiment, the minimum
detectable concentration is 1.87% of IPA in acetone.

In addition to the Vernier effect, some structure enhancement
methods discussed earlier could also be applied to the microring reso-
nator to improve I, such as the slot ring resonator'®' [Fig. 16(d)] and
the subwavelength ring resonator'®* [Fig. 16(¢)]. These have been
experimentally demonstrated in refractive index sensing in the NIR.
However, the additional loss introduced by these structures should be
considered and optimized to prevent a decrease in Q, resulting in a
shorter L, and wider resonance linewidth. It is worth mentioning
another work based on photothermal spectroscopy, as shown in
Fig. 16(f), which utilizes a suspended microring cavity as a photother-
mal spectroscopic transducer on an SOI platform.'®’ The transducer
relies on a suspended microring resonator with the polymer analyte
filling the ring. MIR light is used to heat the analyte, while the NIR
light serves as a probe light. This transducer, thanks to temperature
sensitivity, bridges the analyte MIR absorption to the power change of
the probe without incurring significant additional device costs.

An integrated VOC sensor with CEAS enhancement increases
the optical absorption path in a small sensing footprint, and it provides
a frequency selection function when using a broadband light source.
Nevertheless, it may suffer from temperature-induced stability issues.
As environmental temperature changes, the resonance wavelength will
shift, causing sensitivity instability. In addition, the components of the
underdetermined analytes may contribute to resonance shifts owing to
their various refractive indices. However, this influence may be allevi-
ated by employing advanced machine learning algorithms in the analy-
sis of VOCs.

3. Slow-light enhancement

So far, we have explored methods to enhance light-matter inter-
action primarily based on spatial dimension. Back to the Beer-
Lambert law, the group index n, introduces a temporal dimension,
offering an additional avenue for sensitivity improvement. According
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FIG. 16. (a) Heterogeneously integrated Si on CaF, substrates CEAS VOCs sensor.'”® Reprinted with permission from Chen et al., ACS Nano 8(7), 6955-6961 (2014).
Copyright 2014 American Chemical Society.'”® (b) SiNy microring resonator array hexane and ethanol sensor.'”® Reprinted with permission from Zhou et al., Anal. Chem. 94
(31), 11008-11015 (2022). Copyright 2022 American Chemical Society.”® (c) Vemier effect-based tunable microring MIR sensor.'®” Reprinted with permission from Chang

et al., Opt. Express 28(5), 6251 (2020). Copyright 2020 The Optical Society.“ (d)

Slot ring resonator gas sensor. ° Reprinted with permission from Robinson et al., Opt.

Express 16(6), 4296-4301 (2008). Copyright 2008 The Optical Society.'®' (e) Subwavelength ring resonator sensor.'® Reprinted with permission from Wang et al., Opt. Lett.
41(14), 3375-3378 (2016). Copyright 2016 The Optical Society.'™ (f) IR photothermal spectroscopy gas sensor.'®® Reprinted with permission from Vasiliev e al., ACS Sens. 1

(11), 1301-1307 (2016). Copyright 2016 American Chemical Society.'*

to the group velocity formula v, = c/n,, photonic devices with low
group velocity, ie, a high group index, prolong the interaction
between energy and matter. This phenomenon, commonly known as
the “slow-light effect,” extends the duration of light-matter interac-
tions, thereby enhancing sensing performance.

Photonic crystals (PC) are typical slow-light photonic devices,
characterized by periodically arranged dielectric media. Designing

lattice structures with specific photonic band gaps allows the manipu-
lation of light with different features. When the absorption wavelength
is near the PC band edge, the 1, becomes larger, leading to enhanced
I' in the analyte. In the design process of 1D slow-light devices, most
previous works employed SSWs as an effective dielectric waveguide,
with only a small portion focusing on engineering the 1D slow-light
devices."” '™
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For 2D PCs, hole-type periodic structures are commonly utilized.
Introducing a line defect in the bandgap region forms a photonic crystal
waveguide (PCW). By choosing a propagation wavelength for this defect
mode near the band edge, PCWs exhibit strong light-matter interac-
tions within a compact absorption region [Fig. 10(c)]. Lai et al. demon-
strated the NIR PCW in liquid xylene spectroscopic sensing, showing
superior performance compared to mode confinement enhancement in
slot waveguides [Fig. 17(b)]."”" Multiplexed PCWs were employed for
simultaneous measurement, achieving a low LOD of 1 ppb for xylene
and 10 ppb for trichloroethylene.'** In the MIR region, Zou et al. experi-
mentally demonstrated a PCW on the Si-on-sapphire (SOS) platform
[the left panel of Fig. 17(a)], leveraging the slow-light effect to achieve a
1y of ~30 compared to ~4 in conventional strip waveguides [the right
panel of Fig. 17(a)]."” To address the challenge of an indistinct band
edge caused by the large 1, contrast between PCW and strip wave-
guides, which influences the sensing wavelength accuracy, a PCW taper
was employed to minimize the coupling loss through edge tuning,
resulting in sharp band edges.'” In addition to the hole-type PCW,
nanotube PCs were also demonstrated at the wavelength of 5400 nm to
detect the propylene with a slow-light effect.'”’

Similarly, the strategies used in conventional waveguides can be
extended to the PCWs. Lai et al. demonstrated a NIR slot PCW for
methane spectroscopic sensing, incorporating a mode converter to
transition from common waveguide mode to slot mode [Fig. 17(b)]."**
The combined effects of slow-light and slot enhancement contributed
to a low LOD of 100 ppm for methane. The group also conducted a
comparative study between slot and holey PCWs on the SOS plat-
form.'®” In this investigation, the electrical field was highly confined in
the PCW center, characterized by an air slot or holes [Fig. 17(c)],
resulting in a 10ppm LOD when testing triethyl-phosphate vapor.
While slot PCWs exhibited a higher peak electrical field compared to
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holey PCWs, the propagation loss in holey PCWs (15 dB/cm) was three
times lower than that in slot PCWs (55 dB/cm), supporting a higher L,.
Similarly, on a SOI platform, a holey PCW was developed to detecting
ethanol at 3.4 um, featuring a low LOD of 250 ppb.'” In addition to
SSWs discussed in Subsection II1B 1, Yoo et al. constructed suspended
holey PCWs on an InGaAs-InP platform within the same work
[Fig. 17(d)].e* Compared to SWWs requiring a 3 mm length to achieve
a 5ppm LOD, holey PCWs only necessitated a 1mm length.
Nevertheless, despite the 39.1 dB/cm propagation loss in holey PCWs,
SWWs exhibited a significantly lower propagation loss of 4.1 dB/cm.
Beyond evanescent field enhancement, Shankar et al. reported the first
L3 PC microcavity on the SOI platform at 4-5 um with a quality factor
of 13600."”" Zou et al. demonstrated an 121 PC microcavity on the SOS
platform with a quality factor of around 3500 at 3.43 um [Fig. 17(e)].""”
Kassa-Baghdouche simulated the design of the H1 microcavity spectro-
scopic gas sensor with optimized Q at 3.7 um."” Thanks to their small
mode volume and high Q factors, these microcavities could achieve
strong light-matter interaction. The combination of microcavity and
PCW holds the potential to yield superior sensing outcomes by leverag-
ing the advantages of both slow-light effects and CEAS.

It is important to highlight that while PCs offer significant enhance-
ments in terms of the group index, this improvement is often accompa-
nied by an increase in propagation loss. In this scenario, even when
assisted by other methods for evanescent field enhancement, a substantial
portion of the improvement comes at the expense of increased propaga-
tion loss. As a result, a trade-off of I'/a must be carefully considered to
prevent the loss of sensitivity in the detection of trace VOC gases.

In conclusion, Table IV summarizes the performance of PIC sen-
sors for VOC sensing. In addition, Fig. 18 provides an overview of the
corresponding advantages and disadvantages of the discussed
enhancement methods.
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FIG. 17. Various configurations of PCWs and their applications: (a) PCW with a hlg

(2015). Copyright 2015 The Optical Society. "% (b) Slot PCW for methane detection.
The Optical Society.

2015 Elsevier.'® (d) Suspended holey PCW on the Ill-V platform used for gas sensing.’

h group index.'®* Reprinted with permission from Zou et al., Opt. Express 23(5), 6965
“® Reprinted with permission from Lai et al., Opt. Lett. 36(6), 984 (2011). Copyright 2011
® (c) High-energy confinement in slot and holey PCW."®® Reprinted with Permlssmn from Zou et al., Sens. Actuators, B 221, 1094-1103 (2015). Copyright

Reprinted with permission from Yoo et al., ACS Sens. 5(3), 861-869 (2020).

Copyright 2020 American Chemical Somety164 (e) SEM image of a microcavity-coupled PCW.'®* Reprinted with permission from Zou et al., Appl. Phys. Lett. 107(8), 081109

(2015). Copyright 2015 AIP Publishing. '
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TABLE IV. Performance of PIC-based IR absorption VOC sensors. WG: waveguide, L: liquid, G: gas, RT: response time, and AT: average time.

Work Structure Method Waveband(um) Phase LOD (Analyte) RT / AT
137 SiWG DAS 1.65 G 20 ppmv (methane) 10% s (AT)
140 ChG WG DAS 34-35 G N/A (acetone and ethanol) <55 (RT)
53 ChG WG DAS 3.28-3.34 G 2.5% (methane) NA
66 ChG WG WMS 3.291 G 0.17% (methane) 02s
143 Nb,Os WG WMS 3.291 G 384 ppm (methane) 61.2s
150 Si Slot WG BAS 1.674 L 1 ppb (xylene) N/A
151 Si Slot WG DAS 3.1-3.6 L <5 pl/ml (n-bromohexane, N/A
toluene, isopropanol)
157 Si SSW DAS 3.708-3.803 L <972 ppm (glycerin) NA
145 Au-coated AIMg3 alloy iHWG  FTIR 2.63-16.6 G 6-11 ppmv (cyclopropane, butane, 1200s (AT)
isobutylene, methane)
147 Si-iHWG FTIR 2-4.5 G N/A (butane) N/A
161 Ta,05 suspended WG DAS 2.566 G 7 ppm (acetylene) 25 s (AT)
162 Si suspended SSW DAS 6.65 G 75 ppm (toluene) 0.8s
163 Si suspended SSW DAS 7.33 G 2.5 ppm (acetone) 20 s (AT)
178 SiN, Ring array DAS 3.3-3.6 G N/A (ethanol, hexane) N/A
176 Si Ring DAS 5.14-5.26 L 0.05, 0.06, and 0.09 ng (ethanol, toluene, and IPA) N/A
177 ChG micro-disk DAS 5.184-5.190 L N/A (ethanol) N/A
180 Si cascaded ring DAS 3.65-3.95 L 1.87 % (IPA) N/A
150 Si PCW BAS 1.674 L 1 ppb (xylene) N/A
184 Si multiplexed PCW BAS 1.644, 1.674 L 1 ppb (xylene) 10 ppb (Trichloroethylene) N/A
188 Si slot PCW BAS 1.665-1.668 G 100 ppm (methane) N/A
194 Si slot PCW BAS 1.674 L 100 ppb (xylene) N/A
189 Si holey PCW DAS 3.43 G 10 ppm (triethyl phosphate) N/A
190 Si holey PCW DAS 3.4 G 250 ppb (ethanol) 20-30 s (RT)

C. Surface-enhanced infrared absorption (SEIRA)
sensors

In the 1980s, Hartstein and his team discovered that a randomly
arranged thin film of (silver)Ag nanoparticles could significantly
enhance IR absorption.'”” Subsequent studies on this phenomenon led

Evanescent Field In Analyte

Device Size =, Temperature Stability

Group Index Extra Loss

@ Conventional WG SWG and Slot WG @ Suspended Membrane WG @@ Cavity @B PC

FIG. 18. Structure performance of IR absorption spectroscopy-based PIC sensors.
Larger range means better performance.

to the development of a powerful tool known as surface-enhanced
infrared absorption (SEIRA) spectroscopy, demonstrating sensitivity
enhancements ranging from 10X to 500, attributed to surface rough-
ness and plasmon enhancement.'”® Plasmon enhancement, primarily
driven by resonance field enhancement, plays a crucial role in improv-
ing light-matter interactions.””” As depicted in Fig. 19, this enhance-
ment manifests in two basic forms in miniaturized sensors: surface
plasmon polaritons (SPPs) and localized surface plasmon resonance
(LSPR), where plasmon refers to the free electrons oscillation in con-
ducting materials.

Total internal reflection typically occurs at the boundary between
two dielectric materials, particularly when visible and IR light incident
from a medium with a high refractive index to one with a lower refrac-
tive index, and the incident angle surpasses the critical angle. However,
visible and IR light cannot propagate in metals like Au, resulting in
strong reflection at most angles due to the metal’s negative permittiv-
ity. However, the metal-dielectric boundary supports light propaga-
tion, with evanescent fields present on both sides, as shown in
Fig. 19(a). Proper excitation through evanescent waves or gratings can
lead to a surface-traveling wave, initiating surface plasmon resonance
(SPR). The subwavelength confinement at the metal-dielectric bound-
ary allows this traveling wave with a large evanescent field in the
dielectric to propagate along the boundary.

An inverse correlation exists between the size of the evanescent
field in different materials and the absolute value of their dielectric
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FIG. 19. lllustration of surface plasmon resonance based on-chip absorption spectroscopy. This resonance significantly enhances the interaction between light and the sub-
stance at the ultrafine scale. (a) Surface plasmon resonance (SPR). (b) Localized surface plasmon resonance (LSPR).

constant. For common noble metals like Au, the evanescent field in
the dielectric could extend to approximately 1um in the NIR.
However, precise coupling into SPP requires momentum matching,
achieved through configurations like Kretschmann or Otto, grating,
and others.'” The incident angle in conventional prism excitation is
fixed for the corresponding resonance frequency, often making this
condition stringent. Prism configuration SPPs used in VOC detection
are typically resonance shift-based, where changes in VOC composi-
tion and concentration alter reflection intensity or angle due to wave-
vector mismatch.

When the SPR travels along the boundary, it experiences high
attenuation compared to localized surface plasmon resonance (LSPR)
occurring on metallic structures with subwavelength dimensions, as
shown in Fig. 19(b). In addition, SPR has limitations compared to
LSPR, such as insufficient electrical field enhancement.'”” LSPR offers
a resonance field range is around 20 nm, while the electrical field in
SPR extends to 1 um in the NIR. This distinction allows LSPR to miti-
gate bulk effects that exist in SPR.”" Consequently, numerous LSPR
metasurface devices have been developed for VOC sensing applica-
tions and demonstrated in the NIR.”' Unlike SPR, which relies on a
specific coupling angle for a given wavelength, LSPR accommodates
broadband sources from the top. As the analyte adheres to the metal
surface, the resonance shifts, leading to a decay in intensity due to
changes in refractive index. It is essential to note that relying solely on
index sensing is limiting due to its lack of selectivity. Incorporating
plasmons for absorption spectroscopy in the MIR waveband, i.e., utili-
zation of SEIRA in plasmon resonance in the MIR waveband, would
significantly enhance the functionality and precision of measurements.

1. Waveguide-integrated SEIRA

In the realm of waveguide-integrated SEIRA for VOC sensing,
SPR can be effectively generated by using plasmonic waveguides.”’”
The plasmonic mode is closely bound to the metal while keeping prop-
agation in the waveguide. An illustrative example comes from Luo
et al, who showcased an on-chip hybrid photonic—plasmonic light
concentrator by incorporating an Au nanotaper onto a Si photonic
waveguide [Fig. 20(a)].””” This Au taper facilitates the seamless trans-
fer of photonic dielectric modes into the plasmonic mode, resulting in
an exceptional field enhancement at the taper tip. Meanwhile, Chen
et al. proposed a waveguide-integrated Au nanorod plasmonic resona-
tor sensor [Fig. 20(b)].2"* A set of Au antennae with a 30 nm slot was
intricately fabricated on a Si waveguide. Plasmonic resonance is
induced at the nanogap, creating a field hotspot with a remarkable
3600-fold enhancement factor compared to an evanescent waveguide
sensor. The nanorod’s compact 2um?* footprint contributes to

minimizing optical loss. In their TDLAS experiment, organic com-
pound films served as an analyte for detecting C-H bonds.

In addition to Si-metal plasmons, III-V materials offer a suitable
platform for SEIRA sensing. Schwarz et al. demonstrated a monolithi-
cally integrated quantum cascade lasers/detectors (QCL/QCD) SPP
absorption sensor operating in the wavelength range of 6.4-6.6 um on
the MI-V platform [Fig. 20(c)].”” Their bi-functional QCL/QCD
design facilitates the direct coupling of light to the waveguide. To opti-
mize coupling efficiency, a SiN layer was deposited on the Au layer.
The sensor successfully analyzed a liquid mixture of ethanol and water,
demonstrating the ability to detect up to 60% H,O concentration in
ethanol with a resolution of 0.06%. Notably, the polarization state of
the QCL aligns with the TM mode, which is conducive to SPP cou-
pling in the plasmonic waveguide. Furthermore, Pi et al. employed an
Ag island film on a ChG waveguide to enhance VOC detection effi-
ciency through waveguide surface resonance [Fig. 20(d)].”*° The
1.8 nm thickness Ag film struck a balance between transmission loss
and field enhancement. In DAS experiments, the Ag film demon-
strated absorption enhancements exceeding 1.5 for ethanol and 2.3 for
methane in NIR and MIR, respectively, compared to waveguides with-
out the film. The response time was approximately 0.2 s.

2. Out-of-surface SEIRA

Another SEIRA sensor type involves out-of-surface detection
using metamaterials, which are artificially engineered materials with
quasi-homogeneous material properties. The design of the unit cell
shape or geometry allows for different functions and optical responses.
The resonant behavior in metamaterial, similar to LSPR, amplifies the
local field and is influenced by pattern shape, distance, and plasmonic
materials.””” After interacting with the analyte, transmission or reflec-
tion spectra of an incident IR beam are measured, often accompanied
by techniques like FTIR or filter arrays for broadband sensing results.
Dong et al. designed a bowtie-shaped Au structure with a sub-3nm
gap to form a hotspot with more than 10" SEIRA enhancements.”"”
The resonance wavelength can be tuned by changing the geometric
parameters, optimized for detecting strong vibrational modes of alkane
chains, nitrile groups, and phosphonate compounds for organic com-
pound detection. Brown et al.”” demonstrated fan-shaped Au anten-
nas as a SEIRA sensor [Fig. 21(a)]. In addition to the hotspot between
these Au fans, an Au reflection layer was applied as a metamaterial
perfect absorber (MPA), making the reflection close to zero to provide
additional field enhancement, and then, the C-H bond vibration of
octadecanethiol was detected. Machine learning algorithms, such as
those used by Ren et al., can be suitable for gas component analysis
with metamaterials. They proposed a wavelength multiplexed hook

Appl. Phys. Rev. 11, 031306 (2024); doi: 10.1063/5.0197236
Published under an exclusive license by AIP Publishing

11, 031306-22

85:6€1/1 ¥20z Isnbny |


pubs.aip.org/aip/are

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

AFM

400 nm [

Experiment

l Hybrid modes

40% CH,

1 2 3
Thickness (nm)

FIG. 20. Plasmonic waveguides. (a) Photonic-plasmonic light concentrator.””* Reprinted with permission from Luo et al., Nano Lett. 15(2), 849-856 (2015). Copyright 2015
American Chemical Society.”* (b) Waveguide-integrated Au nanorod plasmonic resonator sensor.”** Reprinted with permission from Chen et al., Nano Lett. 18(12), 7601-
7608 (2018). Copyright 2018 American Chemical Society.”* (c) Plasmonic waveguide sensor integrated with QCL/QCD.”"” Reprinted with permission from Schwarz et al., Nat.
Commun. 5(1), 4085 (2014). Copyright 2014 Authors, licensed under a Creative Commons Attribution (CC BY) license.”” (d) Ag island film-based SEIRA for methane sens-
ing.”® Reprinted with permission from Pi et al., ACS Appl. Mater. Interfaces 13(27), 32555-32563 (2021). Copyright 2021 American Chemical Society.”®
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ing.”"” Reprinted with Eermission from Farmer et al., ACS Photonics 3(4), 553-557 (2016). Copyright 2016 American Chemical Society.”"® (d) MOF-assisted SEIRA metamate-
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nanoantenna array metasurface to implement molecular recognition
from mixed VOCs.”'” Sixteen Au hook antennas with a gradient
change of length were fabricated on a CaF, substrate and applied in
the 6-9 um sensing wavelength range [Fig. 21(b)]. A radiative loss-
tuning engineer was adopted to optimize the absorption signal by
changing AL, and the simulated field enhancement could achieve 10°
orders. The proposed metamaterial has been functionalized for micro-
fluidic VOC detection purpose. Reflection spectra were measured to
recover the composition. By leveraging principal component analysis
(PCA) in tandem with support vector machine (SVM) algorithms, a
discernment accuracy of 100% becomes achievable in distinguishing
various VOCs (such as methanol, ethanol, and isopropanol), despite
their closely resembling absorption features.

While many metal species have been applied to NIR LSPR,
free charge carriers in these metals decide the plasma wavelengths, and
they may have different optical responses in the MIR.”'* The larger
negative permittivity of metals, e.g., Au, contributes to a weak bound
in the MIR and a large mode volume.”"” Materials whose plasma fre-
quencies are close to the MIR work better for VOC sensing. Thus,
materials like doped ITI-V semiconductor’* and high-doped Si”'” are
alternatives for MIR plasmon. Additionally, 2D materials have been
explored in IR as a type of plasmon material due to their favorable fea-
tures. Graphene, a typical 2D material, has high electron mobility and
a zero-energy bandgap at the Dirac point, supporting MIR plasmonic
mode.”'* This graphene plasmonic mode provides an ideal platform
for SEIRA.”"” There exists a direct correlation between the doping level
in graphene and the plasma frequency. Achieving a spectrometer-free
SEIRA by controlling and monitoring doping levels is possible.”'®
Farmer et al. reported a MIR gas sensor based on graphene plasmons
with a 50 zeptomol/um* LOD [Fig. 21(c)].”"” The graphene nanorib-
bons are located on the top of the SiO,/Si substrate, and a 0.6-nm-thick
perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) deposited on
the graphene could be detected. In addition, the vibration absorption
spectra of C=0 and C—C from acetone and hexane vapor are ana-
lyzed by FTIR from 1300 to 2700cm'. Graphene was also used
directly or integrated with polyethylenimine (PEI) to analyze other
molecules like SO, and CO,.”*"**!

Metal-organic frameworks (MOFs), another 2D material type,
exhibit high performance in terms of gas affinity, absorption selectivity,
and reverse interaction.””” Composed of organic ligands and inorganic
metal clusters, MOFs can be customized for specific molecules, and
their porous structure enhances sensing absorption signals. Numerous
gas-sensing applications using MOFs have been proven effective. For
instance, the zeolitic imidazolate framework (ZIF-8) boasts a high sur-
face area (1840 m*/g), good water stability, and high light transmit-
tance in the NIR. MOF photonic index sensing for VOCs has
demonstrated the detection of various VOCs at levels ranging from 29
to 99 ppb, showing its accessibility.””> A MOE-SEIRA study also illus-
trates its effectiveness in greenhouse gas detection. Zhou et al.””* dem-
onstrated the use of porous ZIF-8 attached to an Au resonance
antenna metasurface. In comparison with conventional SEIRA
approaches, MOFs selectively eliminate absorption noise signals from
other gas molecules in the spectrum. As depicted in Fig. 21(d), the tar-
get gas capture feature of MOFs enhances the absorption coupling
between gas and IR light. This structure provides two sensing wave-
bands of CH, and CO,, achieving a maximum 1500-fold near-field
intensity enhancement.
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For waveguide-integrated SEIRA, achieving a fully miniaturized
VOC sensing system is more feasible. However, consideration must be
given to the power budget and SNR. In the context of surface detection
SEIRA, losses become a secondary mitigating factor. Typically, the
light from the integrated source within a chip cannot directly propa-
gate through the sensor unit. An alternative way is to fabricate thermal
emitters and sensors in a reflectance cavity.

IV. RESTRICTION AND PERSPECTIVES

In Secs. II and III, we review the IR absorption-based sensing
mechanism and the miniaturization engineering efforts aimed at
developing techniques to enable label-free optical sensing systems,
respectively. However, for a comprehensive sensing system, it is imper-
ative to consider not only the interactive structure but also the source
and detection components. While out-of-chip sources and detecting
systems could fulfill the functions, a monolithic integrated system
offers certain advantages, such as structural stability and a reduced
footprint cost. Therefore, as illustrated in Fig. 22, we aim to provide an
extended review of the progress in chip-integrated light sources and
detection devices.

A. Light source

In sensing applications, light sources are categorized into two
main types: narrowband and broadband sources, aligning with the
measurement strategies outlined in Sec. II. The high luminous effi-
ciency of both types significantly benefits the detection power budget,
particularly for PIC-type sensors. Increased output power directly
enhances the SNR, thereby improving the LOD.

In narrowband measurement configurations, a tunable laser
emits coherent, highly directional, and high-energy-density light from
its FP cavity. These light sources in the NIR are well-developed for
commercial applications and index-based sensing. Current research
focuses on developing monolithic integrated lasers. While the Si-based
platform is mature and cost-effective for passive devices, Si’s low light-
emitting efficiency as a laser source, owing to its indirect band,”*
presents a challenge. In addition, the lattice mismatch between Si and
material like III-V hinders the direct fabrication of laser source on Si.
Two current approaches to monolithic integration involve using a plat-
form with the same or cognate material as the source, such as InpP,””
or employing heterogeneous integration by bonding the III-V layer on
Si or direct heteroepitaxial growing III-V on Si.””” Since the primary
vibration regions of most organic molecules are in the MIR, tunable
MIR lasers, specifically III-V compound semiconductor (InP, GaSb,
InAs/GaInSb) QCL and interband cascade lasers (ICL), are essential
for VOC detection.””® While some QCL and ICL discrete MIR laser
sources are commercially available, monolithic integrated MIR sources
are still in the research phase.

Broadband light sources, such as SiC blackbody thermal radia-
tion, are widely employed in sensing systems, e.g., FTIR system, to
cover a wide wavelength range. However, the spectral power distribu-
tion of this emitter may not be sufficient for a miniaturized optical sen-
sor system™” due to poor coupling efficiency between the thermal
source and integrated devices. In miniaturized VOC sensor systems,
either coupling or transmission incurs losses, making trace-level VOC
detection challenging. Furthermore, low power consumption, corre-
sponding to high luminous efficiency, is crucial for an integrated opti-
cal sensor. In one study, a MEMS thermal emitter demonstrated a
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blueprint for a low-cost gas sensor integrating a metamaterial sensing
chip in a gas cell for out-of-plane detection.””’ In the NIR, LEDs, par-
ticularly those made of direct bandgap semiconductors like gallium
arsenide (GaAs) or aluminum gallium arsenide (AlGaAs), are widely
used broadband sources. For the MIR spectrum, InGaAsSb-based LED
sources have been applied to gas and liquid sensors.”® Additionally,
2D materials, such as waveguide-integrated black phosphorus MIR
LED based on van der Waals heterostructures,” offer relatively
straightforward chip-integrated methods and operate at room temper-
ature However, the luminous power for MIR LEDs remains a chal-
lenge, limiting the LOD of sensing systems.

Beyond traditional sources, nonlinear processes like supercontin-
uum and frequency comb (FC), offer alternatives for building minia-
turized broadband light sources. Most miniaturized supercontinuum
light sources are fiber-based, utilizing materials like ChG fiber to gen-
erate spectra ranging from 2 to 12 um through nonlinear processes like
self-phase modulation (SPM). Recently, on-chip supercontinuum gen-
erations in IR using Ge-rich graded SiGe™* and SisN,”” were demon-
strated. On-chip FCs, generated using microring resonators and based

on the Kerr effect,”” show potential not only in the NIR but also in

the MIR spectrum on ChG and III-V chips for VOC absorption sens-
ing.””>**" These nonlinear processes, requiring a light pump rather
than an electrical pump, necessitate a front-mounted laser. Notably,
there has been a successful demonstration of a monolithic integrated
laser alongside an optical frequency comb,”* offering a powerful tool
for minijaturized multi-VOC identification for their direct broadband

spectrum generation in a waveguide.

B. Photodetectors

Optical detection plays a critical role in a VOC sensing system,
complementing the importance of light sources for signal readout. A
swift detector response is particularly crucial for real-time monitoring
of hazardous VOCs, e.g, flammable gas detection. Additionally, in
scenarios where the source may not provide sufficient power for the
sensor, background thermal noise could overshadow the signal. A
high-sensitivity detector alleviates the need for ample source power,
improves the SNR, and enables trace VOC analysis. Commercially
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available high-speed and sensitive photodiodes in the NIR meet the
demands of optical communication. However, miniaturized absorp-
tion measurement in the MIR presents challenges. Achieving low dark
current and noise often requires temperature control, sometimes even
under extremely cryogenic conditions. Yet, for practical field applica-
tions, operating at room temperature is essential, contributing to the
realization of compact and portable VOC sensing systems.

Ge-based photodetectors have demonstrated high responsibility,
fast response, and low noise in the NIR.*** An advantage feature is Ge
is CMOS-compatible, being in the same group as Si, making it widely
used in PICs. In the MIR, GeSn alloy with varying Sn compositions
enables detection beyond the 3-um region.””* 1II-V material-based
photodiodes, including InGaAs p-i-n photodiodes,”” find frequent
use in the NIR detection. In addition, type-II superlattice MIR detec-
tors based on I1I-V material have shown advanced progress.”*’ For
MIR waveguide detection, heterogeneous integration methods, similar
to those employed for light sources, offer effective pathways for achiev-
ing monolithic integration.”*” The HgCdTe alloy (MCT) proposed by
Lawson et al. is a well-established option with mature commercial
schemes.”” Its direct bandgap is instrumental in achieving high quan-
tum efficiency, and its tunable bandgap width allows coverage across a
broad MIR spectrum. With attributes like high electron mobility, fast
response, and low dark current, MCT stands as the primary method
for MIR detection.”*® Lead salt (PbTe) detectors, known for low cost,
room temperature operation, and high detectivity, offer a cost-effective
waveguide-integrated solution and find extensive use in the 1-5um
spectral range.”” """ *°" Nevertheless, their response time limitations
restrict their application to low-speed scenarios. Two-dimensional
(2D) materials show advantages not only in IR sources but also in
detection,”” especially for waveguide integration.””” Miniaturized
waveguide-integrated detectors have been applied not only to Si plat-
forms but also to ChG glass, extending wavelength sensing. Graphene-
based detectors have been demonstrated.””*””” Black phosphorus with
an electrostatically tunable energy band allows detection wavelengths
ranging from 2 to 10 ,um.zg"1 Other materials, such as WS,, have been
shown for room temperature detection.”” It is noteworthy that plas-
monic metamaterial absorbers (PMAs) hold promise in IR light detec-
tion. Configurations like metal-dielectric-metal (MIM) structures are
conducive for SEIRA, facilitating enhanced surface signals and simul-
taneous signal readout. Achieving resonance absorption by aligning
resonance wavelengths with the absorption peaks of multiple gases
presents potential applications in VOC sensing.””” Importantly, these
designs are amenable to miniaturization and integration with sensing
units and MEMS thermal emitters while maintaining cost-
effectiveness.

C. Spectrometer

The spectrometer is a key device in BAS, serving as a crucial sub-
stitute for TDLAS to quantitatively analyze VOCs. While FTIR is a
widely used spectrometer for organic compound analysis, commercial
spectrometers predominantly rely on spatial light. To achieve an on-
chip broadband VOC sensor system, four basic types of spectrometers,
namely, dispersion, Fourier transform, filters, and computational
reconstruction,””” are considered, as illustrated in Fig. 22. Research on
pure dispersion structures, such as on-chip dispersive grating and
AWG, has been reported.””*””” However, the finite chip space con-
strains the optical path, leading to reduced resolution. This challenge
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becomes more pronounced for longer wavelengths in the MIR due to
the scaling-up footprint. The on-chip Fourier transform spectrometer
encounters similar hurdles, with the added issue of substantial modula-
tion power consumption, resulting in increased propagation losses
from longer propagation lengths and a reduction in SNR.

In photonics, alternative strategies involve narrowband filters and
computational reconstruction. On-chip resonators, e.g., microring,
leveraging resonance structures to create a lengthy optical path with a
manageable footprint, are commonly employed for constructing On-
chip narrowband filters. The approach draws an analogy to CEAS,
where cavities within a spectrometer amplify the optical path, leading
to a higher Q-factor and improved spectral resolution. Several accom-
plishments have been documented in the domain of resonance fil-
ters.””*”” Additionally, computational reconstruction represents a
relatively recent approach, resembling a tailored wavelength
response.””**"*** Many studies have grounded their designs in the
intrinsic features of the device, while others have used inverse design
strategies. By ensuring channel responses align with a set of orthogonal
bases or exhibit low cross correlation, these designs can yield a broad-
band and relatively high-resolution spectrometer with a compact foot-
print and low modulation power consumption, contrasting with
traditional dispersive and Fourier spectrometers.””” When combined
with a broadband source, this approach facilitates the realization of a
miniaturized VOCs analysis system capable of multi-composition
analysis.

It is worth noting that a dual-comb spectrometer (DCS) can func-
tion as both a source and a spectrometer.%"' The two combs, with a
small repetition frequency difference, encode spectral information after
interacting with VOC analytes. This information can be mapped into
the radio frequency (RF) region through temporal beating. However,
DCS may require a relatively longer measurement time compared to
one-shot measurement arrays, particularly for coherent averages in
large noisy scenes.

D. Perspective

IR absorption spectroscopy is one of the most powerful tools for
component analysis. In the ongoing maturation of sensor technology,
there is a discernible shift toward miniaturization and portability in
the development of VOC IR spectroscopic sensors. In this paper, we
systematically review IR correlative absorption methods, with a focus
on miniaturized interactive devices for VOC sensing. Given the volatil-
ity of VOC, investigations can target both the liquid and vapor phases.
NIR absorption emerges as a cost-effective solution, utilizing advanced
CMOS processes or fiber fabrication techniques. The MIR region, with
its fundamental bands, offers stronger vibrations compared to the
overtones in the NIR, establishing itself as a key region for VOC spec-
troscopic sensing technology, especially for gas-phase VOC measure-
ment. Nevertheless, the presence of material absorption like SiO, poses
limitations on longer wavelength sensing applications, prompting a
quest for new material platforms. Different material platforms for MIR
VOC sensor require distinct fabrication processes, urging advanced
techniques to reduce loss, enhance LOD, and enable features like mul-
tiplexing. The coupling strategy on diverse material platforms requires
redesign and optimization, emphasizing the need for low-loss, broad-
band, and functional passive sensing devices.

Moreover, combined with other sensing enhancement technolo-
gies like microfluidics, micro-gas chromatography (u-GC), and
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functional thin-film materials can be beneficial for molecule capture
and LOD improvement. Ensuring the robustness of VOC sensors will
increase the veracity of sensing results and lifetime. For example, in the
previous description, CEAS is widely used to increase sensitivity and
decrease the footprint of sensors. However, due to the high TO coeffi-
cient of Si, the cavities can be influenced by temperature easily. Apart
from this, active components like phase shifters may produce heat per-
turbation. Factors such as humidity, pressure, and causticity should
also be considered for developing stable VOC sensors, necessitating
compensation designs or calibration algorithms to guarantee measure-
ment reliability.

In addition to sensing units, devices required for highly integrated
minijaturized sensing systems, such as sources, detectors, and spec-
trometers, are introduced in this paper. These peripheral devices pro-
vide multi-component VOC analysis ability. A chip-integrated laser
with high luminous efficiency and stability contributes to robust and
efficient analysis results. On-chip LED, supercontinuum, and fre-
quency comb sources are powerful tools with a large detection range,
contributing to high selectivity. Advances in low-loss materials and
advanced manufacturing processes showcase the potential of on-chip
optical frequency comb sensing systems for miniaturized VOC sensing
applications. However, achieving low-cost and long-life monolithic
integration remains to be studied. In addition, a dynamic spectrometer
with high resolution is essential to match the requirements of the
broadband source. Combining dispersion and resonance may yield
interesting results. By leveraging Al algorithms for functions such as
improving SNR, reconstructing high-resolution spectra, and precise
gas recognition, high-performance VOC sensors can be achieved with
lower hardware requirements. In essence, various efforts across multi-
ple aspects need to converge to achieve a miniaturized and fully inte-
grated VOC detection system.
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